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Preface

The development of a new automotive product requires an understanding of the inte-
gration of knowledge from a number of disciplines. In this book, I have provided
material that was generated and used in teaching the automotive product develop-
ment process to graduate students in Automotive Engineering over many years at the
University of Michigan-Dearborn.

The material provides the basic background, principles, techniques, and steps that
I found to be useful in understanding the complex and coordinated activities that need
to be undertaken to ensure successful development of the “right vehicle” that custom-
ers will enjoy driving. Proper implementation of the process should make the prod-
uct development team members feel very proud of their accomplishments. It should
enhance the reputation of the company for creating exciting new vehicles and thus,
lead the company to achieve financial success beyond its imagination in terms of rev-
enues, profits, and return on investments.

The formula for creating successful automotive products lies in the creation of a
well-coordinated product development process, using the right tools and techniques,
a dedicated team of highly motivated multidisciplinary professionals, and very sup-
portive senior management.

This book is about understanding “the big picture” of how automotive products
need to be developed with the sole purpose of satisfying their customers. The book
resulted from my deep desire to understand how automotive products are developed,
to understand the many challenges facing the auto industry, to study the methods
currently used in designing automotive products, and to make our future automo-
tive engineers realize that their main job is to satisfy the customers who use their
products.

We teach our engineers to be proficient in applying specialized techniques in
narrowly specialized areas such as structural analysis, vehicle dynamics, powertrain
efficiency analysis, aerodynamic drag reduction, and electrical architecture design.
But they need to realize that the customer buys the “whole” car, not just a collection
of systems and components that they helped design, such as four wheels, a steering
wheel, pedals, seats, vehicle body, lamps, wiring harnesses, and fuel tanks. All vehi-
cle systems and their subsystems and components must “work together” to provide
the “desired” feel to the customer—so that he or she is either “completely” or “very”
satisfied with the vehicle.

Engineers working in the automotive industry may claim that they currently have
the necessary knowledge in areas such as system design specifications, design tools,
verification test procedures, test equipment, and subsequent data analysis methods.
However, many cars and trucks currently satisfy only about 60%—80% of their cus-
tomers; that is, the vehicles do not achieve the high scores, such as over 90%, desired
by the customers and the senior management of the automobile companies. This gap
between the high levels of customer satisfaction “desired” by the customers and the
management and those “actually achieved” by the current automotive products in
various market research surveys is largely because of failure to understand customer
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needs, to translate these needs into design specifications, and to confirm that the
designed products are indeed the right products for the customers.

The objective of the book is to provide the necessary background for future
engineering graduates and practicing engineers in the industry to ensure that they
understand the automotive product development process, the issues challenging the
industry, and the applications of various approaches and tools available to conduct
the necessary steps in design, analysis, and evaluation to create products that will
satisfy their customers.

This book is divided into three parts. The first part provides an in-depth under-
standing of the various phases of the product development process and the steps
involved in implementing the systems engineering process. Strict and thorough
implementation of the systems engineering process is a prerequisite for achieving
success in any automotive product program. Otherwise, the vehicle development
program may exceed its budget or time schedule, and/or the designed product may
fail to meet its customer satisfaction target. The second part of the book covers many
important tools and methods used in the vehicle development process. The third part
provides many examples and case studies generated during the past several years of
my teaching graduate courses in the Automotive Systems Engineering program at
the University of Michigan-Dearborn.

The auto industry is facing fierce competition and unending pressure to reduce
program timings and costs. This results in further pressure to minimize or even to
eliminate many of the systems engineering tasks, and thus, endanger the success-
ful completion of vehicle programs. The complexity of the vehicle programs is also
increasing due to rapid advances in technologies, the large number of variables con-
sidered in many analyses, and our inability to measure a number of key variables,
which still rely on subjective judgments. Subjective measures are used in evaluations
of many vehicle attributes, such as styling, drivability, performance feel, ergonom-
ics, interior spaciousness, and quality. It is hoped that this book will help in address-
ing many of the challenging issues facing the industry.

WEBSITE MATERIALS

The following files are in the Download section of this book’s web page on the CRC
Press website (http://www.crcpress.com/product/isbn/97814987068100).

A. Computer programs and models
1. Automotive Product Development Chart with Present Value Calculations
2. Program for Cost Flow by Months
3. Program for Cost Flow by Quarters

B. Slides for Chapters 1 to 25
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ComprLex Probuct, MANY INPUTS, MANY DESIGNERS AND ENGINEERS

Designing and producing an automotive product is a horrendously complicated
undertaking. The automotive product itself is very complex. It involves many sys-
tems: body system, powertrain system, suspension system, electrical system, climate
control system, braking system, steering system, fuel system, and so on. All the
systems must work together under all possible combinations of road, traffic, and
weather conditions to satisfy drivers and users with varied characteristics, capabili-
ties, and limitations. The automotive product development (PD) process requires
many resources over several years and includes many intricate, coordinated, and
costly design, evaluation, production, and assembly processes. The complex automo-
tive product must also meet hundreds of requirements to satisfy customers, appli-
cable government regulations, and the goals and needs of company management.
Developing a new automotive product requires the efficient execution of a number
of processes, and the implementation of systems engineering is essential to coordinate
varied technical and company management needs. The proper implementation of sys-
tems engineering ensures that the right product is developed within the planned timing
schedule while avoiding costly budget overruns. To understand the complexity in the PD
process, we will begin this chapter with a clear explanation of processes, systems, and
systems engineering and then proceed with the details of the automotive PD process.

BASIC DEFINITIONS OF PROCESS, SYSTEM,
AND SYSTEMS ENGINEERING

PRrROCESS

A process is where the “work gets done.” A process generally consists of a series of
steps, tasks, or operations that are performed by people (i.e., human operators) and/
or machines (e.g., robots, computers, or automated equipment) using a number of
inputs (e.g., information, raw materials, energy sources). People may also use one or
more tools (e.g., hand tools, power tools, or software applications) in performing any
of the tasks. The process can be studied and also defined by following a component
(e.g., a part, an assembly, a transaction, a tracking paper, a drawing, a computer-aided
design [CAD] model), or a person (e.g., one who moves from a workstation to other
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workstations and performs one or more tasks at each workstation) through a series
of steps or tasks. The beginning and ending points of each process must be clearly
defined. The purpose of the process, that is, the reason for the creation of the process,
and its function, that is, what work is performed in the process, must be also clearly
defined and documented.

To create (i.e., to design and produce) a product (e.g., a vehicle), many processes
are required (e.g., the customer needs determination process, the vehicle concept
development process, the detailed engineering process, the systems verification pro-
cess, the production tools development process, and the vehicle assembly process).

SYSTEM

A system consists of a set of components (or elements) that work together to perform
one or more functions. The components of a system generally consist of people,
hardware (e.g., parts, tools, machines, computers, and facilities), or software (i.e.,
codes, instructions, programs, databases) and the environment within which it oper-
ates. The system also requires operating procedures (or methods) and organiza-
tion policies (e.g., documents with goals, requirements, and rules) to implement its
processes and get its work done. The system also works under a specified range of
environmental and situational conditions (e.g., temperature and humidity condi-
tions, vibrations, magnetic fields, power/traffic flow patterns). The system must be
clearly defined in terms of its purpose, functions, and performance capability (i.e.,
abilities to perform or produce output at specified level in a specified operating
environment).
Some definitions of a system are

1. A system is a set of functional elements organized to satisfy specified objec-
tives. The elements include hardware, software, people, facilities, and data.

2. A system is a set of interrelated components working together toward some
common objective(s) or purpose(s) (Blanchard and Fabrycky, 2011).

3. A system is a set of different elements so connected or related as to perform
a unique function not performable by the elements alone (Rechtin, 1991).

4. A system is a set of objects with relationships between the objects and
between their attributes (Hall, 1962).

The set of components has the following properties (Blanchard and Fabrycky,
2011):

1. Each component has an effect on the whole system.
2. Each component depends on other components.
3. The components cannot be divided into independent subsystems.

SysTEMS ENGINEERING (SE)

Systems engineering (SE) is a multidisciplinary engineering decision-making pro-
cess involved in designing and using systems and products throughout their life
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cycle. The implementation of SE is very beneficial, as without it, the likelihood of
creating the “right system or product” that the customers really want (in terms of
its attributes, such as performance, safety, styling, and comfort) within the targeted
timings and costs can be substantially reduced (see INCOSE [2006], NASA [2007],
and Kmarani and Azimi [2011] for more information on SE).

Systems Approach

The word “systems” in “systems engineering” is used to cover the following aspects
of different systems in an automotive product:

1. An automobile product is a system containing a number of other sys-
tems (e.g., body system, powertrain system, chassis system, and electrical
system).

2. Thus, the design of the whole automobile will involve designing all the
systems within the automobile such that the systems work together (i.e., the
systems are interfaced or connected with other systems, and each system
performs its respective functions) to create a fully functional vehicle and
meet customer needs.

3. Professionals from many different disciplines (e.g., industrial design,
mechanical engineering, electrical engineering, physics, manufacturing
engineering, product planning, finance, and business and marketing) are
required to design (i.e., to make decisions related to the design of) all the
systems in the vehicle.

4. The vehicle has many different attributes (i.e., characteristics that its cus-
tomers expect, such as performance, fuel economy, safety, comfort, styling,
and package). Simultaneous inputs from professionals from many disci-
plines and specialists with deep knowledge about each of the vehicle sys-
tems are required to make decisions about proper consideration of levels of
all the attributes and trade-offs between the attributes in designing all the
systems within the vehicle.

5. The automotive product is a component of other, larger systems (e.g., one or
more vehicle platforms [which may be shared with other vehicle models],
the highway transportation system, the petroleum consumption and fuel
distribution system, the financial system, and so forth).

6. The automobile works within different environmental and situational con-
ditions (e.g., driving on a winding road at night in a thunderstorm).

7. All phases of the life cycle, from conceptualization of a new automo-
tive product to its discontinuation (i.e., its disposal, scrappage, recycling,
replacement, plant dismantling or retooling), must be considered during its
design.

Thus, the systems approach comprises simultaneous consideration of many sys-
tems, many attributes, trade-offs between the attributes, life cycle, disciplines, other
systems, and working environments in solving problems (i.e., decision making). The
systems approach is thus a primary and necessary part of SE.
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Multidisciplinary Approach

SE is a multidisciplinary approach, that is, it obtains inputs from people from many
different disciplines working together and considering many design and operational
issues and trade-offs between different issues, to enable the realization of a success-
ful product or a system. It is important to realize here that even when one discipline,
such as electrical engineering, has the primary responsibility for designing an elec-
trical system, other disciplines can raise a number of issues related to the design and
operation of the system and thus assist in the design of the system by simultaneous
consideration of multiple views and issues.

SE involves both technical and management activities from the early conceptual
stage of a product (or a system) to the end of the life cycle of the product (i.e., when
the product is removed from service and disposed of). The management activities
help ensure that all requirements and design considerations are taken into account
along with the key goals of meeting the product performance, developmental sched-
ule, and budget of the product program.

Customer Focused

SE begins with an understanding of customer needs and development of an accept-
able concept of the product (or system). It focuses on defining customer needs and
required functionality early in the development cycle, documenting requirements,
and proceeding with the design synthesis and system (product) validation while con-
sidering the problem as a whole (INCOSE, 2006).

The objective of SE is to ensure that the product (or the system) is designed, built,
and operated so that it accomplishes its purpose of satisfying customers in the most
cost-effective way possible by considering performance, safety, costs, schedule, and
risks.

Basic Characteristics of SE
The basic characteristics of the SE approach are

1. Multidisciplinary: SE is an activity that knows no disciplinary bounds.
It involves a collection of disciplines throughout the design and develop-
ment process. It involves professionals from different disciplines working
together (simultaneously and preferably co-located under one roof), con-
stantly communicating, reviewing the design issues, and helping each other
on all aspects of the product. The types of disciplines to be included depend
on the type and characteristics of the product and the scope of the product
program.

For example, SE application for developing an automotive product will
require personnel from many disciplines, such as engineers (including
many specializations within engineering, e.g., mechanical, materials, elec-
trical, computer and information science, chemical, manufacturing, indus-
trial, human factors, quality, and SE), scientists (e.g., in physics, chemistry,
and the life sciences) for research related to the design and production of
new technological features of the vehicle, industrial designers (who define
the sensory form and craftsmanship characteristics of the vehicle, i.e., the
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look, feel, and sound of the interior and exterior of the vehicle, such as the
styling and appearance of surfaces of the vehicle, the touch feel of the sur-
face and material characteristics, the sounds of operating equipment, and
the smell of materials), market researchers (who define the customers, mar-
ket segment, customer needs, market price, and sales volumes), manage-
ment (e.g., program and project management personnel, including product
planners, accountants, controllers, and managers), plant personnel involved
in manufacturing and assembly, distributors, dealers, and even insurers to
ensure that costs associated with fixing a vehicle damaged in an accident
can be reduced and covered by the insurer.

It is important to get inputs from all the disciplines that affect or are
affected by the characteristics and uses of the vehicle at the early stages of
the PD. This ensures that their needs and concerns, and trade-offs between
different multidisciplinary issues, are considered and resolved early, and
costly changes or redesigns in the later phases are avoided.

2. Customer Focused: SE places continuous focus on the customers; that is,
the product design should not deviate from satisfying the needs of the cus-
tomers. The customers should be identified and involved in defining the
vehicle specifications and designing the vehicle, and in subsequent evalua-
tions, to ensure that the vehicle being designed will meet their needs. The
customer needs are translated into vehicle attributes, and attribute require-
ments are developed to ensure that each vehicle attribute is managed (i.e.,
reviewed, verified, and validated) during the life cycle of the vehicle pro-
gram. The vehicle attribute requirements process is described in Chapter 2.

3. Product-Level Requirements First: SE places concentrated effort on initial
definition of the requirements at the overall product (i.e., the “whole” vehi-
cle) level. For example, at the product level, the requirements for an auto-
motive product will be based on all the basic attributes (derived from the
needs of its external and internal customers) of the vehicle, such as safety,
fuel economy, drivability (ability to maneuver, accelerate, and decelerate,
and cornering or turning), seating comfort, thermal comfort, body-style,
styling, costs, size, and weight.

It is important to realize that the customer buys the vehicle for his/her
use as a “whole” product, not as a mere collection of the many components
that form the product. (Note that an automotive product typically contains
about 6,000-10,000 components.) Thus, the requirements for the systems,
subsystems, and components of the product should be derived only after the
product-level requirements are clearly understood and defined. This issue
of cascading of the product-level attribute requirements to the system and
lower-level entities is covered in Chapters 2 and 9.

4. Product Life-Cycle Considerations: SE includes considerations of the entire
life cycle of the product being designed—through all stages from “Concept
Development to Disposal of the Product” (from lust to dust). Thus, it is the
applications of all relevant scientific and engineering disciplines in all the
phases of the product, such as concept development; designing, manufac-
turing, testing and evaluation; uses under all possible operating conditions;
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service and maintenance; and disposal or retirement from service, that the
product encounters throughout its life cycle.

5. Top-Down Orientation: SE takes a “top-down” approach, which first views
the product (or the entire system) as a whole and then sequentially breaks
down (or decomposes) the product into its lower levels, such as systems,
subsystems, sub-subsystems and components. Thus, the lower-level systems
are designed to meet the requirements of the higher-level systems. (Note
that if a manufacturer decides to use a carryover [i.e., existing] component
or system in a new product, the top-down approach will need to be modi-
fied. This issue is covered in Chapter 2.)

6. Technical and Management: SE is both a technical and management pro-
cess. It involves making all the technical decisions related to the product
during its life cycle as well as management of all the tasks to be completed
in a timely manner to implement the SE process and apply the necessary
techniques.

7. Technical Process: The technical process of the SE is the analytic effort
necessary to transform the operational needs of the customers into a design
of the product (or system) with proper size, configuration, and capacity (e.g.,
performance level). It creates a documentation of the product requirements
and drives the entire technical effort to evolve and verify an integrated and
life cycle—balanced set of solutions involving the users and the product in
its usage situations.

8. Management Process: The management process of the SE involves assess-
ing costs and risks, providing needed resources, integrating the engineer-
ing specialties and design groups, maintaining configuration control, and
continuously auditing the effort to ensure that cost, schedule, and technical
performance objectives are satisfied to meet the original operational need
of the product and the product program.

9. Product and Organization-Specific Orientation: The details of the SE
implementation (such as steps, methods, procedures, team structure, tasks,
and responsibilities) depend on the program objectives, the product being
produced (i.e., its characteristics), and the organization (company) produc-
ing it (i.e., different companies generally have somewhat different processes,
timings, organizational responsibilities, and brand-specific requirements).

PRODUCT DEVELOPMENT

The majority of PD programs do not involve designing a product from “scratch” (i.e.,
a totally new product) or a product of a type that did not exist before. The process of
designing a product is therefore typically called the product development process in
most industries (including the automotive industry) rather than the product design
process. However, the terms product development and product design are inter-
changeable and are used in the same context in many industries. (After the product
has been designed, the process of producing the product [i.e., manufacturing various
systems and assembling the systems to create the whole product] is generally called
the production process [see Figure 1.1].)
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FIGURE 1.1 Flow diagram of automotive product development and production processes.

PrOCESSES AND PHASES IN PRODUCT DEVELOPMENT

It is important to realize that any work is generally performed by using one or more
processes. A process usually involves inputs (e.g., raw materials, energy), equipment
(one or more workstations with tools, machines, robots, or computers), and human
operators that are configured in a sequence of steps (operations or tasks) to produce
a specified output. Designing a product is also performed by using a process (defined
earlier as the PD process). The PD process, depending on the complexity of the prod-
uct, can involve many processes within and outside the organization (e.g., suppliers)
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responsible for developing the product. PD processes vary due to differences in the
products (i.e., their characteristics, functions, features, and demand volume), the
type of PD program (e.g., refreshing an existing product or designing a totally new
product), and the design organization (or company).

A generic process of product creation and use involves the entire product life
cycle, which generally includes the following phases:

1. Pre-concept or pre-program (pre-program planning)

2. Product concept exploration (alternative concepts development)

. Product definition and risk reduction (feasibility analyses, preliminary
design, and risk analysis)

. Engineering design (detailed engineering design including testing)

. Manufacturing development (process, tooling, and plant development)

. Production (manufacturing and assembly)

. Product distribution, sales, marketing, and operational support

. Product updating or discontinuation and disposal

(98]
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The first five of the above phases can be defined as the PD process, and the fifth
and sixth phases can be considered as the production process. It should be noted
that the fifth phase of manufacturing development can be considered as the transi-
tion from PD to manufacturing. It is very important to include product manufactur-
ing considerations (e.g., applications of “design for manufacture” and “design for
assembly” methodologies) very early during the product design (i.e., during Phases
1 to 4, by implementing simultaneous [concurrent] engineering) to ensure that the
transition in the fifth phase (involving designing of manufacturing processes and the
creation of required tools and equipment in the manufacturing plants) occurs seam-
lessly without changes in the PD in the later phases to meet production needs.

The work in each of these phases is performed by undertaking specialized pro-
cesses. For example, the pre-concept phase can involve a process of understanding
the customer, corporate needs, and regulatory requirements to decide on the type
and characteristics of the new product (i.e., product specification) and preparing a
plan for the subsequent activities.

Ulrich and Eppinger (2015) described the generic PD process with the following
phases:

1. Planning

2. Concept development
3. System-level design

4. Detail design

5. Testing and refinement
6. Production ramp-up

It should be noted that Ulrich and Eppinger (2015), in their fourth “detail design”
phase, included detailed component design (e.g., part geometry, material selec-
tion, and specification of tolerances), definition of production processes, tooling
design, and beginning of tooling procurement. The fifth phase involves all product
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verification tests (i.e., performance, reliability, and durability) and refinements of
assembly processes, including training of the production workforce. The production
ramp-up phase involves the evaluation (validation tests) of early production outputs
and the beginning of full operation of the production system.

AUTOMOTIVE PRODUCT AS A SYSTEM

An automotive product is considered as a system that involves a number of lower- (or
second-) level systems: the body system, the chassis system, the powertrain system,
the fuel system, the electrical system, the climate control system, the braking sys-
tem, and so on. Each of the systems within the automotive product can be further
decomposed into subsystems, sub-subsystem, sub-sub-subsystems, and so on, till the
lowest-level components are identified. For example, the body system includes the
body frame subsystem, the body panels subsystem, the closure subsystem (which
includes the hood sub-subsystem, the doors sub-subsystem, and the trunk or liftgate
sub-subsystem), the exterior lamps subsystem, the seats subsystem, the instrument
panel subsystem, the interior trim components subsystem, and so forth.

Table 1.1 illustrates the major systems, subsystems, and sub-subsystems or com-
ponents within a typical automotive product. The definitions and contents of the
various vehicle systems illustrated in this table can vary somewhat between differ-
ent vehicle makes and models. Further, the implementation of different technolo-
gies used in performing different vehicle functions can have a major effect on the
design of any vehicle system. In fact, one of the challenges facing vehicle engineer-
ing groups is how to divide the entire vehicle into different systems, subsystems,
sub-subsystems, and so on and to assign design responsibilities to various engineer-
ing teams. This issue of division or decomposition of an automotive product for
management of various PD activities and their interfaces is covered in Chapters 7, 8,
and 12 and Appendix L.

The key tasks of systems designers are to ensure that each system performs its
functions and that the systems, through their interfaces with other systems, work
harmoniously to meet the customer needs of the whole product. Thus, the task of
designing the vehicle requires a lot of understanding of systems and coordination
between systems, their functions, and trade-offs between vehicle attributes to come
up with a balanced vehicle design, This issue is covered in more detail in Chapters 2
and 8.

AUTOMOTIVE PRODUCT DEVELOPMENT PROCESS

WHAT 1s AutoMOTIVE PRODUCT DEVELOPMENT?

The automotive PD process involves the designing and engineering of a future auto-
motive product. The automotive product (i.e., a vehicle) can be a car or a truck or a
variant such as a station wagon, a sports utility vehicle (SUV), or a van. The manufac-
turing and assembly operations are generally assigned to different groups. However,
selected representatives from manufacturing and assembly operations must actively
participate in the teamwork during the PD process.
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TABLE 1.1

Major Systems and Their Subsystems in a Typical Automotive Product

Vehicle System
Body system

Chassis system

Powertrain system

Subsystems of the
System

Body-in-white

Closures system

Seat system

Instrument panel

Exterior lamps

Glass system
Rear vision system

Underbody frame work

Suspension system
Steering system
Braking system

Wheels and tires

Engine

Transmission

Shafts and joints

Final drive and axles

Sub-Subsystems or Components of the Subsystem

Body frame, cross members, body panels, front and
rear fascia/bumpers

Doors (door frame, exterior panels, hinges, latches,
inside trim panel power window mechanisms, door
handles, window and mirror controls), hood and
trunk-lid (or liftgate)

Driver’s seat, front passenger seat, and rear seat(s)

Instrument panel fascia, instrument cluster, switches,
glove box, brackets (for other components such as
climate controls, entertainment and navigation
controls and displays, passenger airbag) and trim
components

Front lighting system (headlamps and front signal
lamps), rear signal system (tail lamps, stop lamps,
turn signal lamps, back-up lamps, license plate
lamps, rear reflectors), and side marker and
clearance lamps

Windshield, backlite, side window glasses (also
called glazing surfaces)

Inside mirror and outside mirrors, camera systems,
and rear and side target sensing systems

Front subframe, rear subframe (cradle), cross
members for mounting other chassis systems such
as steering system and brake system

Front and rear suspensions (includes arms, links,
knuckles, joints, springs, shock absorbers)

Steering linkages, steering column, steering wheel
and stalk controls

Brake disks/drums, brake pads and actuators, master
cylinder, and pedal linkages

Wheels and tires

Engine block and cylinder heads, power conversion
system (pistons, connecting rods, crank shaft,
bearings), intake and exhaust system, fuel supply
system, engine electrical and control system,
cooling system, and lubrication system

Transmission casing, gears and shafts, clutches,
valves and linkages, sensors, lubrication and oil
cooling system

Drive shaft, universal joints, convel joints and
bearings

Differential casing, shafts, gears, and bearings

(Continued)
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TABLE 1.1 (CONTINUED)
Major Systems and Their Subsystems in a Typical Automotive Product

Vehicle System

Fuel system

Electrical system

Climate control
system

Safety and
security system

Driver interface
and infotainment
system

Subsystems of the
System

Fuel tank

Fuel lines
Battery
Alternator
Wiring harnesses
Power controls
Heater

Air conditioner
Climate controls
Air bag system

Seat belt system

Wiping and defroster
systems

Security lighting and
locking systems

Driver assistance
systems

Primary and secondary
vehicle controls and
displays

Audio system

Navigation system

CD/DVD player

Sub-Subsystems or Components of the Subsystem
Tank, fuel system module (fuel pump, pressure valve,
fuel filter, fuel level sensor), carbon canister, filler

pipe and fuel cap

Fuel lines, hoses, and connectors

Battery

Casing, rotor, and stator

Wiring harnesses, connectors, and clips

Switches, sensors, relays, electronic control units,
fuse box and fuses

Heat exchanger, blower, air ducts, valves, and hoses

Heat exchanger, compressor, valves, tubing, hoses,
and refrigerant

Controls and displays (for setting temperature, fan
speed, and mode)

Air bag units, sensors and actuators, wiring,
electronic control units

Seat belts, belt anchors, belt buckles, belt movement
control mechanisms, sensors, and wiring

Windshield wipers, wiper motors, wiper control
system, defroster system, and defroster control
system

Exterior courtesy lamps, door locks, locking
mechanisms, theft protection system, wiring and
control units

Collision avoidance systems such as automatic
braking, lane-departure warning system, driver
alertness system, and adaptive cruise control system

Driver controls and displays, wiring, and connectors

Audio controls and displays, audio chassis and circuit
board, antenna, wiring, USB port

Microprocessor, display, wiring, antenna, map
database, and data ports

CD/DVD player chassis and mechanism,
microprocessor, wiring, USB port

Automotive products are generally produced in large quantities (about 10,000 to
700,000 vehicles per year per model and at rate typically of about 40—70 vehicles/hour
on an assembly line), shipped to dealers in many locations, and sold to customers to meet
their transportation needs. The vehicles must be safe, efficient, economical, dependable,
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“fun to drive and use,” and “pleasing” to the customers. The vehicles also must have nec-
essary characteristics such as performance (i.e., operating capabilities), styling/appear-
ance (form), quality (customer satisfaction), and craftsmanship (perception of being well
made). The customers must “enjoy owning the vehicles”—that is, the vehicles must have
all the necessary attributes and the right features to meet their lifestyles.

FLow DIAGRAM OF AuTOMOTIVE PRODUCT DEVELOPMENT

The vehicle development process generally begins with understanding customer
needs and ends with the customers providing their feedback after using the vehicle.
Figure 1.1 shows the major phases in the vehicle development process along with the
production, marketing, sales, and vehicle usage phases. Based on an understanding
of customer needs, government requirements, and the business needs of the com-
pany, a design team consisting of members from different disciplines (e.g., industrial
designers, product architects, engineers, manufacturing personnel, product planners,
and market researchers) generally develops attribute requirements at the vehicle level
and creates the vehicle specifications. The information is used by the team to develop
one or more vehicle concepts (in the form of sketches, drawings, CAD models, mock-
ups, or bucks). The vehicle concepts are iteratively improved by using customer
feedback and suggestions by different team members and are market researched
to determine whether a leading concept can be selected for the detailed design and
engineering work. Based on the selected product design, manufacturing processes
and suppliers are selected. The production equipment and plants are designed and
built or modified for manufacturing and assembly. Marketing, sales, and distribution
plans are developed. The early production parts and systems are assembled into pro-
totype vehicles. All entities, from components to major vehicle systems, are tested
to verify that they meet their respective requirements. The assembled systems are
installed into vehicle bodies, and prototype vehicles are created. These prototype
vehicles are further tested to verify and validate vehicle-level requirements. Final
approval to produce the vehicle is given by senior management, and the vehicle is
“launched” (i.e., production begins). The produced vehicles are shipped to the deal-
erships for sale. As the purchased vehicles are used by the customers, feedback from
the customer experience (i.e., data from field operating performance, customer likes/
dislikes, vehicle repairs, and warranty work) are continuously collected and pro-
vided for improving existing products and designing future products.

To support the entire vehicle development process, resources (e.g., dollars, people,
equipment, and facilities) are needed. Budgets and schedules are created to manage
the entire PD process. The organization begins to make money from revenues gener-
ated from the vehicle sales. The program management and financial analysis issues
are covered in Chapters 12 and 19.

TIMING CHART OF AuTOMOTIVE PRODUCT DEVELOPMENT

Figure 1.2 provides a timing chart illustrating various activities during major phases
of an automotive PD program. The length and location of the horizontal bars indicate
duration and beginning and ending times of each activity within each program phase.
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Program phase
Program activities

2016

2017

2018 2019

2020

2021

2022

2023

Pre-program planning
Mission statement
Market research
Product definition

Concept development
Pgm manager appointed
Team formation
Customer needs
Key suppliers selection
Concept development
Business plan dev.

Concept selection
Market research
Concept modification
Feasibility analyses
Concept selection
Program approval and
Supplier selection

Detailed engineering
Exterior surfacing
Interior surfacing
Systems packaging
Subsystems design
Component design
Verification testing

Manufacturing
development
Process engineering
Facilities and tooling design
Pilot assembly
Verification testing
Protoype testing
Validation testing

Marketing planning
Brochures and manuals
Dealership training
Distribution and
delivery

Production
Process control
Quality audits

Product
discontinuation

Plant shut down
Equipment disposal

EUMQ

)
K

=<

\/ = gateways (program milestones)

FIGURE 1.2 Timing chart of a vehicle program.
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Automotive PD and subsequent life-cycle processes typically include the follow-

ing major phases, shown in Figure 1.2:

1. Pre-Program Planning: This phase involves (a) development of a mission

statement for the vehicle program, (b) determination of customer needs for
the proposed vehicle, and (c) creation of basic specifications for the pro-
posed vehicle. Market research is conducted to determine market potential,
customer needs, and characteristics of the proposed vehicle. The vehicle
definition is refined and provided to the vehicle development team.

. Concept Development: As soon as the vehicle development decision is

made, the program manager and team members for vehicle development
are selected. The team gathers customer needs data, selects suppliers for
key vehicle systems, and develops several alternate concepts (or theme
vehicles). The vehicle attribute requirements and a business plan providing
more detailed information about the proposed vehicle are developed (see
Chapter 5 for more information on the business plan).

The design department develops a number of alternate concepts of the pro-
posed vehicle by creating many exterior and interior sketches and CAD
drawings or models. The package engineering department provides engi-
neering support in terms of values of important exterior and interior dimen-
sions to ensure that adequate space is provided for accommodating people,
vehicle systems, and luggage/cargo areas. To enable better visualization of
alternate concepts, mock-ups and full-size exterior and interior bucks are
created.

. Concept Selection: The results of market research clinics and observations

from various management and technical reviews of the alternate concepts
(including feasibility analyses) are discussed with the company senior manage-
ment, and a vehicle concept is selected for detailed development in the subse-
quent phases.

4. Detailed Engineering: All engineering design, analysis, and testing work is

conducted to ensure that all vehicle systems can be configured and designed
to fit within the exterior and interior surfaces created in the selected vehicle
concept. Detailed design and engineering of all systems and their lower-
level systems and components are completed, and verification tests are con-
ducted to ensure that all attribute requirements are met.

5. Manufacturing Development: Manufacturing processes are finalized, and all

tools, equipment, and facilities needed to produce the vehicles are designed
and constructed. Installation and testing of production and assembly equip-
ment in plants are completed to ensure that all entities within the vehicle can
be manufactured and assembled to produce vehicles at the planned produc-
tion rate and high quality (e.g., meeting all manufacturing tolerances and fit
and finish requirements). Early prototype/production vehicles are used for
validation testing to ensure that the right product was produced.

6. Marketing Planning: Marketing plans are created, and dealerships are

provided with the necessary information and training for sales, marketing,
maintenance, and repair work of the vehicles.
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7. Production: Early production vehicles are tested to verify and validate that
the vehicles meet all the attribute requirements. Customer and management
reviews are completed. Plant equipment calibrations and production output
quality are monitored during production. The plant output is adjusted on an
ongoing basis to match the vehicle demand through dealer orders and sales
forecasts.

8. Product Discontinuation: Plant is shut down to discontinue production and
retooled for the next vehicle model. Obsolete and unneeded equipment is
removed and disposed of.

Preparation of vehicle and systems development timing plans is a very important
activity in managing vehicle programs. A proper amount of time must be allocated
to accomplish the hundreds of tasks performed by various design and engineer-
ing departments. The tasks must be carefully analyzed and selected to ensure that
they are needed, and the time required for each of the tasks should be estimated by
experienced and specialized professionals from each activity. The product planning
department generally takes the time estimates from all key design and engineering
activities and creates an overall program timing chart, such as the one shown in
Figure 1.2.

UNDERSTANDING CUSTOMER NEEDS

The SE work begins with the definition of the vehicle to be developed. The vehicle
definition should include a description of its type (body-style), size (overall dimen-
sions), and market segment (i.e., the market location and customer characteristics).
The description should be as detailed and specific as possible, as it will be used by
all the team members (designers and engineers) involved in the vehicle development
process.

For the vehicle to be successful in the market, the vehicle definition should be
based on the needs of its customers. This means that its prospective customers
should be identified, and their demographic and ergonomic characteristics and needs
for specific vehicle characteristics and features must be determined and used during
the vehicle development process. The description of the customer needs should be
comprehensive and complete, in the sense that all aspects of the vehicle covered
by all the attributes of the vehicle must be obtained. The customer needs should
be focused on the vehicle as a whole and not on its lower-level entities. Chapter 3
provides more information on how customer needs and other needs arising from
government requirements and corporate business needs are obtained and used in the
PD process.

PROGRAM SCOPE, TIMINGS, AND CHALLENGES

ScopPe OF VEHICLE DEVELOPMENT PROGRAMS

An automotive PD program is initiated to modify and improve an existing vehicle
design or to replace it with a totally new vehicle. The modifications or changes can
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range from minor refreshments to an existing vehicle to replacing the existing vehi-
cle with a completely new vehicle design. Vehicle development programs can thus
be classified as follows:

1. Minor Refreshment Program: Small changes in vehicle exterior (e.g.,
changes in exterior colors, wheels, rear lamps, grill and headlamps, interior
colors, interior materials, and/or graphics in displays)

2. Program with Medium Changes: Changes in appearance of some body
panels and functionality of some vehicle systems (e.g., restyling shapes of
hood, fenders, lamps, instrument panels, and performance improvements in
selected systems or subsystems)

3. Program with Major Changes: New powertrain, changes in vehicle body
and chassis, adding variations in vehicle body-styles (e.g., adding a coupe
and/or a station wagon to an existing sedan)

4. Totally New Design: Replacing an existing vehicle with a completely new
vehicle, which usually involves a new vehicle exterior (body), new pow-
ertrains and chassis, and a new interior (instrument panel, door trim panels,
consoles, and seats)

The scope of the vehicle program has a direct effect on the number of tasks, tim-
ings, and costs associated with the program.

PrROGRAM TIMINGS

An automotive PD program generally extends over 12 to 48 months, depending on
the scope of the program and how the beginning and end points of the program are
defined. A large PD program may involve developing a totally new vehicle platform,
a new powertrain, and one or more product variations, for example, similar body-
style but different exterior panels and interior components for different corporate
brands (e.g., Chevrolet, Buick, and Cadillac; Toyota and Lexus; Ford and Lincoln),
or adding more body-styles or variants (e.g., sedan, coupe, hatchback, station wagon,
and SUV). A large vehicle program may thus extend over several years. A small
program may involve merely refreshing an existing vehicle with minor changes to
vehicle exterior, such as changes in front fascia, grill, wheel covers, exterior colors,
headlamps and tail lamps, and other minor changes to the interior, such as changes
in audio components, graphics, and interior materials and colors. A small vehicle
program may take from a few months to about 18 months to complete its vehicle
development activities.

No two vehicle programs (in terms of tasks to be performed), even within the
same automotive company, are alike (because of differences in people working in
various program activities, constraints related to time and budget, changes in cus-
tomer needs, technology-related changes, etc.). Thus, vehicle programs can be very
different between different vehicle manufacturers in terms of differences in design
tasks, phases, timings, test procedures, organization, and management style.

A major vehicle program can cost upwards of a billion dollars over several years
and involve about 600—1200 professionals from different disciplines; many design
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and engineering computer systems with specialized software; hardware fabrication
shops, laboratories, and test facilities with specialized equipment, tooling, and fix-
tures; design and building shops; and modifications to manufacturing and assembly
plants.

Depending on the program size, the vehicle development program timing
plan can range from a few months to several years. The timings of the vehicle
program are estimated from a list of all the tasks that need to be accomplished
and the time and resources needed to complete the tasks. The costs for each of
the tasks are estimated and added to come up with the estimates of total time
needed, program timings, and program costs. These cost-related issues are cov-
ered in Chapter 19.

The success of an automotive company primarily depends on development of
the “right” products that its customers truly want. Thus, PD is probably the most
important process in an automotive company. The objective of the PD process is
to develop one or more products that will be purchased by customers to meet their
transportation needs. A successful product not only increases revenues and profits
but raises the company’s reputation and status, that is, how it is perceived in terms of
its image, brand value, and prestige.

IMPORTANT CONSIDERATIONS IN MANAGING VEHICLE PROGRAMS

Vehicle programs are influenced by the priorities of various customer needs and
approaches used by the company management in developing the vehicle. Important
considerations in managing the vehicle programs are

1. Implement Co-Located Product Design Teams: Co-location involves mov-
ing the offices, design studios, and test facilities of all key team members
into one building. The co-location facilitates more frequent interaction
between team members. It also eliminates transportation time, as team
meetings are held in the same building.

2. Enable Constant Communication: More opportunities for communications
(formal planned meetings and informal discussions) between team mem-
bers allow quicker identification and resolution of problems.

3. Ensure Availability of Latest Vehicle Design, Program Status, and
Reference Materials: Online access and availability of latest data on vehi-
cle design, program changes, and reference information from common data
bases (e.g., benchmarking data, design standards, test procedures, and gov-
ernment requirements) to all team members reduces delays in obtaining
information on the latest changes and thus reduces rework or duplication of
effort.

4. Adopt  Simultaneous/Concurrent Engineering Methods: Simultaneous
development involves performing many tasks within overlapping time
intervals (i.e., reducing sequential scheduling of tasks). Concurrent engi-
neering does not only reduce overall program time; it also reduces major
rework and improves quality by communicating on issues being resolved
using concurrent inputs from many disciplines.
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Minimize Number of Design Changes after Program Definition: Any
design change made after the product specification has been approved gen-
erally results in more changes (in all entities affected by the changes) and
rework. This is especially true because automotive products are complex
(i.e., they involve many systems, subsystems, and components that have
many interfaces).

. Use Computer-Aided Methods to Reduce Costs of Physical Model Building

and Testing: Computer-aided methods do not only reduce time (by use of
functions such as copy, paste, mirror, and extrude); they also reduce errors
in data transfers and facilitate conducting many design iterations to opti-
mize the design.

. Use Carryover Parts: If existing components can be used (i.e., reused) in

developing a new product, this can reduce design, engineering, and man-
ufacturing time and costs. The carryover components, however, reduce
design flexibility and the possibilities of incorporating innovative design
ideas. The carryover content can range from reuse of a few selected com-
ponents or systems from an existing vehicle model to use of an existing
vehicle platform (i.e., a collection of a large number of systems and large
body and chassis parts that determine the characteristics of major tools and
fixtures used in manufacturing and assembly plants).

. Use “Book-Shelved” Technologies: A book-shelved entity (i.e., a compo-

nent or a system) is one that has already been studied, researched, and
developed and is ready to be incorporated in a future complex (automo-
tive) product. This eliminates time required to design and develop the new
entity.

. Incorporate Design Reviews throughout the Program: Design reviews

facilitate additional critical reviews and analyses by experts and manag-
ers from different disciplines and departments, which may not have been
directly involved during the earlier design work. The design reviews thus
help in identifying and fixing problems in the vehicle design and related
processes early.

Define and Follow Gateways: Gateways are important points (or events) in
the program timeline. Gateways are also called milestones in some orga-
nizations. The gateways indicate when certain key events are projected to
occur. They are used to guide and coordinate all activities in PD to ensure
that the vehicle program progresses according to the pre-developed timing
plan. They are usually tied to events such as completion of certain activi-
ties (e.g., completion of concept development, engineering steps, manage-
ment reviews and approvals). Some important gateways are presented in
Table 2.1. The definitions and number of gateways vary widely between
different programs of different auto manufacturers. The definitions and
timings of gateways are usually developed by the program planning depart-
ments with constant communication between all major areas (e.g., design,
engineering, manufacturing, finance, and marketing). Gateways for each
major activity, such as design, engineering, and manufacturing, will include
additional lower-level gateways to coordinate their more detailed activities
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with the overall program timings. Chapter 2 presents the gateways used in
a vehicle development program in relation to the SE process used in the
program.

SoME FREQUENTLY ASKED QUESTIONS DURING VEHICLE DEVELOPMENT

The team members involved in an automotive PD program face many questions. A
few commonly asked questions are

1. Are we designing the right vehicle? (Does the vehicle have the character-
istics and features that its customers truly desire? Would the vehicle sell
well?)

2. Can an actual vehicle be created with the same characteristics as shown in
the vehicle concept? Would such a vehicle concept be feasible, considering
engineering and manufacturing challenges and tasks?

3. Can this vehicle compete well with its toughest competitors when it is intro-
duced, many months from now?

4. Can we build the vehicle with the required level of quality and within the
planned price range?

5. Do we have the capabilities, plant capacity, and resources to build such a
vehicle?

6. Can we meet the program timings and stay within the budgeted resources?

DEcisSioN MAKING DURING PrODUCT DEVELOPMENT

It should be noted that many decisions are made during each step of the PD pro-
cess. Some examples of questions related to decisions involved in PD are: What
type of product to make? What should be its dimensions? What type of power
source would be planned for the vehicle? What should be the capacity of the power
source? What types of materials should be used for each component? What types
of joining or assembly methods would be used? What should be the height of the
seat from the vehicle floor and the ground? What fields of view would the driver
need to drive the vehicle safely? In which assembly plant would the vehicle be
produced?

Making the right decisions at the right time during the PD is very critical to meet
the timings of the vehicle program. Early decisions usually involve the selection of
characteristics related to the basic type and configuration of the vehicle (e.g., sedan
vs. SUV, front-wheel drive vs. rear-wheel drive). If any of the key parameters of the
vehicle configuration, such as the type of powertrain or the wheelbase, are changed
in the later phases of the vehicle program, then many other design decisions and
parameters that are dependent on the key parameters will also change. The changes
generally require redesign of many systems, and they can be very time consuming
and costly, especially when the changes are made during the later phases of the pro-
gram. Thus, all important disciplines need to be involved during the early decision
making to avoid late changes.
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DISCIPLINES INVOLVED IN AUTOMOTIVE
PRODUCT DEVELOPMENT

Development and production of an automotive product requires professionals from
many disciplines. In addition, professionals with work experience in past vehicle
programs can provide a lot of knowledge during the resolution of a number of issues.
The professionals from specialized disciplines (e.g., mechanical engineering, struc-
tural engineering, vehicle dynamics, aerodynamics, and electronics) needed in dif-

ferent functional areas are

10.

. Product planning (mechanical engineers, market research specialists, busi-

ness management specialists, economists, operations researchers, financial
planners)

. Market research (market research specialists, business management spe-

cialists, economists, operations researchers, financial planners)

. Industrial design (studio designers [interior designers and exterior design-

ers], studio engineers, CAD modelers, graphic artists, color and trim spe-
cialists, craftsmanship specialists, clay modelers, computer-aided surfacing
modelers, buck builders)

. Body engineering (mechanical engineers, package engineers, CAD mod-

elers, computer systems engineers, structural engineers, safety engineers,
materials engineers, aerodynamics engineers, lighting design engineers,
electrical engineers)

. Powertrain engineering (mechanical engineers, CAD modelers, electrical and

electronics engineers, chemical engineers, environmental and emissions engi-
neers, materials engineers, fuel systems engineers, aerodynamics engineers)

. Chassis engineering (mechanical engineers, suspension engineers, CAD

modelers, vehicle dynamics engineers, brake engineers, tire engineers,
electrical and electronics engineers)

. Electrical systems engineering (electrical engineers, electronics engineers,

computer systems engineers, telematics specialists, mechanical design
engineers, audio engineers, display technologists)

. Human factors engineering and ergonomics (industrial engineers, engineering

psychologists, ergonomists, human factors engineers, mechanical engineers)

. Climate control engineering (mechanical engineers, thermodynamics engi-

neers, aerodynamics engineers, electrical and electronics engineers)

Manufacturing, production, and assembly engineering (mechanical engineers,
manufacturing process engineers, materials engineers, metallurgists, numeri-
cal control specialists/programmers, industrial engineers, plant engineers, tool
designers, tool engineers, ergonomists, industrial hygienists, safety engineers)

SELECTING THE PROGRAM LEADER

Selecting the leader for the vehicle program is probably the most important deci-
sion faced by the senior company management. The vehicle development process
involves making many decisions related to the characteristics of the vehicle being
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@ . @ @ Powertrain engineering team
. Program steering team . ‘
Pakage and ergonomics team ‘ ‘ ‘ @

Climate control engineering team

Fuel systems team
FIGURE 1.3  Illustration of linked team structure (only partial team structure is shown).

designed. The program leader (or program manager) must oversee the vehicle devel-
opment activities and make all key decisions. The program leader should be a big-
picture thinker and must have the skills to perform many roles, functioning as an
integrator, a decision maker, a time and cost controller, a team builder, a coach, a
motivator, and a communicator.

Womack et al. (1990) have compared the leadership issues in Western auto com-
panies with Toyota and found that the reduced PD cycles and better quality in Toyota
vehicles in the 1980s were due to implementation of the shusha concept. The shusha
(or chief program engineer) is given the complete authority to make all decisions on
the vehicle and its program management. Additional information on the program
management tasks are provided in Chapter 12.
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ROLE OF EARLY VEHICLE CONCEPT DEVELOPMENT

In most automotive companies, early vehicle concepts (i.e., before a vehicle program
is officially approved and launched) are developed to understand the integration and
development aspects of many issues involved in the development of a new vehicle.
The outputs of such activities are typically concept vehicles (working or nonworking
vehicle bucks or prototypes). These concept vehicles are typically shown in various
auto shows in different automotive markets to gauge the interest in such vehicle con-
cepts from customers, experts, and critics in the industry.

Many automotive companies have formally assigned functions and dedicated
staff within design and engineering activities—commonly labeled as advanced
design studios, advanced vehicle engineering departments, or advanced product
concepts research projects—to create future vehicle concepts. Such vehicle concept
development exercises help in understanding many strengths and weaknesses of the
concepts, engineering challenges, and risks that need to be resolved before such a
concept is further developed and implemented in a formal vehicle program. A for-
mal vehicle program is generally created after the company’s senior management is
convinced about the need and marketing potential; that is, the consensus is formed
among key decision makers within the company that an actual vehicle can be devel-
oped from the concept and will sell well.

FORMATION OF TEAM STRUCTURE AND TEAMS

The development of an automotive product requires many people from different dis-
ciplines and specializations. The number of people and teams required will depend
on the scope of the vehicle development program and the automotive company.
However, about 400 to 1200 engineering personnel from different specializations,
such as body engineering, chassis engineering, electrical engineering, and pow-
ertrain engineering, are needed in a typical vehicle program in a Western automo-
tive company. The entire design project is usually organized by using many teams,
each undertaking the design of a certain portion or systems or subsystems of the
vehicle. The structure of each team, with team leader and number of team members,
technical qualifications of each team member, responsibilities of each team member,
progress reporting, and problem resolution and communication methods, is strictly
enforced to ensure that all vehicle systems and interfaces between the systems can
be designed to meet all identified engineering requirements.

The highest-level team in a vehicle program is typically headed by the vehicle
program manager, and the membership of the team consists of high-level manag-
ers of major activities and chief engineers of major engineering offices. In some
auto companies, this is called the vehicle program steering team. The organizational
structure of the vehicle program steering team, with the top level (Level 1) and next
level (Level 2), is illustrated in Figure 1.3.

Vehicle program steering team:

L1 = Vehicle program manager (Level 1)
L2-0 =Program management manager (Level 2)
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L2-1=Body engineering chief engineer (Level 2)

L2-2 =Chassis engineering chief engineer (Level 2)

L2-3 =Powertrain chief engineer (Level 2)

L2-4 =Climate control chief engineer (Level 2)

L2-5 =Electrical engineering chief engineer (Level 2)

L2-6 =Fuel system chief engineer (Level 2)

L2-7=Package and ergonomics engineering chief engineer (Level 2)
L2-8 = Vehicle engineering chief engineer (Level 2)

L2-9 = Manufacturing engineering chief engineer (Level 2)
L2-10=Chief designer (Level 2)

L2-11 = Vehicle attribute engineering chief engineer (Level 2)

The next-level teams, headed by each Level 2 chief engineer with membership of
Level 3 managers, can be illustrated as follows:
Body engineering team:

L2-1=Body engineering chief engineer (Level 2)

L21-1 =Body structural engineering manager (Level 3)

L21-2 =Body closures engineering manager (Level 3)

L21-3 =Body safety systems manager (Level 3)

L21-4 =Body electrical engineering manager (Level 3)
L21-5=Body lighting engineering manager (Level 4)

L21-6 =Instrument panel engineering manager (Level 3)
L21-7 = Seating systems engineering manager (Level 3)

L21-8 =Body trim components engineering manager (Level 3)

Vehicle attribute engineering team:

L2-11 = Vehicle attribute engineering chief engineer (Level 2)

L211-1 = Vehicle dynamics engineering manager (Level 3)

L211-2 = Aerodynamics engineering manager (Level 3)

L211-3 = Thermal management engineering manager (Level 3)

L211-4 =Noise, vibrations, and harshness engineering manager (Level 3)
L211-5 = Craftsmanship engineering manager (Level 3)

L211-6 = Weight engineering manager (Level 3)

L211-7 = Vehicle cost management manager (Level 3)

Similarly, the next-level teams headed by each of the Level 3 managers with
membership of Level 4 supervisors are

L21-2 =Body closures engineering manager (Level 3)
L212-1 =Hood engineering supervisor (Level 4)

L212-2 =Front doors engineering supervisor (Level 4)
L212-3 =Rear doors engineering supervisor (Level 4)
L.212-4 =Trunk/liftgate engineering supervisor (Level 4)
L21-5=Body lighting engineering manager (Level 3)
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L215-1 =Front lamps engineering supervisor (Level 4)
L215-2 =Rear lamps engineering supervisor (Level 4)
L215-3 =Side marker and courtesy lamps supervisor (Level 4)

Depending on the issues being covered in any meeting of any of the above teams,
other team members and specialists are invited to help resolve the issues.

TREATING SUPPLIERS AS PARTNERS

It is important to realize that depending on the automotive company, about 35-75% of
the content of the automotive products is produced and supplied by supplier companies.
Thus, the quality of the vehicle depends on the quality of the entities supplied by the
suppliers and how these entities interface and work together with entities supplied by
different suppliers and produced by the automotive company. Many of the suppliers are
selected early, and their personnel are asked to participate in the PD process (as team
members in different teams related to their supplied entities) and are given the tasks of
designing the entities that they will produce. Thus, the suppliers should be treated as
partners during the entire PD, production, and automotive assembly processes.

It is therefore very important to select the right set of suppliers. Supplier selection
criteria typically include (a) expertise in SE and specialized disciplines needed to
develop the entities, (b) production capability in terms of required levels of quantities
with specified quality and price, (c) demonstrated flexibility in quickly incorporating
engineering changes during early design stages, (d) dedication and responsiveness in
meeting key product requirements (e.g., high fuel economy), (e) ability to incorporate
innovative methods and technologies, and (f) ability to support globally (on products
marketed in many countries).

OTHER INTERNAL AND EXTERNAL FACTORS
AFFECTING VEHICLE PROGRAMS

Automotive PD programs are affected by many factors. The program management
needs to be constantly on the lookout to determine whether these factors will affect
various attributes of the vehicle, program timing, and costs. Major factors related
to issues both internal and external to the automotive company that can affect the
vehicle programs are listed in the following subsection.

INTERNAL FACTORS

1. Constant change due to the iterative nature of the PD process

2. Company’s senior management directives and decisions related to the pro-
gram (e.g., budgets, cycle plans, preferences for certain vehicle features)

3. Balancing costs, manpower, and timings across all vehicle programs within
the company

4. Availability of manpower with required qualifications and expertise

5. Ability to select suppliers and integrate their involvement in the vehicle
program teams
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6. Ability to outsource design and production work and manage the supply
chain

7. Ability to maintain confidentiality of information related to product plans
and designs

8. Program management (organization, communication, and control)

9. Commonality and shared entities: platforms, systems, and components

10. Ability to meet quality characteristics of the product, including variety of

expected features and delights

EXTERNAL FACTORS

1. Political changes and other situations (e.g., adverse weather) in the vehicle-
producing country

2. Economic conditions, such as employment levels, tax, interest, and inflation

rates

. Changes in government regulations affecting the product

4. Availability of energy and materials sources related to the vehicle perfor-
mance needs and prices

5. Global factors such as political and economic conditions affecting other
countries and markets related to the product

6. State of competitors and their product plans (e.g., new products introduced
by the competitors)

7. Trends and changes in vehicle design and related technologies

8. Supplier abilities to meet quality, cost, and timing targets

(98]

IMPORTANCE, ADVANTAGES, AND DISADVANTAGES
OF SYSTEMS ENGINEERING

IMPORTANCE OF SYSTEMS ENGINEERING

SE, with assistance from the other engineering disciplines, establishes the vehicle
configuration, allocates functions and requirements to all vehicle systems and their
lower-level entities, establishes measures of effectiveness for ranking alternative
concepts/designs, and integrates the design with all specialty disciplines. SE is, thus,
a “glue” that bonds together all the vehicle systems and the disciplines required to
create a vehicle that the customers want.

SE is responsible for verifying that the developed vehicle (with all its systems)
meets all the important requirements defined in the vehicle attributes and systems
specifications. SE also plans for all necessary analyses that need to be conducted and
ensures that design reviews are conducted to meet program timings. Thus, products
developed with the application of SE principles, processes, and techniques will ben-
efit from the following:

1. The right products will be developed, because the SE will make sure that
(a) the customer needs are obtained and translated into requirements,
(b) the requirements are used by multidisciplinary teams for PD, (c) the best
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product configurations are selected through iterative and recursive refine-
ments, (d) all product entities are verified to ensure compliance with their
requirements, and finally, () the whole product is validated using custom-
ers and pre-selected test procedures. Thus, the customers will like the prod-
ucts and will be very satisfied.

2. PD time can be reduced by avoiding costly delays.

3. Costly redesign and rework problems will be reduced.

4. The product will remain on the market for a longer time.

ADVANTAGES AND DISADVANTAGES OF THE SYSTEMS ENGINEERING PROCESS

The major advantages of the implementation of the SE process in the development of
a complex product program are

1. It will help in reducing costs and time overruns.
2. It will help in creating products that the users want (i.e., it ensures customer
satisfaction).

The disadvantages of the incorporation of SE functions in a PD program are

1. It adds people (systems engineers) to the payroll and thus increases the costs
of the program.

2. It creates an additional documentation burden with the SE management
plan.

3. It creates more work for the team members in communicating with the SE
personnel and following the activities incorporated in the SE management
plan (see Chapter 12).

CONCLUDING REMARKS

Undertaking a vehicle development program is very challenging due to the complex-
ity of managing many tasks performed by many professionals from many disciplines
to design all the vehicle systems and making sure that all the vehicle specifications
and requirements are met. Vehicle programs are also affected by a number of unfore-
seen and uncontrollable internal and external factors. The competition between
many vehicle manufacturers is also very fierce, and vehicle development teams are
pressured to reduce development times and budgets under fast-paced technological
changes. The subsequent chapters present the concepts, methods, and processes used
to meet the design challenges.
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2 Steps and Iterations
Involved in Automotive
Product Development

INTRODUCTION

Systems engineering implementation is an iterative process. The iterations are neces-
sary because many decisions that are made during the vehicle development process
require consideration of alternative configurations of systems and system charac-
teristics. The type of technologies used in the operation of each of the systems also
affects their characteristics and configurations and trade-offs between vehicle attri-
butes. Many trade-offs between vehicle attributes, such as performance versus costs
(e.g., acceleration capabilities of the vehicle vs. powertrain costs), vehicle weight
versus performance, energy consumption versus performance, and performance
versus packaging space, need to be carefully considered to ensure that the systems
meet their attribute requirements, work together, and fit within the vehicle envelope.
Further, many of the design issues are dependent on the importance of each of the
vehicle systems and its features to customers. And many unexplored combinations
of system characteristics require extensive analyses and evaluations (e.g., testing) to
determine which of the design alternatives would be feasible and most economical
and would best meet customer needs.

Systems engineering implementation also involves simultaneous consideration
of inputs from professionals from many disciplines. Simultaneous (or concurrent)
engineering requires constant communication between professionals from all disci-
plines to ensure that requirements for all vehicle attributes and trade-offs between
the attributes are considered. The communications between professionals occur in
many informal and formal information exchanges and design review meetings. The
product visualization in the design reviews is facilitated through reviews of draw-
ings, computer-aided design (CAD) models, and physical models (e.g., mock-ups,
bucks, prototypes). Physical properties or three-dimensional CAD models with fly-
through views (i.e., camera views from different locations or paths) are particularly
useful in visualizing the space available to package all affected systems within the
vehicle space when studying configurations, interfaces, interferences, and clearances
between different vehicle systems (see Chapter 13 for more details).

For example, powertrain packaging involves understanding the spaces required
to package the engine, transmission, suspension system, steering system, wheels and
tires, shafts, final drive, and braking system within the vehicle body and chassis
systems. The vehicle body system is configured to accommodate the needs of the
occupants and requirements for vehicle attributes such as styling, aerodynamics,
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fuel economy, comfort, and safety. There are many trade-offs (e.g., occupant space
vs. powertrain space, powertrain space vs. acceleration performance) that need to
be carefully evaluated to come up with a balanced vehicle design. The problem is
further complicated when a number of options, such as body-styles and different
combinations of engines, transmissions, wheels, and optional features, are offered in
the same vehicle program.

This chapter provides a basic understanding of the systems engineering process
and its iterative nature.

SYSTEMS ENGINEERING PROCESS AND MODELS

THe ProcEss BEGINS WiITH UNDERSTANDING CUSTOMER AND
BusiNEss NEEDS AND GOVERNMENT REQUIREMENTS

The vehicle development process begins with a thorough understanding of customer
needs, business needs, and government requirements. An automotive company has
many types of customer. Most of us think of the customers as those who actually
purchase and use the vehicles. They are generally referred to as the external custom-
ers; that is, they are outside the organization of the auto company. Their needs must
be satisfied; otherwise, they may purchase their next vehicle from another manu-
facturer. Service personnel who repair and maintain the vehicles are also external
customers, and their needs must be considered. Shareholders and investors are also
external customers, whose needs must be satisfied to ensure that they supply the
capital to finance the product programs in return for dividends and/or interest pay-
ments from the company and capital appreciation. There are also internal customers,
who are primarily company employees who perform their work by receiving infor-
mation, hardware (e.g., tools), software, and in-process work from other employees.
For the employees to work together cohesively, it is important that the needs of these
internal customers are met.

The auto company also has its own business need to grow its revenues and profits
by satisfying its internal and external customers. It needs to ensure that right prod-
ucts are designed and introduced in the market at the right time and that its prod-
ucts compete well with other products from its competitors. Thus, benchmarking of
existing vehicles, both competitors’ vehicles and the company’s own products, must
be performed to understand how different vehicles are designed and manufactured
using available technologies (see Chapter 4 for more detail on benchmarking).

A thorough understanding of government requirements that must be met during
the lifetime of the vehicle being developed is crucial, because if the vehicle fails to
meet any of the requirements, it may be subject to costly recalls, penalties, fines,
and repair liabilities. The National Highway Traffic Safety Administration’s Federal
Motor Vehicle Safety Standards (NHTSA, 2015) and the Environmental Protection
Agency’s fuel economy and emissions requirements (EPA and NHTSA, 2012) on
greenhouse gases are major requirements that must be met (see Chapter 3 for more
details). In addition, the product liability climate requires vehicle manufacturers to
make sure that the products sold are free from design and manufacturing defects that
could cause injuries to vehicle users and others (see Bhise, 2014).
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SYsTEMS ENGINEERING PROCESS

Figure 2.1 presents a flow diagram illustrating the systems engineering process dur-
ing vehicle development. The top of the diagram shows the three important needs
described above. These needs are generally translated into vehicle attribute require-
ments to ensure that the vehicle possesses the attributes that its customers expect.
In addition, a number of new vehicle features that may surprise and delight the cus-
tomers are also considered (Bhise, 2012, 2014). The information gathered during
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FIGURE 2.1 Flow diagram illustrating the systems engineering process in vehicle
development.
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benchmarking of a number of competitive vehicles aids in this process. The vehicle
attribute requirements are cascaded (i.e., allocated) to lower-level subattributes of
each attribute and to the vehicle systems (see Chapter 9 for more details). This pro-
cess also produces more detailed specifications of the vehicle being developed (see
Chapter 7).

This information is used to determine a list of vehicle functions and requirements
for each of the functions. The functional requirements specify what the vehicle must
be able to achieve to perform its functions. For example, one of the key functions is
to transport people and/or cargo. To perform this function, the vehicle must have the
ability to accelerate, maintain speed, and decelerate. The acceleration capability is
typically measured by recording the time taken by the vehicle to reach a given speed
(e.g., from O to 60 mph in 6 s). Similarly, the deceleration or braking capability is
measured by recording the distance within which a moving vehicle can come to a
full stop (e.g., from 60 to O mph within 120 ft). Meeting these functional require-
ments will help the design team to decide on the characteristics of the powertrain
and braking systems.

The functional requirements of the vehicle are allocated to its systems. The allo-
cated functions are provided to the system design teams as objectives for creating
configurations of the vehicle systems. The systems are packaged (located) within
the vehicle space defined by the exterior and interior surfaces of different vehicle
concepts created during the early phases of the product development process. The
vehicle concepts are also concurrently refined as additional information is obtained.
The vehicle concepts are evaluated and reviewed by a number of specialists and
management personnel to narrow them down to a few concepts (usually about two to
four). The selected vehicle concepts are generally shown to representative groups of
customers in market research clinics to help select one concept for detailed engineer-
ing work (see Chapters 10 and 11 for more details).

The challenge to the engineering team begins with the allocation of functions to
various systems in the vehicle and deciding on the details (i.e., design configuration)
of each of the lower-level systems of each vehicle system. This exercise can result in
changes in vehicle characteristics and attribute requirements (shown in Figure 2.1
by the up-arrow between detailed engineering and concept selection). Connections
between various systems (i.e., interfaces) are studied to ensure that all systems can
work together to meet the vehicle attribute requirements (see Chapter 8 for more
details on interfaces). This process requires constant communication between vari-
ous design and engineering teams to discuss possible alternative configurations of
systems and trade-offs between various system functions and packaging of the sys-
tems within the vehicle space. Thus, the detailed engineering design is an iterative
process.

Each system is analyzed using specialized design tools (e.g., computer-aided
engineering [CAE] tools) to ensure that each system can meet its requirements (see
Chapter 16 for more details). After each basic system is configured, its subsystems
must be designed to ensure that all the subsystems can work together as intended
and can be packaged together in the available space within the vehicle envelope. The
subsystem designs are further decomposed into lower levels till the component level
is reached. Each subsystem also needs to be analyzed to ensure that it can perform



Steps and Iterations Involved in Automotive Product Development 35

its intended functions and that it fits within the space allocated for its parent system.
Similarly, components are designed to ensure that they can work together and fit
within the allocated space for the subsystem.

As the detailed engineering work progresses, the manufacturing process engi-
neers work simultaneously to determine the tools and facilities required to produce
the vehicle. The vehicle engineering and manufacturing engineers work together
and make the necessary design changes to meet both the vehicle attribute require-
ments and the manufacturing requirements. This interface is shown in Figure 2.1
by both directional arrows between the “detailed engineering” and “production
systems design” boxes. (Note that Figure 2.1 differs from Figure 1.1 because it
includes more detail on systems engineering tasks such as attribute requirements
development, cascading and allocation of vehicle functions to systems, and concept
selection.)

Early production parts (prototype components) undergo verification tests to
ensure that all applicable component-level requirements are met. The components
are then assembled to form subsystems, and the subsystems are tested to verify that
they meet their respective subsystem-level requirements. This process of assembly
and verification is continued to form higher-level systems till the whole assembled
vehicle is available. The early versions of such assembled vehicles (called prototype
vehicles) are also subjected to a number of verification tests to ensure that all key
vehicle-level requirements are met. The verification testing process is generally a
part of the detailed engineering work. Once the early production vehicles are avail-
able, they are evaluated by a number of customers and company personnel to run
validation tests (or drive evaluations) to determine their acceptability. The validation
testing is described in Chapter 14.

After management approval of the vehicle validation, the production of the vehi-
cles formally begins, and the produced vehicles are transported to the dealers. The
feedback from the customers who purchase and use the vehicles is continuously
monitored throughout the vehicle life cycle to ensure high levels of customer satis-
faction. Any “manufacturing process changes” and “product refinements” resulting
from the customer feedback (called customer experience) are shown in the boxes on
the lower left-hand side of Figure 2.1.

SysTEMs ENGINEERING “V” MODEL

The systems engineering “V” model presents all important steps in the product life
cycle. The model is presented in Figure 2.2. The model is known as the systems engi-
neering “V” model because the steps are arranged in a “V” shape, with succeeding
steps shown below or above the preceding steps (see Blanchard and Fabrycky [2011]
for more details). The model is described in the next section in the context of devel-
opment of a new automotive product.

The model shows basic steps of the entire vehicle program on a horizontal time
axis, which represents time (t) in months before Job#1. In the automotive industry,
“Job#1” is defined as the event when the first vehicle is shipped out of the assembly
plant for sale. The vehicle program generally begins many months prior to Job#1.The
beginning time of the program depends on the scope and complexity of the program
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(i.e., the changes in the new vehicle as compared with the outgoing product) and the
state of management’s approval to begin the vehicle development process.

Left Side of the “V”: Design and Engineering

In the early stages prior to the official start of the vehicle program, an advanced
design and product planning activity (which usually involves an advanced vehicle
planning department or a special vehicle planning team) determines the vehicle
characteristics and its preliminary architecture (e.g., vehicle type [body-style], size
and type of powertrain, locations of the drive wheels [front-wheel drive/rear-wheel
drive/all-wheel drive]), its performance characteristics, the intended market (i.e.,
countries where the vehicle will be sold), and so forth. It also provides a list of
reference and competitors’ vehicles (used for benchmarking) that the new vehicle
may replace or compete with. A small group of engineers and designers (usually
about 10-15) from the advanced design group are selected and asked to generate
a few early vehicle concepts to understand the design and engineering challenges.
A business plan, including the projected sales volumes, the planned life of the new
vehicle, the vehicle program timing plan, the facilities and tooling plan, the man-
power plan, and the financial plan (including estimates of costs, capital needed,
revenue stream, and projected profits), is developed and presented to the senior
management along with all other vehicle programs planned by the company (to
illustrate how the proposed program will fit within the overall corporate product
plan and business strategy). Chapter 5 presents additional details on business plan
development.

The vehicle program typically begins officially after the approval of the business
plan by the company management. This program approval event is considered to
occur at x months prior to Job#1, as shown in Figure 2.2. The figure also shows that
the advanced design and planning activity begins at (x +y) months prior to Job#l.
(Depending on the scope of the activity, the value of y can range from about 3 to
12 months.)

At minus x months, the chief vehicle program manager is selected, and each
functional group (such as design [styling], body engineering, chassis engineering,
powertrain engineering, electrical engineering, aerodynamics engineering, packag-
ing and ergonomics/human factors engineering, manufacturing engineering) within
the product development and other related activities is asked to provide personnel
to support the vehicle development work. The personnel are grouped into teams,
and the teams are organized to design and engineer the vehicle and its systems and
subsystems.

The first major phase after the team formation is to create an overall vehicle
concept (labeled “Product concept” in Figure 2.2). During this phase, the industrial
designers and the package engineers work with different teams to create the vehi-
cle concept, which involves (a) creating early drawings or computer-assisted design
(CAD) models of the proposed vehicle, (b) creating computer-generated 3-D lifelike
images and/or videos of the vehicle (fully rendered with color, shading, reflections,
and textural effects), and (c) physical mock-ups (foam-core, clay, wooden, or fiber-
glass bucks to represent the exterior and interior surfaces of the vehicle). The images
and/or models of the proposed vehicle are shown to prospective customers in market
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research clinics and to the management. Their feedback is used to further refine the
product concept. The market research clinics are described in Chapter 21.

As the vehicle concept is being developed, each engineering team decides on how
each of the vehicle systems can be configured to fit within the vehicle space (defined
by the exterior envelope and interior surfaces of the vehicle concept) and how the
various systems can be interfaced with other systems to work together to meet all the
functional, ergonomic, quality, safety, and other requirements of the product. This
step is shown as the “Systems” step in Figure 2.2. Any problems discovered during
this phase may require iterating the process back (to the previous phase) to refine or
modify the product concept. (This feedback represents the up-arrow from “Systems”
to “Product concept” shown in Figure 2.2.)

As the systems are being designed, the next phases involve a more detailed design
of the lower-level entities, that is, design of subsystems of each system and compo-
nents within each of the subsystems. These subsequent steps, straddled in time to the
right, are shown as “Subsystems” and “Components.” The steps described in this
section, forming the left half of the “V,” represent the time and activities involved
in “Design and engineering.” The up-arrows in the left half of the “V” indicate the
iterative nature of the systems engineering loops shown in Figure 2.1.

Right Side of the “V”: Verification, Manufacturing, and Assembly

The right half of the “V,” moving from the bottom to the top, involves manufacturing
components (or lower-level entities) and testing to verify that they meet their func-
tional characteristics and requirements (developed during the left half of the “V™).
The components are assembled to form subsystems, which are tested to ensure that
they meet their functional requirements. Similarly, the subsystems are assembled
into systems and tested; and finally, the systems are assembled to create the whole
vehicle. At each of the steps, the corresponding assemblies are tested to ensure that
they meet the requirements considered during their respective design steps (i.e., the
assemblies are verified). These requirements are shown as the horizontal arrows
from the left side to the right side of the “V”" in Figure 2.2. The right side of the “V”
is therefore labeled ““Verification, manufacturing, and assembly.” It should be noted
that down-arrows between various assembly steps in the right half of “V” are not
shown in Figure 2.2. The down-arrows would indicate failures in the verification
steps. When failures occur, the information is transmitted to the respective design
team for incorporation of design changes to avoid repetition of such failures.

The engineers and technical experts assigned to various teams in the vehicle pro-
gram work through all these steps and continuously evaluate the vehicle design to
verify that the vehicle users can be accommodated and they will be able to use the
vehicle under all foreseeable usage situations. Early production vehicles developed
just before the Job#1 are usually used for additional whole-vehicle evaluations for
product validation purposes (see Chapter 14 on validation testing).

Right Side of the Diagram: Operation and Disposal

After Job#l, the vehicles are produced and transported to the dealerships and sold to
the customers. The model in Figure 2.2 also shows a time period called “Operation
and refinement.” During this time period, the produced vehicles are purchased, used,
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and maintained by the customers and serviced by the dealers (or other repair shops).
The vehicle may also be refined with some changes (i.e., revised with minor changes
during the existing model cycle, or updated as a refreshed new model every few
years) during its operational time. When the vehicle becomes old and outdated, it is
pulled from the market. This marks the end of the production of the vehicle. At that
point, the assembly plant and its equipment are recycled or retooled for the next vehi-
cle (as a next model year product or a totally new product), or the plant is closed. As
the products reach the end of their useful life, the products are sent to the scrapyards,
where many of the components may be disassembled. The disassembled components
are either recycled for extraction of the materials or sent to the junkyards.

The website of this book contains an Excel spreadsheet illustration of a “V”
model of an automotive product development process. It also shows a Gantt chart
with various activities and monthly cost estimates of the activities (see Chapter 19).

SysTEMS ENGINEERING MODEL wiTH Five Types oF Loop

Figure 2.3 illustrates a variation of a commonly used systems engineering model
with five types of loop. The five loops in the models are (1) requirements loop,
(2) design loop, (3) control loops, (4) verification loop, and (5) validation loop. The
loops illustrate the iterative nature of the systems engineering process, beginning
with the customer needs, business needs, and regulatory requirements, which are
translated into vehicle attribute targets and vehicle attribute requirements. The vehi-
cle attribute requirements are cascaded into requirements of the lower-level entities
(i.e., vehicle systems, subsystems, and sub-subsystems down to the component level)
along with the function analysis and function allocation. The generated requirements
and functional allocations are iterated and synthesized into possible and feasible
product configurations till a balanced vehicle design is achieved.

A balanced vehicle design is a configuration of the vehicle that is found to be
acceptable by taking into account all the attribute requirements and trade-offs
between attributes. The vehicle configuration includes agreed-on allocations of vehi-
cle functions to its systems and assignment of spaces to the systems (i.e., packaging
of the systems) within the vehicle space by achieving the required interfaces between
the systems.

MANAGEMENT OF THE SYSTEMS ENGINEERING PROCESS

Management of the systems engineering process can be better understood, first, by
studying the processes and techniques involved in performing the following core
facilitating functions:

1. Defining and locating gateways in the program timing schedule

2. Managing by vehicle attributes

3. Target setting at the vehicle level

4. Decomposing the vehicle into manageable lower-level entities

5. Defining the relationship between vehicle attributes and vehicle systems
6. Interfacing between vehicle systems
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7. Setting requirements (requirements analysis)
8. Conducting evaluations, verifications, and validations

The systems engineering management plan (SEMP) described in Chapter 12 pro-
vides documentation on how all these functions are coordinated and performed by
various teams in the vehicle development process.

DEFINING AND LOCATING GATEWAYS IN
VEHICLE PROGRAM TIMINGS

To manage the vehicle development program and its process, all major program
activities are mapped on a timing chart such as a Gantt chart (see Figure 1.2) and a
gateways timing chart (see Figure 2.4). When certain key tasks are completed, the

Gateways
(shown with triangles)

PKO CS SD MES ES2

/N \%
TF TS ES1 PTV PF
T 7Y
: 1:17 #1 Stop 4’
t=—x months t=0 operation

- (x+y)

Disposal
Time (t) —)>
X X e\

v \—
Advanced Product \ Product requirements [ Assembled Operation and Retirement
design and planning concept \ product refinement and disposal

\ X
X

Systems  f--ee- /\
requirements

Assembled
systems

Design
and
engineering

Verification,
manufacturing,
and assembly

Assembled
subsystems

Components

FIGURE 2.4  Gateways timing chart in the vehicle development program.
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vehicle design and program progress is reviewed by technical experts and manage-
ment personnel. The reviews are conducted to ensure that all the tasks planned dur-
ing the previous steps were completed satisfactorily, and necessary design changes
are made to solve problems identified during the prior reviews. These task comple-
tion events and management reviews are defined as gateways. The management
approvals at the gateways signify that the vehicle program will proceed to the next
tasks or program phase. The gateways are placed on the timing charts. The gateways
are usually identified using a triangular symbol with acronyms defining each of the
tasks. Figure 2.4 provides an example of gateways placed on the timeline of the “V”
model of the vehicle development program shown in Figure 2.2. Table 2.1 provides
the definitions of various gateways used in a typical vehicle development program.
Each auto company generally has a unique set of definitions and identification labels
for its gateways.

MANAGING BY VEHICLE ATTRIBUTES

VEHICLE ATTRIBUTES AND ATTRIBUTE REQUIREMENTS

The systems engineering process begins with the understanding of customer needs.
The customer needs are translated into vehicle attributes (i.e., the characteristics that
the vehicle must have to sell well), which are used and managed during the vehicle
development process to ensure that the vehicle possesses the attributes to satisfy its
customers. The attribute management process involves developing requirements for
the attributes, cascading the attribute requirements from the vehicle level to its lower
levels (i.e., entities such as systems, subsystems, and components), allocating func-
tions to all entities in the vehicle, developing test procedures to verify that each entity
meets its requirements, and completing the verification and validation testing. This
section describes the development of vehicle attributes, requirements, and allocation
functions to the entities within the vehicle.

WHAT Is AN ATTRIBUTE?

An attribute is a characteristic of a product that it must have to sell well. It is assumed
that customers buy and use products based on their total impact, which can be bro-
ken down into a number of attributes. A product can have many attributes. The
product attributes must be derived from the needs of the customers. All the product
attributes, taken together, should cover all the needs of the customers. An attribute
can be decomposed (or subdivided) into lower-level attributes such as subattributes,
sub-subattributes, and so on, till all the product characteristics within the attribute
are covered.

The attributes of an automotive product can be described as follows: (a) aesthetics/
styling, (b) occupant package and ergonomics, (c) cost/affordability (i.e., acquisition,
operating, and maintenance costs), (d) performance and fuel economy, (e) interior
comfort (e.g., noise, vibrations, and climate control), (f) ride and handling (i.e.,
vehicle dynamics considerations related to how the vehicle feels during the driving
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TABLE 2.1

Definitions and Labels for Gateways

Description of Phase

Pre-program work

Vehicle definition,
target setting,
concepts development,
and systems design

Vehicle concepts
evaluation and
concept selection

System design
engineering work

Systems approval and
engineering sign-offs

Description of Step

The objective of this gateway is to define
the program for developing one or more
vehicles (base vehicle and its variants).

The time at which the proposal to develop
the new vehicle is formally accepted by
the senior management and the program
is defined. The program is kicked off with
selection of program leader and team
leaders.

Teams formed and begin work on
gathering customer data and trends in
vehicle design and technology.
Benchmarking of selected competitive
vehicles begins.

Targets set on functional specifications at
vehicle and systems levels. Design and
engineering teams create several vehicle
concepts.

Vehicle concepts selected by management
are prepared for internal and external
market research.

Management meets to review market
research results and program team
recommendations, and selects a concept
for further development.

Engineering teams begin system-level
design work on each major vehicle
system. Functional aspects of each system
and interfaces between systems are
constantly reviewed to study engineering
feasibility.

Manager responsible for each major
vehicle system (jth system) reviews
system design with other systems
managers and obtains approval of the
system-level design.

Leaders in each engineering activity sign
off on the overall vehicle design, stating
the current vehicle and systems design is
ready for further detailed design work.

Gateway
Description

Program definition

Program kick-off

Team formation

Targets set

Concepts
reviewed

Concept selection

Engineering
launch

System design
approval

1st engineering
sign-off

Label
PD

PKO

TF

TS

CR

CS

EL

SDG)

ES1

(Continued)
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TABLE 2.1 (CONTINUED)
Definitions and Labels for Gateways

Description of Phase

Detailed engineering,
verification testing,
tooling and facilities
design, and
manufacturing
readiness reviews

Production prototype
vehicles building,
validation testing, and
sign-offs

Vehicle production,
sales, and service

Description of Step

Vehicle program is approved by
management, and funds are released for
detailed system design and integration
work.

Verification tests are completed. Tests are
conducted at component, subsystems, and
systems level. Test results are used to
incorporate changes in hardware and
software and retested as needed.

Prototype vehicles are assembled for
vehicle-level verification tests.

Marketing and field support (dealerships, part
sales and service) personnel are provided
with necessary technical information,
hardware, and service support tools.

Manufacturing and assembly plants
retooled and conduct tests to ensure
vehicle build capabilities and begin
building early production vehicles for
training and validation tests.

Final production prototype vehicles are
made available for engineering and
validation tests and reviews by experts,
management, and customers.

All engineering leaders sign off on the
functioning, reliability, and durability of
the production vehicles.

Manufacturing and plant managers sign-off
on the functionality and build quality of
the production vehicles.

Management approves release of the
production vehicles for sales. The time at
which the first production vehicle rolls
out of the assembly plant is called
“Jobi#l.”

Customer feedback, sales, warranty, and
costs data are reviewed periodically to
determine future changes to
manufacturing process or products.

Gateway
Description

Program approval

Verification tests
(ith entity)

Prototype test
vehicles

Marketing and
field support plan
launch

Production
Readiness

Prototypes final
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maneuvers), (g) thermal and aerodynamics, (h) weight, (i) safety, (j) security, (k)
emissions (harmful gases/pollutants generated by the vehicle during its operation),
(1) information and entertainment (i.e., providing needed information and entertain-
ment to the vehicle occupants), (m) customer life-cycle experience (i.e., overall expe-
rience of the customer during vehicle usage in the customer’s life stages or changes),
and (n) product and process compatibility.

Table 2.2 presents the attributes and their subattributes of an automotive product.
It should be noted that the definition of the attributes is not standardized, and thus,

TABLE 2.2

Attributes of an Automotive Product

Serial No. Vehicle Attribute Subattributes
1 Package Occupant seating package, entry and exit, luggage/cargo
package, fields of view, powertrain package, suspensions and
tire package, other mechanical and electrical package
2 Ergonomics Locations and layouts of controls and displays, hand and foot
reach, visibility and legibility, posture comfort, and operability
3 Safety Front impact, side impact, rear impact, rollover and roof crush,
air bags and seat belts, sensors and ECMs, other safety
features (visibility, active safety)
4 Styling and Exterior—shape, proportions, stance, and so on;
appearance interior—configuration, materials, color, texture, and so on
5 Thermal and Aerodynamics, thermal management, water management
aerodynamics
6 Performance and Performance feel, fuel economy, long-range capabilities,
drivability drivability, manual shifting, trailer towing
7 Vehicle dynamics Ride, steering and handling, and braking
8 Noise, vibrations, and Road NVH, powertrain NVH, wind noise, electrical and
harshness (NVH) mechanical systems NVH, brake NVH, squeaks and rattles,
passerby noise
9 Interior climate Heater performance, air-conditioning performance, water
comfort ingestion
10 Weight Body system weight, chassis system weight, powertrain weight,
electrical system weight, fuel system weight
11 Security Vehicle theft, contents/component theft, personal security
12 Emissions Tailpipe emissions, vapor emissions, on-board diagnostics
13 Communication and Internet connectivity, within-vehicle coactivity, vehicle to
entertainment infrastructure communication, vehicle to vehicle
communication, audio reception
14 Costs Cost to the customer, cost to the company
15 Customer life cycle Purchase and service experience, operating experience, life
stage changes, system upgradability, disposal and recyclability
16 Product and process Commonality, reusability, carryover, product variations, plant

Note:

complexity

ECM, electronic control module.

complexity, tooling and plant life-cycle changes
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the list and definitions of the attributes and their subattributes can vary between and
within different vehicle programs and organizations of an auto manufacturer.

Quality is another vehicle attribute, which is generally combined with other
attributes such as styling, package, safety, and comfort. Similarly, durability is an
attribute that can be combined with other attributes such as performance, comfort,
styling and appearance, and safety. For example, durability can be incorporated into
part of many attribute requirements stating that the applicable requirements should
be met over the life of the vehicle (e.g., 15 years or 150,000 miles of driving).

To help the reader in understanding the areas covered by product attributes,
another example is a laptop computer. The attributes of this product are (a) physical
size, (b) weight, (c) display size, (d) ergonomics (i.e., ease in using the keyboard,
touch pad, audio, display, and disk drive), (e) processor capabilities (e.g., capacity
and speed of processing data), (f) data storage capacity, (g) battery capacity (e.g.,
hours of operation between recharges), (h) input/output ports, (i) wireless connec-
tivity, (j) aesthetics (i.e., styling/appearance), (k) durability, and (1) life-cycle costs
(i.e., costs incurred by the customer during the life cycle of the computer). This list
of attributes should cover all the customer needs that the laptop design team should
consider during the entire life cycle of the laptop computer.

ATTRIBUTE REQUIREMENTS

The requirements specified to achieve the product attributes can be defined as the
attribute requirements. To manage the attributes, each attribute can be further
divided into subattributes, sub-subattributes, and so on, at different levels. All attri-
bute requirements should be cascaded (i.e., assigned) to various vehicle systems dur-
ing the functional analysis and allocation.

Additional information on requirements and guidelines for developing “good”
requirements are provided in a later section of this chapter.

ATTRIBUTE MANAGEMENT

In some automotive companies, the customer requirements are specified in terms
of attribute requirements. An attribute manager is assigned to each attribute, and
the responsibility of each attribute manager is to ensure that the requirements of his
or her attribute are allocated to a proper set of systems and lower-level entities, and
evaluated constantly. The attribute management responsibility is generally assigned
to independent core engineering functions that are different from the line engineer-
ing activities responsible for designing and developing various systems of the prod-
uct. For example, a manager assigned to the “comfort and convenience” attribute
will have to review the entire design of the vehicle being developed and analyze
each vehicle system to determine whether the system will have an effect on occupant
comfort and convenience. The vehicle systems having an effect on the attribute will
then be analyzed and evaluated in detail to ensure that all requirements of the attri-
bute and trade-offs between the attribute and other related attributes or subattributes,
such as ergonomics of driver interfaces, seat comfort, entry/exit ease, luggage load-
ing convenience, engine service ease, thermal comfort, and so forth, are considered.
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Importance of Attributes

Instead of determining product requirements directly from customer needs, as shown
in Figure 2.2, some organizations have found that defining the product attributes from
the customer needs and managing each of the product attributes (i.e., managing all
product requirements that deliver or contribute to a given product attribute) is a better
approach—especially for the development of complex automotive products. It should be
noted that customer needs obtained from interviewing customers may not be complete;
that is, they may not take into account many engineering considerations. Therefore, the
attribute requirements should cover both the customer needs and the engineering needs.
For a vehicle to possess a certain attribute, its attribute requirements are cascaded (or
assigned or allocated) from the vehicle level down to lower levels in the system hierar-
chy (i.e., from the product to its systems to subsystems and components).

The management of product requirements based on attributes has three major
advantages:

1. The attribute requirements help everyone in the product development pro-
cess to understand the traceability of the requirements to certain product
attributes (i.e., any requirement can be traced back to one or more product
attributes).

2. People specialized in an attribute can be made responsible for ensuring that
the product is being designed to meet the attribute requirements (so that the
product will possess the attribute).

3. The presence of attribute requirements ensures that all the product attri-
butes are studied (i.e., tracked and evaluated) at every product development
phase, and compliance with the attribute requirements is reviewed at all
major milestones in the product program.

Thus, the attributes management approach ensures that the customer needs are
not overlooked (i.e., the customers will be satisfied) during the design and subse-
quent phases of the product life cycle. This topic is further discussed in Chapter 9.

VEHICLE-LEVEL TARGET SETTING

Before the vehicle is defined, it is essential to agree on an overall corporate goal (i.e.,
product planning and marketing strategy) in developing the vehicle. Some examples
of the goal are (a) to create a vehicle to replace an aging existing vehicle with a simi-
lar market positioning, (b) to create a vehicle that will be the best in its class, and/
or (c) to create a vehicle that will appeal to customers in a different market segment
(e.g., a vehicle designed for the U.S. market to be also sold in China). Thus, the pro-
cess of definition of the vehicle to be developed will depend on the strategy adopted
by the automotive company in target setting.

TARGET SETTING AND MEASURES

Target setting needs to be undertaken minimally at the vehicle level (i.e., for the
selected vehicle as a whole) and at its attribute and subattribute levels. The measures
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used to define the targets should be objective (i.e., the targets can be measured by
using one or more physical instruments) as well as subjective (i.e., based on informa-
tion or ratings provided by customers or experts).

Some examples of the vehicle-level measures that can be used are

1.

2.

o]

10.

Best-in-class vehicle (i.e., best overall score among all the selected vehicles
in its class)

Percentage of customers satisfied (e.g., at least 80% of customers should
state that they will be “very” or “completely” satisfied with the vehicle)

. Percentage of design guidelines and/or requirements met (e.g., at least 95%

of the vehicle-level attribute requirements met)

. Minimum, maximum, or range of values of evaluation measure achieved in

a pre-defined test (e.g., fuel economy in terms of minimum miles per gal-
lon, maximum aerodynamic drag coefficient)

. Percentage of customers preferring your target vehicle to other selected

competitors’ vehicles in a predefined evaluation test (e.g., at least 15%
improvement on the selected competitor’s 60—0 mph stopping distance)

. Number (or percentage) of target vehicles sold in a specified market seg-

ment (e.g., at least 20% market share in the entry-luxury mid-size passenger
car segment)

. Rank of target vehicle in a specified evaluation test against other selected

competitors’ vehicles (e.g., must be within the top three of the selected
competitors)

. Percentage of selected criteria met by the target vehicle
. Average or weighted score of the target vehicle in a selected set of evalua-

tion tests with multiple evaluation criteria

Vehicle based on a specified platform and sharing at least 55% of the
platform (components and systems of other vehicles developed from the
platform)

Some Examples of Attribute-level Measures

A new four-door sedan vehicle, when compared with its reference vehicle (e.g., cur-
rent model or its leading competitor), should meet certain levels of selected attributes
of the vehicle. The attributes of the vehicle are characteristics that the vehicle must
have for it to sell well. For example, fuel economy, overall vehicle weight, powertrain
type, ride and handling, and interior space are a few attributes of a vehicle. Some
examples of vehicle targets based on the attributes are

1.

2.

The new vehicle shall provide at least 15% better fuel economy as com-
pared with the previous vehicle model.

The overall weight of the vehicle shall be reduced by 6% (or 300 1b) as
compared with the previous vehicle model.

. The powertrain of the new vehicle shall have options to provide a turbo-

boost engine and an eight-speed transmission.

. The new vehicle shall have safety features comparable to those of the refer-

ence vehicle.
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5. The handling, ride, and braking performance of the vehicle shall be at least
10% better than those of the reference vehicle.

6. The vehicle shall be equipped with speech recognition and text to speech
capability to allow communication of e-mail messages safely.

7. The interior of the vehicle shall be more spacious and shall provide at least
15 mm increase in driver’s legroom, headroom and shoulder room as com-
pared with the reference vehicle.

8. The exterior of the vehicle shall be perceived to be more aerodynamic than
that of the reference vehicle.

9. The climate control shall allow automatic temperature control and setting
of independent separate controls for the driver, the front passenger, and the
rear passengers.

10. The interior noise level at 70 mph shall be at least 2 dBA lower than for the
reference vehicle.

11. The vehicle shall have the following optional security features: periph-
eral courtesy lighting, panic auditory alarm, theft control alarm,
heart rate monitoring, and emergency messaging system with airbag
activation.

To decide on the levels of each of the attributes, the measures (i.e., variables) that
will be used for measurement of each of the targets and their measurement proce-
dures must be determined and accepted by the company management.

DECOMPOSITION OF A VEHICLE INTO
MANAGEABLE LOWER-LEVEL ENTITIES

MANAGING A CompLEX PrRODUCT

The need for systems engineering arose with the increase in complexity of products.
Increased product complexity, in turn, increases the number of interactions (i.e., rela-
tionships) between many components and also increases the challenges in designing
for high levels of reliability. This complexity, due to the higher number of entities
in the product, results in larger organizations requiring management of many teams
involving professionals from many disciplines, needing to meet many requirements,
and needing to make a multitude of decisions. (Note: designing very simple products
can be accomplished by a very small number of professionals.)

Therefore, a complex product should be divided (or decomposed) into a num-
ber of manageable entities. This decomposition is a useful step in managing larger
systems in the product development process. The product can be decomposed into
many systems, systems into subsystems, and subsystems into components. Some
products can be divided into many hierarchical levels; that is, systems can be divided
into many levels of subsystems, such as subsystem, sub-subsystem, and sub-sub-
system. Product design responsibilities can also be divided and assigned to individu-
als within various groups or teams. The number of levels of divisions depends on
many factors, such as past design experience and problems encountered in develop-
ing similar products, the ability of the design team to deal with many design issues
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simultaneously, the level of the design and engineering details that need to be ana-
lyzed and evaluated, stringency in meeting requirements, and the program schedule.

DecomposITION TREE

Figure 2.5 presents a product decomposition tree. This is a tree diagram (an upside-
down tree) showing the top-down progressive decomposition of a product (P) into
its systems (S1 to S5), each system into its subsystems (e.g., SS11, SS12, SS21, ...,
SS53), and each subsystem into its components (C111, C112, ..., C533).

Figure 2.6 presents an example decomposition tree of an automotive audio sys-
tem. The audio system is shown as a Level 3 (L3) system, as it is developed within
the vehicle electrical and electronics system [which is a Level 2 (L2) system]. The
vehicle is considered to be the Level 1 (L1) system. The subsystems of the audio
system are audio source, sound system, wiring and connectors, and controls and
displays (which are Level 4 systems). Each of the subsystems is further decomposed
into its sub-subsystems (shown here as L5-level systems). The L5-level systems can
be further decomposed into several lower-level systems, down to the individual com-
ponent level or to a level at which it is purchased as a supplier-provided assembled
unit (which requires no further decomposition from the vehicle manufacturer’s
viewpoint). Examples of Level 5 components are AM receiver, CD player, wiring
harness, and touch screen.

The decomposition of the product into its lower-level entities also requires a care-
ful cascading of attribute requirements from the product level to lower-level entities.
It should be noted that each lower-level entity exists to serve at least one or more
functions necessary for the product to meet its requirements. It is also important
to understand and keep track of the functions of each entity within each system,
because the design team involved in designing each system must make sure that the
system performs its functions. This topic is covered in greater detail in Chapter 7.

RELATIONSHIP BETWEEN VEHICLE
ATTRIBUTES AND VEHICLE SYSTEMS

It is important to realize that to meet the requirements of a given attribute, one or
more systems are needed. Thus, each system exists to provide one or more vehicle
attributes. The relationships between the vehicle attributes and the vehicle systems
can be shown using a matrix diagram. Table 2.3 provides a relationship matrix
between the vehicle attributes and the vehicle systems. The vehicle attributes are
listed as rows of the matrix, and the major vehicle systems are represented in the col-
umns of the matrix. The strength of the relationship between each attribute and each
system is shown in the cell defined by the intersection of the row and the correspond-
ing column. The number in the cell shows the strength of the relationship: 9 = strong
relationship, 5 =medium relationship, 1=weak relationship, and 0 (or blank)=no
relationship.

The relationship numbers provided in Table 2.3 show that the following attributes
have a relationship (or are affected by) all vehicle systems: package, weight, costs,
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Vehicle Product level (L1)
|
[
Electrical and System level (L2)
electronic
system
Audio system Subsystem level (L3)
| | | |
Audio Sound Wiring and Controls and Sub-subsystem level (L4)
source system connectors displays
— AM — Amplifier - Signal L Touch Component level (L5)
receiver wires screen
L FM — Speakers - Power — Push
receiver wires buttons
— Satellite — Connectors — Rotary
receiver controls
— CD
player

FIGURE 2.6 Audio system within the vehicle decomposition tree.

customer life cycle, and product process compatibility. Further, the following vehicle
systems have a relationship with most vehicle attributes: the body system, the chas-
sis system, the powertrain system, safety and security, and the driver interface and
information system.

The vehicle attribute requirements are used to define the requirements for each
of the vehicle systems. Chapters 7 and 9 present more information on specifications
of the vehicle, developing vehicle attribute requirements, and then cascading attri-
bute requirements to various systems and their lower-level entities to ensure that the
whole vehicle is developed to satisfy its customer needs.

INTERFACES BETWEEN VEHICLE SYSTEMS

Many vehicle systems are also connected (or interfaced) with other vehicle systems
to perform their respective functions. Identifying and designing interfaces between
different systems and their lower-level entities is an important task for all systems
designers. Chapter 8 presents how interface diagram and interface matrices are
developed and used as basic tools to understand and analyze interfaces between dif-
ferent systems. Figure 8.4 and Table 8.1 present an interface diagram and an inter-
face matrix illustrating the interfaces between all the vehicle systems included in
Table 2.3. Both Figure 8.4 and Table 8.1 illustrate that most of the vehicle systems
are interfaced with each other for the vehicle to perform all its functions. Vehicle
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Package

Ergonomics

Safety

[Se}

Styling and appearance

Thermal and aerodynamics

Performance and drivability

Vehicle dynamics

Noise, vibrations, and harshness (NVH)

Interior climate comfort

Weight

o

10

11

Security

Emissions

12

Communication and entertainment

Costs

13

[Se}

[Se}

[Se}

14

Customer life cycle

15

Product and process complexity

16

3101

261

312
10.1

202

203
6.5

259
8.4

602

550

712
23.0

53

8.4

6.5

19.4

17.7

medium, and 1 weak. The subattributes of the attributes are described in Table 2.2.

Strength of relationships shown in Table 2.3 is defined as 9 =strong, 3

Note:
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systems designers need to first develop requirements for each of the interfaces to
ensure that interfacing systems can work together. The interface requirements should
then be used during the design of the interfacing vehicle systems. Chapter 8 provides
more information on interface design considerations.

SETTING AND ANALYZING REQUIREMENTS

The requirements analysis is critical to the success of the vehicle. The require-
ments should be developed from customer needs, business needs, and regulatory
requirements and assigned to product attributes. The requirements should be clearly
documented, easy to interpret, actionable, measurable, testable, and traceable. The
requirements should be analyzed to ensure that the vehicle designed to meet the
requirements will produce a high level of customer satisfaction. This analysis should
also verify that either the existing requirements are appropriate or new requirements
(which are more appropriate for the mission/operation of the product) need to be
developed.

The requirement analysis should also include (a) development of measures suit-
able for ranking alternative designs in a consistent and objective manner, and (b)
evaluations of the impact of environmental factors and operational characteristics
of the vehicle systems on the performance of the product and minimum acceptable
functional requirements. These measures and evaluations should also consider the
impact of the design on costs and schedule. Each requirement should be periodically
examined for validity, consistency, desirability, and attainability. (See Chapters 3
and 7 for more information on requirements.)

The following subsections present basic information on requirements, reasons for
their specification, and characteristics of good requirements.

WHAT Is A REQUIREMENT?

A requirement defines one or more product characteristics and their accomplishment
levels needed to achieve a specific objective (e.g., a function to be performed, per-
formance level to be achieved, or maximum weight and/or size limits on the prod-
uct) under a given set of conditions. Requirements are developed to meet customer
needs, government regulations, and corporate needs (e.g., brand-specific features).
The requirements are created to achieve certain attribute characteristics, functions,
or performance of the product.

WHY “SPECIFY” REQUIREMENTS?

Clearly stated requirements provide the information and direction needed to begin
the product design process. The information provides (a) clear visibility across dif-
ferent teams (responsible for different systems within the vehicle) into how and why
the requirements are allocated, thus helping to understand cross-functional interac-
tions between all systems within the product, (b) clear responsibilities assigned to the
design teams to meet the requirements, (c) early assurance that all top-level require-
ments are fully satisfied by the product, with traceability to where they are satisfied,
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(d) checks to prevent unintentional addition of features and costs (i.e., avoids “gold
plating”), (e) checks to avoid unwelcome surprises in later phases of the product
development, (f) quick assessment of the impact of any changes made to the require-
ments, and (g) procedures for early and thorough verification and validation of the
product design in meeting the requirements.

How ARE REQUIREMENTS DEVELOPED?

Most requirements are not entirely developed during the early stages of a product
program. In fact, developing requirements “from scratch” requires a lot of data gath-
ering, analysis, testing, and evaluations—and thus, requirements development is a
very time-consuming and expensive process.

Most requirements are adopted from previously developed and proven require-
ments available from various sources such as (a) standards (e.g., internal company
standards or external standards developed by international, national, or local govern-
ment agencies, professional societies, and trade associations), (b) design guidelines
developed by the manufacturer and its suppliers, (c) test and evaluation procedures
and practices within product development organizations, (d) experiences (past fail-
ures and successes), customer feedback, lessons learned and insights gained from
previous programs for similar products. The requirements should also be continu-
ously evaluated to ensure that they are not outdated due to advances in technolo-
gies, design trends, new materials, and changes in customer needs and government
regulations.

Implementation of new technologies and features into new models of previously
developed products (e.g., the development of an electric vehicle as compared with
vehicles with traditional internal combustion engines) will require considerable
additional work in understanding issues such as how the product will be used by the
customers, customer concerns, problems during operation of the product during its
life cycle, and development of new technologies to get them ready for implementation.
Further trade-offs between different attributes also need to be considered during
the requirements development process. The requirements development process thus
requires inputs and reviews from experts from different disciplines.

CHARACTERISTICS OF A GOOD REQUIREMENT

Many characteristics are to be considered in determining whether a requirement is
“good” (i.e., useful, nonconfusing, and implementable). Thus, the considerations in
developing a “good” requirement are

1. The requirement must state “The product shall” (i.e., shall do, shall per-
form, shall operate, shall provide, shall weigh, and so forth) followed by a
description of what must be done.

2. The requirement should be unambiguous, clearly stated, and complete. It
should be worded to minimize confusion and differences in its interpreta-
tion between different individuals. To ensure that a requirement is com-
plete, it should provide contextual details, such as situation, environment,
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operating conditions, time durations, urgency/priorities, and characteristics
of its users, under which the product is expected to function.

3. The requirement should use consistent terminology to refer to the product
and its lower-level entities.

4. The requirement should clearly state its applicability (i.e., when, where,
types of system or hierarchical system level where it is applicable and where
it cannot be applied).

5. The requirement should be verifiable by a clearly defined test, test equip-
ment, test procedure, and/or independent analysis.

6. The requirement should be feasible (i.e., it should be possible to create
the system or product without extraordinarily large development time and
costs).

7. The requirement should be consistent and traceable with other require-
ments above and below it in the system hierarchy.

8. Each requirement should be independent of other requirements. This char-
acteristic will help in controlling and reducing variability in the product
parameters and hence, product performance.

9. Each requirement should be concise; that is, it should be stated with mini-
mum information content.

(Note that considerations 8 and 9 meet the two basic axioms [Axiom 1:
Independence Axiom—maintain the independence of functional require-
ments, and Axiom 2: Information Axiom—minimize the information con-
tent in the design] of the axiomatic theory considered in product design
[Kai and El-Haik, 2003]).

The National Aeronautics and Space Administration (NASA) Systems Engineering
Handbook (NASA, 2007) also provides more information in its Appendix C on “How
to Write a Good Requirement” and provides a “Requirements Validation Checklist.”

EVALUATIONS, VERIFICATION, AND VALIDATION TESTS

Every entity at every level, from component level to whole-vehicle level, must
undergo evaluations during specified design and production stages to ensure that it
meets its respective requirements. The requirements are generally specified in the
system design specifications or standards. The evaluations typically involve making
a number of observations and/or measurements on selected samples of each entity.
The measurements can involve simulations, bench tests, laboratory tests, field tests,
and so forth depending on the entity and its stage in the product development cycle.
The collected data are reviewed by experts and analyzed using applicable analysis
tools (e.g., CAE tools, statistical tests) from applicable disciplines. The output val-
ues of parameters specified in the requirements are compared with their acceptance
levels.

More detailed descriptions of different types of evaluations are covered in
Chapters 20 and 21.
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CONCLUDING REMARKS

Automotive products are complex, because they have many attributes and many
systems. The vehicle development system involves many steps performed by many
individuals from many disciplines in many iterations to determine configurations
that meet many requirements through many trade-offs. This chapter provided basic
information on the following topics to help in understanding their role in develop-
ing a new vehicle: (a) flow of product development process, (b) systems engineering
“V” model, (c) systems engineering process, (d) product decomposition, (e) vehicle
systems and interfaces between the systems, (f) managing by vehicle attributes and
attribute requirements, and (g) relationships between vehicle attributes and vehicle
systems. The succeeding chapters of this book provide additional material on these
topics and present methods to implement the systems engineering process in the
vehicle development process.
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Customer Needs,
Business Needs,
and Government
Requirements

INTRODUCTION

Customers purchase vehicles to meet their needs. It is, therefore, very important
for vehicle designers and engineers to identify the customers and understand their
needs, so that vehicles can be designed to satisfy the customers. Often, the custom-
ers may not be able to tell what characteristics or features they would like in their
vehicles. This is because (a) the customers themselves may not be familiar with
all the features, (b) they may not be in a position to understand new features, or
(c) they may not be aware of future trends in vehicle designs. But the challenge to the
vehicle development team is to thoroughly understand (a) the needs of the custom-
ers, (b) design and technological trends, (c) future government requirements, and
(d) economic considerations.

Using this information, the design team can define and develop possible vehicle
concepts for the new vehicle. The design concepts and/or concept vehicles could then
be shown to the customers, and their responses to the concepts or concept vehicles
would be measured and summarized. The collected data would be used to determine
the acceptability of each of the concepts and also to understand the customer needs.
These are typically obtained through customers’ responses, such as reactions, opin-
ions, verbatim comments, ratings, and gestures recorded during the concept evalu-
ations. The collected data are translated into technical terms as vehicle attribute
requirements that can be used by designers and engineers to determine the specifica-
tion of the proposed vehicle.

The process of translation of customer needs must be complete, that is, it must
provide the specification of all major functions and characteristics of the proposed
vehicle. Therefore, many automobile companies use the attributes requirements pro-
cess introduced in the previous chapter. The attributes collectively define all the
characteristics of the vehicle.

Vehicle development teams must know the attribute requirements of the vehicle
they are asked to design. In addition to meeting the customer needs, the vehicle must
meet all the applicable government requirements that will be enforced during its life
cycle. Otherwise, the government agencies will not permit the auto manufacturer
to sell the vehicles. The new vehicle program must also make business sense, that
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is, it must meet the business needs of the company so that the company will stay in
business.

Clearly defined requirements from these three areas (customer needs, business
needs, and government requirements) constitute inputs to the new vehicle program.
This chapter covers the basic considerations and issues related to these three types
of needs.

INPUTS TO THE AUTOMOTIVE DEVELOPMENT PROCESS

CusToOMER NEEDS

The customer needs are primarily obtained by market researchers (or other team
members, such as product planners and ergonomics engineers) by interviewing
potential customers and asking them about what they would like or dislike in their
new vehicle. This interview method works better if some item such as a concept
vehicle, computer-generated images of the vehicle, or hardware with some vehicle
features is shown to the customers to help them in visualizing the vehicle and
evoke responses during the interviews. The customers’ reaction to properties can
also be observed. In some cases, the customers could be shown several products
(concept vehicles along with other existing vehicles, e.g., the manufacturer’s cur-
rent outgoing model and its leading competitors’ vehicles) and/or some product
features and asked to provide their ratings, preferences, and comments. In addi-
tion, questions can be asked to obtain the reasons for their preferences or nonpref-
erences (i.e., what made them like or dislike certain characteristics or features of
each vehicle).

Since customers have many needs, it is also essential to obtain importance ratings
and reasons for the importance of each of the needs. The needs can be then classi-
fied into categories such as “must have,” “nice to have,” or “no interest in having.”
The importance ratings can be obtained by using a 10-point importance scale (e.g.,
10 = absolutely important and 1 =not at all important). The importance ratings of a
set of features can be also obtained from paired comparisons of the features by using
techniques such as Thurstone’s method of paired comparisons and the analytical
hierarchy techniques covered in Chapter 21.

One of the major challenges in interviewing customers is determining whether
the customer has the ability or knowledge to understand the issues related to any
given item (e.g., a vehicle feature) that he or she is being asked to judge or rate dur-
ing the interview. The customer may not be knowledgeable, or may not have seen or
used the feature that is referred to in the question. This is especially a problem when
the customer is asked to rate items or features related to future trends in design or
technologies (see Chapter 6 for more details).

The data gathered on customer needs are used to develop vehicle attribute require-
ments (see Chapters 2 and 9). The customer needs data can also be used in applica-
tions of the quality function deployment (QFD) technique, which helps in translating
the customer needs into engineering specifications (see Chapter 18).
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List oF CusTOMER NEEDS

As soon as the vehicle concept development team is formed, its first major task is to
develop a complete list of customer needs for the vehicle. The preliminary lists of
customer needs developed by the design teams for three vehicle development proj-
ects are presented below.

Mid-Size Sports Utility Vehicle (SUV)

The design team gathered data on recent models of the following three mid-size
SUVs: Ford Escape, Honda CRV, and Toyota RAV-4. After interviewing a dozen
customers who currently own one of these vehicles, the team prepared the following
list of customer needs for a 2021 model year (MY) mid-size SUV:

1. It should be able to carry five passengers comfortably.

2. It should have lighter curb weight.

3. It should be easy to navigate through narrow city roads compared with full-
sized SUVs.

4. Its ride height should be larger than that for C-platform hatchbacks.

5. It should have a powerful engine for observably undiminished performance
under full load with five passengers and luggage.

6. The engine should have a more intelligent management of power.

7. If equipped with a hybrid electric powertrain, the price should not be too
high.

8. It should have an all-wheel-drive option for winter driving and maintain
good road grip in all conditions.

9. It should have reasonable fuel economy for daily commuting.

10. With a full gas tank, it should have a range of 385 miles in the city or
520 miles on the highway.

11. It should have significantly more cargo space than C-platform hatchbacks
and subcompact crossovers.

12. It should have a 60/40 split rear seat that folds down flat.

13. It should have protective liners for the cargo area.

14. Tt should have additional storage space (e.g., pockets/cupboards, underneath
trunk floor).

15. It should have a remote-operated powered lift gate.

16. It should have a roof rack.

17. It should have a trailer hitch option.

18. It should have a center stack media center with intuitive menu organization
and with voice-activated commands capable of recognizing common terms
or phrases.

19. It should have a media center that is more integrated with the customer’s
smartphone with a Bluetooth connection.

20. The seats should be comfortable, with ample shoulder, hip, leg, and head room.

21. The seats should be easy to adjust, and the vehicle should have optional
heated and cooled seats.
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22. The vehicle should have an optional heated steering wheel.

23. The vehicle should provide 110 V outlets, which should be accessible from
the front and rear seats.

24. The vehicle should offer the following optional features: remote engine
start button, adaptive cruise control, active lane-keeping system, parking
sensors, rear view camera, blind spot detection capability, and active park
assist for parallel and perpendicular parking.

Heavy-Duty Pickup Truck

Heavy-duty pickup trucks in the United States are dominated by Ford F-350, RAM
3500, and Chevy Silverado 3500. The customers for heavy pickup trucks are gener-
ally male, blue-collar, skilled tradesmen, or outdoorsy types. The target customer
can also be described as a “Do-It-Yourself” type, and someone who tows and hauls
regularly. The customer needs list for the 2021 MY heavy-duty pickup included the
following important variables:

. Towing capacity

. Payload

. Cargo bed (bed liner, size, capacity, wall height)

. Interior space/comfort

. Technology (global positioning system [GPS], Wi-Fi, cameras, etc.)
. Safety features

. Off-road capability

. Fuel economy

. Access (ride height, running boards, step gate, box step)
. Entertainment and convenience

11. Audio system (Satellite/HD radio)
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Primary Vehicle Controls

In another vehicle program, the customers were interviewed and asked to discuss
their expectations of primary controls (i.e., steering wheel, pedals, gear shifter, and
stalks) in a new 2021 MY mid-size luxury four-door sedan. The customers described
their needs as follows:

1. Adjustable steering wheel position (tilt and telescopic)

2. Steering wheel surface not affected by external temperature (nonconductive
material)

. Steering wheel surface nice to touch

. Steering wheel surface offering a good grip (rim cross section and compres-
sive material)

. Low steering effort at low speeds

. Accurate steering (no slop)

. Good steering wheel feedback

. Appropriately positioned pedals (placed at “about right” location)

. Linear throttle pedal

. Linear brake pedal
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11. Nice-feeling gear-shifter knob surface

12. Hand-operated paddles for shifting gears

13. Expensive-feeling stalks

14. Exciting liquid crystal display (LCD) instrument cluster with the shifter
position display

BusiNEss NEEDS

The primary objectives of a vehicle program generally are to develop one or more
vehicles that their customers will buy, and to make money (i.e., generate net cash
flow of revenues minus costs) for the auto company from selling the vehicles. The
approval of a new vehicle program and the acquisition of resources to undertake the
program involve complex decisions. This is because the company management is
faced with many alternatives and has to share limited resources within many vehicle
programs and projects. Some examples out of many alternatives are (a) deciding
whether to produce a new car or a new truck or to allocate resources to other exist-
ing vehicle programs, (b) defining the characteristics of the vehicle to develop (many
possible combinations of characteristics related to the vehicle’s size, body-style,
level of luxury, and so forth need to be carefully considered), and (c) deciding the
level of platform sharing with other vehicle models and brands. Examples of issues
related to limited resources are (a) sharing of available resources, such as overall
product development budget, production and assembly capacities (available plants),
(b) costs of building new specialized fixtures and processing equipment, and (c)
available manpower to undertake new vehicle programs (e.g., number of product
development engineers available within the company). Other external factors that
need consideration include the economic situation (e.g., customers’ ability to pur-
chase new vehicles), the state of market shares of different products made by the
auto manufacturer, the product plans of major competitors, and the availability of
suppliers and their capabilities.

The vehicle program team generally prepares a business plan to facilitate man-
agement’s decision to approve the program. The business plan provides a detailed
description of the proposed vehicle and other information such as competitors of
the proposed vehicle, program timings, estimates of costs and revenues over the
life cycle of the program, and risks in undertaking the program. More information
on the business plan and related decision-making issues is provided in Chapters 5
and 17.

GOVERNMENT REQUIREMENTS

The federal, state, and local government requirements for vehicle characteristics,
such as minimum and maximum limits on vehicle dimensions, weight, fuel con-
sumption, greenhouse gas emissions, and safety systems and features (e.g., vehicle
lighting, braking, and crashworthiness), must be met, that is, they are mandatory.
These requirements are covered in a later section of this chapter (see “Government
Requirements in Safety, Emissions and Fuel Economy”) and in Chapter 9 under the
safety and security attribute and its subattributes.
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OBTAINING CUSTOMER INPUTS

Customer needs can be obtained by the use of a number of methods. Methods of
observation, communication, and experimentation can be used to gather data on cus-
tomer needs.

The following list describes the approaches commonly used to obtain customer
needs:

1. Ask customers to describe their needs and summarize inputs obtained from
a large number of representative customers.

2. Ask customers to rate the importance of customer needs developed from a
preselected list.

3. Show a vehicle (or a vehicle concept), ask them to use the vehicle if pos-
sible, and then ask them to describe what they liked or disliked and rate the
importance of customer needs developed from a preselected list.

4. The customer may be asked to participate in an experiment involving sev-
eral vehicles (or vehicle designs). The experiment may involve the customer
performing several tasks using each vehicle. The data collected during the
performance of each task can be analyzed to determine the tasks and vehi-
cle designs in which the customers had the best performance (e.g., using
measures such as task completion time and errors committed). In addition,
after the completion of each task, or after the entire experiment, a number
of questions can be asked to determine the customers’ likes, dislikes, and
preferences when performing different tasks with different vehicle designs.

The three basic methods are described in the following section. Many combina-
tions of these three basic methods can be used to obtain customer needs.

OBSERVATION METHODS

In observation methods, information is gathered by direct or indirect observation
of users (i.e., customers as drivers or passengers) in different vehicle usage situa-
tions to determine how different vehicle features are employed by the users. One or
more observers can directly watch, or video cameras can be set up and their record-
ings played back at a later time for observation and analysis. The customers can be
observed in their natural vehicle usage situations, or they can be asked to perform
certain tasks, such as to take a trip on a predetermined route, and during driving they
can be asked to operate certain features, such as to tune in to a radio station with a
specified frequency or to follow the directions provided by the onboard navigation
system. Their actions, their errors, problems encountered during use, and the dura-
tion of the use (or tasks) can be observed (measured).

The observers must be trained to identify and classify different types of prede-
termined states (e.g., events, problems encountered, or error committed by the user)
of the product (i.e., the vehicle or its selected vehicle feature) and the behavior of its
users during the observation period. The observers can also record details such as
the durations of different types of event, the number of attempts made to perform an
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operation, the number and sequence of controls used, the number of glances made,
and so forth.

The information gathered through observations of the users during selected uses
in selected vehicles can provide an understanding of user behavior, which can be
translated into frequency of usage of various features, and ease or difficulties experi-
enced by the users during such usage. The customers in general will use the features
that they understand and can easily use as compared with features that they cannot
understand and are difficult to use. Thus, user observations provide insights into
what they like (i.e., want or want more of) or dislike (i.e., hate, do not want, or need
to improve) in a vehicle.

COMMUNICATION METHODS

Communication methods involve asking the users or the customers to provide infor-
mation about their impressions and experiences with a vehicle or vehicle feature.
The most common technique involves a personal interview in which an interviewer
asks each participant/customer a series of questions. The questions can be asked
prior to, during, or after the vehicle usage. The participant/user can be asked ques-
tions that will require them to (a) describe the product (vehicle) or impressions about
the product and its attributes (e.g., styling, package and ergonomics, comfort), (b)
describe the problems experienced while using the product (e.g., could not locate or
view a critical item such as windshield defrost button), (c) categorize the product or
its performance using a nominal scale (e.g., acceptable or unacceptable, comfortable
or uncomfortable, looks tough vs. flimsy), (d) rate the product on one or more scales
describing its characteristics and/or overall impressions (e.g., ease in maneuvering,
ride comfort), (¢) compare the product with other competitors’ products presented in
pairs based on a given attribute (e.g., appearance—looks new vs. outdated, ease of
use, comfort), or even (f) state what they would like or dislike in their new vehicle.

Interviews can be also conducted with a group of individuals, such as in a focus
group, which includes about 8—12 individuals with similar background led by a mod-
erator to brainstorm through a series of questions, and the participants are asked
to provide opinions or suggest issues related to the characteristics of one or more
products.

Some tools commonly used in communication methods for understanding the
importance of customer needs include (1) rating scales: using numeric scales, scales
with adjectives (e.g., acceptance ratings and semantic differential scales) and (2)
paired comparison—based scales (e.g., Thurstone’s Method of Paired Comparisons
and Analytical Hierarchy method). These tools are described in Chapter 21.

EXPERIMENTATION METHODS

The purpose of experimental research is to allow the investigator to control a research
situation (e.g., selecting a product design, performing a task or a test condition) so
that causal relationships between the response variable and independent variables
may be evaluated. An experiment includes a series of controlled observations (or
measurements of response variables) undertaken in artificial (test) situations with
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deliberate manipulations of combinations of independent variables to answer one
or more hypotheses related to the effect of (or differences due to) the independent
variables. Thus, in an experiment, one or more variables (called independent vari-
ables) are manipulated, and their effect on another variable (called the dependent
or response variable) is measured, while all other variables that may confound the
relationship(s) are eliminated or controlled.

The importance of experimental methods is that (a) they help identify the best
combination of independent variables and their levels to be used in designing the
product, and thus provide the most desired effect on the users, and (b) when the
competitors’ products are included in the experiment along with the manufacturer’s
product, the superior product can be determined. To ensure that this method provides
valid information, the researcher designing the experiment needs to ensure that the
experimental situation is not missing any critical factor related to the performance
of the product or the task being studied. Additional information on the experimen-
tal methods can be obtained from Kolarik (1995) or other textbooks on design of
experiments.

Experiments can be also conducted using computer models with various com-
binations of input variables (or configurations). The computer modeling methods
can be classified as (a) mathematical models, (b) simulation models, (¢) visualiza-
tion or animation models, and (d) prototyping using a combination of hardware and
software.

ADDITIONAL METHODS

In addition, many other tools used in fields such as industrial engineering, quality
engineering and design for six sigma (DFSS), and safety engineering can be used
to analyze and understand customer needs. Some examples of such tools are Pareto
charts, process charts, task analysis, arrow diagrams, interface diagrams, matrix
diagrams, Pugh analysis, failure modes and effects analysis (FMEA), and fault tree
analysis (FTA). The abovementioned tools rely heavily on the information obtained
through the methods of communication from the users/customers and members of
the multifunctional design teams. Additional information on many of these tools is
presented in Chapters 13 through 16 and also in other books, such as Kolarik (1995),
Besterfield et al. (2003), Creveling et al. (2003), Yang and El-Haik (2003), and Bhise
(2014).

DETERMINING BUSINESS NEEDS: PRODUCT PORTFOLIO,
MODEL CHANGES, AND PROFITABILITY

Most auto manufacturers have a range of car and truck products of different brands.
Thus, they are continuously looking for opportunities to freshen or update their
products to increase their revenues (net sales, topline in the financial sheet) and prof-
its (or net income, bottom line in the financial sheet). Developing a new product is a
massive undertaking from the viewpoint of resources (i.e., people, funds, and plant
capacity). Therefore, each vehicle line is typically freshened (i.e., minor changes are
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made) about every 2—4 years, and major changes (e.g., new body-style, new pow-
ertrain, new interiors and exteriors) are made about every 4—7 years.

The senior management of the company decides on the overall corporate cycle
plan (or product plan) of all vehicles that will be produced over the long term (e.g.,
in the next 5-10 years). The overall corporate cycle plan attempts to balance the
updating needs of every model. The management also decides on which models
to terminate and when one or more totally new vehicles should be introduced. The
overall corporate cycle plan is usually developed by an advance product planning
department with the help of market research, financial planning, engineering, and
design leaders within the company.

The upcoming technological and design changes, along with changes in govern-
ment regulations in all market segments, are continuously studied by various subject
matter experts, and their recommendations are reviewed by the senior decision mak-
ers during the cycle planning meetings.

GOVERNMENT REQUIREMENTS FOR SAFETY,
EMISSIONS, AND FUEL ECONOMY

GOVERNMENT SAFETY REQUIREMENTS

The National Highway Traffic Safety Administration (NHTSA) has a legislative
mandate under Title 49 of the United States Code, Chapter 301, Motor Vehicle
Safety, to issue Federal Motor Vehicle Safety Standards (FMVSS) and Regulations
to which manufacturers of motor vehicle and equipment items must conform and
certify compliance (NHTSA, 2015). These Federal safety standards are regulations
written in terms of minimum safety performance requirements for motor vehicles
or items of motor vehicle equipment. These requirements are specified in such a
manner “that the public is protected against unreasonable risk of crashes occurring
as a result of the design, construction, or performance of motor vehicles and is also
protected against unreasonable risk of death or injury in the event crashes do occur.”

The FMVSS can be accessed through the NHTSA website (NHTSA, 2015).
The FMVSS are numbered by the following categories in Title 49 Code of Federal
Regulations (CFR): (a) crash-avoidance standards (FMVSS 101 to 133), (b) crashwor-
thiness standards (FMVSS 201-224), (c) post-crash standards (FMVSS 301-500),
and (d) other regulations included in parts 531-591.

EPA’s GReeNHOUSE GAs (GHG) Emissions AND NHTSA's
CorprORATE AVERAGE FueL EcoNomMy (CAFE) STANDARDS

On October 15, 2012, the U.S. Environmental Protection Agency (EPA) announced
the final GHG emissions standards for model years 2017-2025. And the NHTSA has
announced the final corporate average fuel economy (CAFE) for MYs 2017-2021
and augural standards for MYs 2022-2025 (EPA and NHTSA, 2012). These stan-
dards apply to passenger cars, light-duty trucks, and medium-duty passenger vehi-
cles (i.e., SUVs, cross-over utility vehicles, and light trucks). These standards apply
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to each manufacturer’s fleet (total numbers of vehicles produced by different size
and type) and not to an individual vehicle.

It is estimated that the national program will save approximately four billion bar-
rels of oil and reduce GHG emissions by the equivalent of approximately two bil-
lion metric tons over the lifetimes of those light-duty vehicles produced in MYs
2017-2025. Although the agencies estimate that the technologies used to meet the
standards will add, on average, about $1800 to the cost of a new light-duty vehicle in
MY 2025, consumers who drive their MY 2025 vehicle for its entire vehicle lifetime
will save, on average, $5700-$7400 (based on 7% and 3% discount rates, respec-
tively) in fuel, for a net lifetime savings of $3400-$5000.

Rationale behind Footprint-based Standard

The requirements in these standards are illustrated in Figures 3.1 through 3.4 for
vehicles with different model years (MY). The requirements are based on the foot-
print of the vehicle. The footprint is the area covered under the four tire touch points
on the ground, and it is defined as the product of the wheelbase and the tread width.
With this footprint-based standard approach, EPA and NHTSA continue to believe
that the rules will not create significant incentives to produce vehicles of particular
sizes, and thus, there should be no significant effect on the relative availability of dif-
ferent vehicle sizes in the fleet. These standards will also help to maintain consumer
choice during the MY 2017 to MY 2025 rulemaking time frame.

Figures 3.1 and 3.2 present fuel economy requirements for passenger cars and
light trucks, respectively. These figures show that a smaller-footprint vehicle will
need to have higher fuel economy relative to a larger-footprint vehicle (when both
vehicles have a comparable level of fuel efficiency improvement technology).

70 4
=)
o
£ 601
5]
2
s
>. 50 A
g 2025
= 024
S 2023
3 ] 2
g 0
I 9
2016
30 S
20 T T T T T T T T T 1

30 35 40 45 50 55 60 65 70 75 80
Footprint (ft2)

FIGURE 3.1 Passenger car fuel economy requirements. (Redrawn from EPA and NHTSA,
Federal Register, 77, 199, 2012.)
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FIGURE 3.2 Light truck fuel economy requirements. (Redrawn from EPA and NHTSA,
Federal Register, 77, 199, 2012.)
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FIGURE 3.3 Passenger car emission requirements. (Redrawn from EPA and NHTSA,
Federal Register, 77, 199, 2012.)

Conversely, Figures 3.3 and 3.4 (for passenger car and light truck emission require-
ments) show that a smaller-footprint vehicle will have lower CO, emissions relative
to a larger-footprint vehicle (when both vehicles have a comparable level of fuel effi-
ciency improvement technology). The standards apply to a manufacturer’s overall
passenger car fleet and overall light truck fleet, not to an individual vehicle. Thus,
if one of a manufacturer’s fleets is dominated by small-footprint vehicles, then that
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FIGURE 3.4 Light truck emission requirements. (Redrawn from EPA and NHTSA,
Federal Register, 77, 199, 2012.)

fleet will have a higher fuel economy requirement and a lower CO, requirement than
another manufacturer’s fleet that is dominated by large-footprint vehicles.

A wide range of technologies are available to help automakers to meet these
standards. The technologies include advanced gasoline engines and transmissions,
vehicle mass reduction, improved aerodynamics, lower rolling resistance tires, diesel
engines, more efficient accessories, improvements in air-conditioning systems, and so
forth (see Chapter 6 for more details). The automakers will increase electric technol-
ogies, such as start-stop systems, mild and strong hybrids, plug-in hybrids (PHEVs),
and all electric vehicles (EVs). However, NHTSA also projected that automakers will
meet the standards largely through advancements in internal combustion engines.
The rulemaking analysis showed that automakers would only need to produce about
1%—-3% of the 2025 new vehicle fleet as EVS/PHEVs to meet the 2025 standards.

IMPLEMENTATION READINESS OF NEW TECHNOLOGIES

Automakers constantly evaluate possible new technologies for implementation in
their new vehicles. The research and developmental work (e.g., analytical studies,
hardware and software development, and testing) requires resources and time, and
the probabilities of success in implementation of new technologies are constantly
evaluated by all design, engineering, and manufacturing organizations. Based on
their evaluations, technologies are selected for implementation in future vehicle pro-
grams. The areas of new technologies being considered for future implementation,
discussed in more detail in Chapter 6, are (a) engine development, (b) safety technol-
ogies, (c) driver information interface technologies, (d) communication technologies
(e.g., connected vehicle technologies), (e) lightweight materials, and (f) aerodynamic
drag reduction advances.
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VEHICLE FEATURES: “WOW,” “MUST HAVE,”
AND “NICE TO HAVE” FEATURES

Every planned vehicle program team is consulted to develop lists of “wow,” “must
have,” and “nice to have” features. According to the Kano model of quality (Yang
and El-Haik, 2003; Bhise, 2014; Zacarias, 2016), each product must have (a) fea-
tures that the customer expects (without which the customer would be dissat-
isfled—these are classified here as “must have” features [or the product “must
be” that way]), (b) features that the customer wants more of (without which the
customer will not be satisfied—these can be classified as “nice to have” features
[or performance quality]), and (c) features that the customer never expected and is
delighted to discover in the product, thus creating a “wow” response [i.e., attrac-
tive features]).

Every vehicle must have many features that customers want. Some of these fea-
tures are the “must have” features that the customers want for sure, without which
they would not consider purchasing the vehicle. Such features are necessary for the
customers, and the customers have found them to be very useful in maintaining their
lifestyle. Some examples of such features are a remote key-fob, disc brakes, seats
with adjustable tracks, distance to empty fuel tank display, radio, climate control,
cruise controls, and power windows. Other features that the customers would like
“more of” can be classified as “nice to have” features. Some examples of such fea-
tures are rain sensor wipers, heated seats, and a heated steering wheel. Customers
have probably found such features to have limited usefulness (or to be very much
needed in only some situations), but are willing to forgo them and trade them for
some other important feature of the vehicle. Finally, the “wow” features are ones that
the customers never thought of getting, and they are totally surprised and delighted
to find that the vehicle possesses these features.

The list of features in each of the three categories will be different depending on
the type of vehicle, the geographic region where the vehicle is used, and the users’
familiarity with the features in their previous vehicles.

There is no universal set of features that can be classified into these three cat-
egories. A “must have” feature in a vehicle in a particular market segment may not
appeal to, or be found to be necessary by, customers in another market segment, and
vice versa. In general, the presence of many features in a luxury vehicle, as com-
pared with “economy” vehicles, will be expected by its customers. Further, Garvin’s
work suggests that that the perception of the quality of a product will be dependent
on the number of features it possesses (Garvin, 1987).

EEINT3

GLOBAL CUSTOMERS AND SUPPLIERS

Variations of a baseline vehicle model are often sold in different countries. Changes
are made to conform to local regulations and driver needs to suit local conditions
such as (a) the customer population’s characteristics, habits, and cultural expecta-
tions, (b) country-specific customer driving conditions (road, traffic, and climatic
conditions), () fuel prices, and (d) the state of the economy (i.e., vehicle owning costs
VSs. earning power).
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Modifications to the vehicles are typically developed by the manufacturer’s local
product development offices to meet local content and local government regulations.
The vehicles are also assembled in local assembly plants using a local workforce,
and local suppliers are encouraged to supply a number of components or systems for
the vehicles. Special versions of vehicles are also created for some specific markets,
for example, Chinese and Indian markets.

COMPARISON OF VEHICLES BASED ON CUSTOMER NEEDS

Auto manufacturers use various approaches to understand the customer needs of
future vehicles. The most typical approach is to form a multifunctional team involv-
ing designers, engineers, product planners, and marketing and finance personnel,
and then to conduct a number of brainstorming sessions. The team members also
conduct extensive benchmarking comparisons of a number of existing vehicles.
They also use a number of methods, such as observations of customers using their
vehicles, personal interviews and focus groups with potential customers, and market
research clinics involving a number of vehicles and their features under static and
dynamic conditions, to understand customer needs and market trends.

Chapters 23 through 25 provide examples of outputs of design teams organized
by the author as part of his graduate-level course in automotive systems engineering.
These three chapters describe outputs such as customer characteristics, customer
needs, market segment, vehicle benchmarking data, description of the proposed
vehicle, and Pugh diagrams (which provide comparative ratings of the proposed
vehicle and its competitors in relation to a datum reference vehicle based on cus-
tomer needs, vehicle attributes, and vehicle systems) for the development of a new
car, a pickup truck, and an SUV.

CONCLUDING REMARKS

While many factors that are both internal and external to the automotive manufac-
turer affect the success of the vehicle program, meeting customer needs, conforming
to all government requirements, and meeting business needs should be given the
highest priority. Satisfying the external customers who purchase and use the vehicles
is probably the most important factor. Meeting government requirements allows the
manufacturer to sell the vehicle. Thus, it is a mandatory factor. The business needs
of the corporation should be aligned toward customer satisfaction, which can be only
achieved through the development and production of quality products. Satisfying the
customers requires the right levels of attributes and trade-offs between attributes.
Many aspects of these issues are covered throughout this book.
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4 Role of Benchmarking
and Target Setting

INTRODUCTION

Benchmarking and breakthrough are two methods that are generally used dur-
ing the very early stages of a product development program. From the information
gathered during the benchmarking exercises, the product designers can realize the
“gaps” between the characteristics and capabilities of the products of their com-
petitors and their new product concepts, whereas the breakthrough approach forces
the design teams to look beyond the existing products and technologies and thus
develop a totally new product or new features in the proposed product to achieve
major improvements over the existing product designs. This chapter will cover both
these methods, with more emphasis on benchmarking, and illustrate how targets are
set for the development of future products.

BENCHMARKING

Benchmarking is a process of measuring products, services, or practices against the
manufacturer’s toughest competitors or those companies recognized as the industry
leaders. Thus, it is a search for the industry’s best products or practices that can lead
to superior performance.

A multifunctional team (or the design team of the product program) within the
product development community is usually selected to perform the product bench-
marking activities. The benchmarking exercise typically starts with identifying the
toughest competitors (e.g., very successful and recognized brands as the industry
leaders) and their products (models) that serve similar customer needs to the manu-
facturer’s proposed product. The selected competitor products are used for com-
parison with the target product. The target product is the product considered by the
manufacturer to be its future product (or an existing model of the future product).

The team gathers all important competitive products and information on the
products and compares the competitors’ products with their target product through
a set of evaluations (e.g., measurements of product characteristics, tearing down
[disassembling] the products into their lower-level entities for close observation,
evaluations by experts [e.g., performance, capabilities, unique features], materials
and manufacturing processes used by the competitors, tests and measurements, and
estimates of costs to produce the benchmarked products). The information gath-
ered from the comparative evaluations is usually very detailed. However, the depth
of evaluations included in benchmarking can vary between problem applications
and companies. For example, the benchmarking of an automotive disc brake may
involve comparisons based on part dimensions, weights, materials used, surface
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characteristics, strength characteristics, heat dissipation characteristics, processes
needed for its production, estimated production costs, features that would be “liked
very much” by customers, features that might be “hated” by customers, features that
create a “Wow” reaction among the team members and potential customers, special
performance tests such as part temperatures during severe braking torque applica-
tions, brake “squealing” sound, and so on. In addition, digital pictures and videos
can be taken to help visualize differences (by side-by-side comparison) from the
benchmarked products.

The gathered information is generally summarized in a tabular format with prod-
uct characteristics listed as rows and different benchmarked products represented in
columns. Table 4.1 presents an example of a table created to compare the dimensions
(or parameters) of four different sports utility vehicles (SUVs). The dimensions are

TABLE 4.1
Benchmarking of 2015 MY Mid-Size SUVs and Target Setting for a 2020
MY SUV

2015 Jeep
Vehicle Cherokee 2015 Ford Escape 2015 Honda 2020 Jeep
Characteristic (Trailhawk) (4WD Titanium) CR-V Cherokee (Target)
Wheelbase (in) 106.3 105.9 103.1 104
Length (in) 182 178.1 179.4 180
Height (in) 67.8 66.3 65.1 67
Track width (in) 63.5 61.6 62.2 63
Weight (1b) 4,016 3,645 3,624 3,400
Min ground 8.8 7.9 6.8 8.8+
Clearance (in)
Engine DOHC 14 Turbocharged 14 DOHC 14 Turbocharged 14
Displacement (L) 2.4 1.6 2.4 2.0
Horsepower 184@6,250 173@5,700 185HP@6,400 220@6,250
Transmission Automatic Automatic Automatic Automatic
Tire size 245/65/17 235/50/18 225/60/18 245/65/17. Must
allow for larger
aftermarket tires,
up to 35" total
diameter.
Drivetrain 4x4 4x4 AWD 4x4
Fuel economy 19/25/22 22/29/25 26/33/28 25/40/38
(EPA)
Approach angle 29.9 22 28 30+
Construction Unibody Unibody Unibody Unibody
Towing capacity 2,000 2,000 1,500 2,000+
(Ib)
MSRP $30,095 $31,485 $32,895 $30,000-$35,000

Note: MSRP, manufacturer’s suggested retail price.
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described in the left-hand column of the table, and values of the dimensions of the
four SUVs are provided in the subsequent columns. Such data are useful in establish-
ing ranges of values of different parameters and to set target values for each of the
parameters of the product being designed.

The data from the benchmarking studies can also be entered into computers as
a relational database and later sorted for use by different functional areas as sub-
sets. The information is used to determine the “gaps” between characteristics of the
competitors’ products and the manufacturer’s target product. An action plan can be
developed to close the gaps by determining how the target product can be improved
by implementing many of the good ideas used in the competitors’ designs and avoid-
ing the problems uncovered in the poor designs. Thus, benchmarking can reveal one
or more best competitors’ products that can be used as reference products during the
subsequent product development phases. In addition, some innovative changes can be
made to further improve the best design found during the benchmarking exercises.

Peters and Waterman (1982) called the benchmarking exercise “creative swip-
ing from your best competitor.”” Many companies have benchmarking laboratories,
where a number of products produced by different competitors are collected, and the
products (or their systems, subsystems, or components) are displayed along with the
gathered information. Such laboratories are excellent learning tools for designers,
engineers, and product planners. The greatest advantage of benchmarking is that it
allows the team members to understand the competitors and learn from their products
and the processes needed to create the products within a very short period of time.

Thus, benchmarking can help in reducing the gaps between the manufacturer’s
target product and its best competitors. However, merely designing as well as the
best competitors is not sufficient, because these best competitors will be also con-
tinuously improving their future products. Thus, the manufacturer’s target product
should have capabilities that extend well beyond the best benchmarked products.
Simply selecting the best design based on the best set of characteristics among the
benchmarked products may not produce an overall best product, because trade-offs
exist between different product characteristics related to issues such as costs, perfor-
mance, customer preferences, manufacturing methods, and so forth.

Benchmarking is an important technique for quality improvements, and it is recog-
nized in the National Institute of Technology and Standards (NIST) Baldrige Quality
Award criteria (NIST, 2016) and International Organization for Standardization
(ISO) 9000 requirements (ISO, 2016). A quality producer must continuously com-
pare its products with its best competitors and use the information to improve its
processes and products continuously. Interestingly, the process of benchmarking is
not new—it is like keeping up with the “Joneses” (friends, neighbors, or colleagues).
We find out what others have done (e.g., observe or ask others, or conduct literature
surveys), compare our situation with the findings reported by others, and then decide
on the next course of action.

AN ExampLE: MID-Si1ze CrOss-Over SUV

A benchmarking study was conducted to design a mid-size SUV for the author’s
class project. The students were asked to develop specifications for the 2020 MY
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Jeep Cherokee by benchmarking three existing 2015 MY mid-size SU Vs: the current
Jeep Cherokee, the Ford Escape, and the Honda CRV.

The major customer needs of the SUV generated for the project included the
following:

1. Vehicle must look good; styling must convey a sense that the vehicle is a
“workhorse.”

2. Fuel economy must be at least competitive with other vehicles in the seg-
ment, and not vastly different from that of sedans and smaller cars.

3. Vehicle needs to be comfortable during normal road/highway driving.

4. Vehicle needs modern conveniences/infotainment, such as Bluetooth and
navigation.

5. Vehicle must be able to accelerate up to highway speeds within an appropri-
ate amount of time.

6. Vehicle must have towing capacity and cargo room consistent with the
segment.

7. Vehicle must be able to go off road without incurring expensive damage.

Table 4.1 presents basic vehicle characteristics of the three current 2015 MY SUVs
along with the characteristics of the proposed 2020 MY Jeep Cherokee. The tabular
format is an effective method of displaying benchmarking data. It allows side-by-
side comparison of all the products presented in the columns by considering the
vehicle characteristic presented in each row of the table. The team decided to reduce
the overall exterior dimensions (wheelbase, overall length, width, height, and track
width) of the 2020 MY Cherokee from the existing vehicle to meet the upcoming
Environmental Protection Agency/National Highway Traffic Safety Administration
(EPA/NHTSA) fuel emissions and fuel economy requirements (see Chapter 3). The
target vehicle weight was reduced to 3400 1b from 4016 1b by the use of lightweight
materials and a slight reduction in overall dimensions. The present 2.4 L engine was
replaced with a 2.0 L turbo-boost engine.

Additional examples of benchmarking studies are provided in Chapters 23
through 25.

PHOTO-BENCHMARKING

Photo-benchmarking is a simple but powerful tool to visualize differences and simi-
larities between products. Here, photographs of current benchmarked products are
taken from various selected viewpoints and displayed in a tabular format to allow
side-by-side comparisons. Figure 4.1 presents comparisons of three mid-size vehi-
cles from six different viewpoints.

The photographs in Figure 4.1 helped the design team to understand differ-
ences between design details of the three vehicles, such as locations of outside
door handles, front and rear overhangs, size of C-pillar, grill-opening dimensions,
front and rear fascia, center console and center stack design, rear trunk opening,
and so forth.
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FIGURE 4.1  TIllustration of photo-benchmarking for comparison of three mid-size vehicles.

BREAKTHROUGH

The breakthrough approach involves throwing away all the existing product designs
and manufacturing processes and conducting brainstorming sessions to develop a
totally new design to obtain huge potential gains in terms of styling, performance,
costs, and customer satisfaction. Breakthrough designs typically require a radically
new thought process and dimensions. This leads to the adoption of new technologies.
Thus, the implementation of a breakthrough design creates new problems in systems
integration, manufacturing, and project management.
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Some examples of breakthrough product designs are (a) SUV styling with off-
road driving capability as compared with the traditional station wagon body-style,
(b) conventional backlit displays replaced with thin film transistor (TFT) and organic
light-emitting diodes (OLED) displays with touch screens, (c) tungsten light sources
replaced by compact fluorescent lamps (CFL) and LED lamps to gain a several-fold
decrease in electric power consumption, (d) traditional ignition switches with keys
replaced with wireless keyless key-fobs and push-button starting (eliminating the
need to find, orient, insert and turn the key in the ignition switch), (e) cap-less fuel
filler design eliminating fuel filler caps, and (f) fuel systems of gasoline engines with
carburetors replaced by direct fuel injection along with turbo-boost technologies to
achieve more engine power, meet stricter fuel economy and emissions requirements,
and reduce overall powertrain weight.

DIFFERENCES BETWEEN BENCHMARKING AND BREAKTHROUGH

The differences between benchmarking and breakthrough can be highlighted as fol-
lows (Kolarik, 1995):

1. Benchmarking is a quick/short-term process to seek ideas for product (or
process) improvements from other existing designs, whereas the break-
through process takes longer for its implementation.

2. Benchmarking generally has a narrower focus (over a smaller set of
changes) than breakthrough, which involves expanded focus (or a complete
redesign).

3. Benchmarking produces smaller improvements as compared with break-
throughs, which involve dramatically improved performance and radically
new dimensions that usually require new technologies.

4. Benchmarking should be conducted before brainstorming to generate the
breakthrough designs.

Creative breakthrough thinking, the theory of inventive problem-solving
(Altshuller, 1997), the Ideal Design of Effective and Logical Systems (IDEALS)
concept (Nadler, 1967; Nadler and Hibino, 1998), and reengineering processes
(Champy, 1995) have suggested a number of approaches and principles for develop-
ing improved products and processes. Such approaches can be very useful in devel-
oping breakthrough product concepts.

BENCHMARKING COMPETITORS’ VEHICLES: AN EXAMPLE

A benchmarking exercise can provide a quick start in developing specifications for
a new vehicle. An example of how benchmarking can be conducted is provided in
this section. A group of graduate students in the author’s automotive systems engi-
neering course were asked to select a recent model year (2015 MY) vehicle sold
in the U.S. market and two other recent vehicles that currently competed with the
reference vehicle in the same market segment. The objective of the benchmark-
ing exercise was to create a set of preliminary specifications for development of a
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future (2020 MY) model of the reference vehicle. The students were asked to collect
data on vehicle dimensions and features from the following: Internet search (e.g.,
vehicle manufacturer’s brochures, articles in automotive magazines and journals),
visiting dealerships, attending the Detroit Auto Show, and using their own measure-
ments and photographs of the vehicles and their chunks and systems for side-by-side
comparisons.

Table 4.2 presents a benchmarking table comparing the reference vehicle with its
two benchmarked comparators based on the exterior and interior dimensions and
characteristics of their corresponding systems. Table 4.3 presents a comparison of
available standard and optional features in the four vehicles.

In these tables, the last column provides the specifications of the target vehicle. The
tables allow comparisons of the existing models with the proposed vehicle by consid-
ering a number of vehicle parameters and features in different categories related to
the vehicle attributes. The benchmarking tables serve as important reference docu-
ments to enable comparison of the existing product with the benchmarked products
on a number of parameters and features to decide on the strengths and weaknesses
of each product, and thus, the data help in positioning the new product in relation
to future models of the benchmarked products. It should be realized that the target
vehicle must compete with the 2020 MY vehicles of the benchmarked products.

In the planning process, the benchmarking data are used along with the basic
needs of the customers, company needs, and government requirements that the tar-
get product must meet.

The data provided in the tables helped to determine where the current vehicle was
deficient by comparing the exterior and interior dimensions and features of the exist-
ing reference vehicle with those in the benchmarked vehicles. In general, the strategy
in developing the new vehicle was to provide more interior space, increase fuel econ-
omy, decrease emissions, and provide more new technology features. Comparing the
existing Escape with the two benchmarked vehicles, the new vehicle team decided to

1. Decrease the overall vehicle weight to 3500 Ib from existing vehicle weight
of 3769 lb.

2. Decrease the overall vehicle height to 65.7 in.

3. Increase the ground clearance to make it closer to the competitors.

4. Decrease turning radius to 34.5 ft by decreasing wheelbase slightly to 103
in.

5. Increase interior dimensions by increasing headroom, legroom, and shoul-
der room for both front and rear rows.

6. Incorporate nine-speed transmission.

7. Adopt all-wheel drive (AWD) to provide the same capability as the two
competitors.

8. Increase fuel economy and reduce greenhouse gas emission targets to meet
the upcoming fuel economy and emissions requirements.

9. Add new features such as adaptive front lighting system, daytime running
lamps, adaptive cruise control.

10. Make previously optional equipment standard, such as forward sensing sys-

tem and moon roof.
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TABLE 4.2

Benchmarking Comparisons of Vehicle Characteristics

Vehicle Parameter/
Characteristic

Base MSRP ($)
Trim

Wheelbase (in)
Ground clearance (in)
Length (in)

Width (no mirror) (in)
Track (front) (in)
Track (rear) (in)
Height (in)

Curb weight (1b)
Wheel size (in)
Turning radius (ft)

Headroom (1st row)
(in)

Headroom (2nd row)
(in)

Legroom (1st row) (in)

Legroom (2nd row)
(in)

Hip room (1st row)
(in)

Hip room (2nd row)
(in)

Shoulder room (1st
row) (in)

Shoulder room (2nd
row) (in)

Seating

Passenger volume (cu
ft)

Cargo volume behind
1st row (cu ft)

Reference Benchmark Benchmark
Vehicle Vehicle #1 Vehicle #2 Target Vehicle
2015 Ford 2015 Subaru 2015 Mazda
Escape Forester CX-5 2020 Ford Escape
30,585 33,095 29,220 32,500
2.0L Titanium  2.0XT Touring  Grand Touring 2.0L Titanium with
with AWD AWD
Exterior
105.9 103.9 106.3 103.0
7.9 8.7 8.5 8.5
178.1 180.9 179.3 178.1
72.4 70.7 72.4 72.4
61.5 60.9 62.4 61.5
61.6 61.1 62.5 61.6
66.3 68.2 65.7 65.7
3,769.0 3,651.0 3,560.0 3,500.0
18.0 17.0 19.0 18.0
38.8 34.8 36.7 34.0
Interior
39.9 40.0 39.0 40.0
39.0 37.5 39.0 39.0
43.1 43.0 41.0 43.5
37.3 38.0 393 393
54.8 53.9 55.2 55.2
52.4 53.0 53.7 53.7
56.0 57.0 57.5 57.5
55.3 56.6 55.5 56.6
Capacities
5 5 5 5
98.1 103.3 102.3 103.5
67.8 68.5 65.4 68.5

(Continued)
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TABLE 4.2 (CONTINUED)
Benchmarking Comparisons of Vehicle Characteristics

Vehicle Parameter/

Characteristic

Cargo volume behind
2nd row (cu ft)

Fuel tank (gal)

Towing (max trailer
weight) (Ib)

Engine type

Displacement (cc)
Horsepower (hp)
Torque (ft-1b)

Fuel type

Air induction system

Compression ratio
Transmission type

Drive type

0-60 mph (s)
Quarter mile

Braking, 60-0 mph (ft)

Lateral acceleration

Range (miles)

EPA rating (mpg)

CO, emissions (g/
mile)

NHTSA front driver
crash test

NHTSA front
passenger crash test

Reference Benchmark Benchmark
Vehicle Vehicle #1 Vehicle #2 Target Vehicle
2015 Ford 2015 Subaru 2015 Mazda
Escape Forester CX-5 2020 Ford Escape
343 31.5 34.1 34.5
15.5 15.9 15.3 15.5
2,000 1,500 2,000 2,100
Powertrain
Gas turbo Gas turbo Direct Gas turbo direct
direct direct injection, injection, DOHC
injection, injection, DOHC 14 14 with variable
DOHC 14 DOHC H4 displacement, start/
stop
1,999.0 1,999.0 2,488.0 1,999.0
240@5,500 250@5,600 184@5,700 210@5,500
270@3,000 258@2,000 185@3,250 260@3,000
Gasoline Gasoline Gasoline Gasoline
Turbo Turbo Naturally Turbo
aspirated
9.3:1 10.6:1 13.0:1 9.3:1
6-speed select CVT w/ 6-speed select 9-speed select shift
shift 8-speed shift automatic
automatic select shift automatic
4WD AWD AWD AWD
Performance
6.8 6.2 8.1 6.2
15.2s @ 88.8 14.8s @ 95.8 16.3s @ 84.5 15.0 s @96 mph
mph mph mph
123 111 125 115
0.85 0.79 0.79 0.85
338.8/462.0 381.6/508.8 367.2/459.0 385/520
21/28 23/28 24/30 35/46
371.9 353.8 317.5 175
4 5 5 5
4 4 5 5

(Continued)
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TABLE 4.2 (CONTINUED)
Benchmarking Comparisons of Vehicle Characteristics

Reference Benchmark Benchmark
Vehicle Vehicle #1 Vehicle #2 Target Vehicle
Vehicle Parameter/ 2015 Ford 2015 Subaru 2015 Mazda
Characteristic Escape Forester CX-5 2020 Ford Escape
Chassis
Front suspension Independent Independent MacPherson Independent
MacPherson MacPherson strut with MacPherson strut
strut with strut with stabilizer bar with stabilizer bar
stabilizer bar stabilizer bar

Rear suspension Independent Independent, Multilink with Independent

multilink double stabilizer bar multilink with
with wishbone stabilizer bar

stabilizer bar with

stabilizer bar
Brakes 4-Wheel disc 4-Wheel disc 4-Wheel disc 4-Wheel disc with
with antilock with antilock with antilock antilock brake
brake system brake system brake system system (ABS)
(ABS) (ABS) (ABS)

Steering Electric Electric power Rack and Electric power-
power- steering pinion, EPAS assisted steering
assisted (EPAS)
steering
(EPAS)

Tires P235/50HR 18 P225/55HR18 P225/55VR19 P235/50HR18 BSW

BSW BSW BSW All-season tires
All-season All-season All-season
tires tires tires

Thus, the benchmarking data helped in supporting the above changes.

Table 4.4 presents a Pugh diagram showing how each vehicle compares with the
reference vehicle (used as the datum) for each vehicle subattribute. (Note that +, S,
and — symbols, respectively, indicate that the vehicle in the column is better than, the
same as, or worse than the reference vehicle) (datum). The sum of number of subat-
tributes receiving + symbols minus the sum of subattributes receiving — symbols
provides a measure of improvement in each vehicle over the datum vehicle. Thus, the
2020 Ford Escape received a total score of 23, which is higher than the correspond-
ing scores of the other benchmarked vehicles.
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TABLE 4.3
Benchmarking Comparisons of Vehicle Features
Reference Benchmark Benchmark Target
Vehicle Features Vehicle Vehicle #1 Vehicle #2 Vehicle
2015 Ford 2015 Subaru 2015 Mazda 2020 Ford
Category Description Escape Forester CX-5 Escape
Lighting and HID headlights Optional Standard Optional Optional
visibility
Halogen headlights Standard N/A Standard Standard
Fog lights Standard Standard Standard Standard
Daytime running N/A Standard Standard Standard
lights
Adaptive front N/A N/A Optional Optional
lighting system
Heated side mirrors Standard Standard Standard Standard
Auto-dimming Standard Optional Optional Standard
center mirror
Rear view camera Standard Standard Standard Standard
Blindspot mirror Standard N/A N/A Standard
Blindspot detection Optional N/A Standard Optional
Safety and Front air bags Standard Standard Standard Standard
security
Driver knee air bag Standard Standard Standard Standard
Front seat-mounted Standard Standard Standard Standard
side air bags
Side curtain air bags ~ Standard Standard Standard Standard
Belt minder Standard N/A N/A Standard
Tire-pressure Standard Standard Standard Standard
monitoring system
Passive anti-theft Standard Standard Standard Standard
system/
immobilizer
Driver Forward sensing Optional N/A N/A Standard
assistance system
Reverse sensing Standard N/A Optional Standard
system
Brake assist Standard Standard Standard Standard
Active park assist Optional N/A N/A Optional
Hill start assist Standard Standard Standard Standard
Adaptive cruise N/A Optional N/A Standard
control
Cruise control Standard Standard Standard Standard
Lane-keeping N/A Optional N/A Standard
system
Comfort and Heated front seats Standard Standard Standard Standard
convenience

(Continued)
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TABLE 4.3 (CONTINUED)

Benchmarking Comparisons of Vehicle Features

Reference Benchmark Benchmark Target
Vehicle Features Vehicle Vehicle #1 Vehicle #2 Vehicle
2015 Ford 2015 Subaru 2015 Mazda 2020 Ford
Category Description Escape Forester CX-5 Escape
Power-adjustable Standard Standard Standard Standard
driver seat
Leather seats Standard Standard Standard Standard
60740 Split rear Standard Standard N/A N/A
seats
40/20/40 Split rear N/A N/A Standard Standard
seats
One-Touch folding N/A Standard Standard Standard
rear seats
Memory feature for Standard N/A N/A Standard
driver settings
Heated steering N/A N/A N/A Optional
wheel
Push-button start Standard Standard Standard Standard
Remote start Standard Optional Optional Standard
Remote keyless Standard Standard Standard Standard
entry
Invisible keypad Standard N/A N/A Standard
entry
Leather steering Standard Standard Standard Standard
wheel
Rain-sensing wipers ~ Optional N/A Standard Optional
Power one-touch Standard Standard Standard Standard
window, driver
Power one-touch Standard N/A N/A Standard
window, all
Dual zone climate Standard Standard Standard Standard
control
Interior ambient Standard Optional N/A Standard
lighting
Additional storage N/A Standard N/A Standard
space under trunk
Infotainment Large display touch Standard (8") Standard Standard Standard
and screen (5.8")
connectivity
Audio system 390 W, 440 W, 9-speaker 390 W,
10-speaker 8-speaker 10-speaker
Voice commands Standard Standard Standard Standard
Bluetooth Standard Standard Standard Standard
connectivity
USB connectivity Standard Standard Standard Standard

(Continued)
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TABLE 4.3 (CONTINUED)
Benchmarking Comparisons of Vehicle Features

Reference Benchmark Benchmark Target
Vehicle Features Vehicle Vehicle #1 Vehicle #2 Vehicle
2015 Ford 2015 Subaru 2015 Mazda 2020 Ford
Category Description Escape Forester CX-5 Escape
12 V Auxiliary Standard (4) Standard (2) Standard (3) Standard (4)
power ports
110 V Power outlet Standard (1) Optional N/A Standard (1)
Navigation Optional Optional Optional Optional
Exterior Power liftgate Standard Standard N/A Standard
features Foot activated Standard N/A N/A Standard
liftgate
Moon roof Optional Standard Standard Standard
Roof rails Standard Standard Optional Standard
Trailer hitch Optional Optional Optional Optional
Dual chrome Standard Standard Standard Standard

exhaust tips

Note: HID, high-intensity discharge; N/A =Feature not available.

EXAMPLES OF SYSTEM, SUBSYSTEM, AND
COMPONENT-LEVEL BENCHMARKING

Electrical systems in different vehicles can be benchmarked and compared to under-
stand how different competitors have configured their electrical systems and subsys-
tems. For example, alternators, electronic control modules, wiring harnesses, electric
motors, actuators, sensors, and even connectors can be benchmarked to improve
their functional capabilities and reduce product costs.

Brake system engineers benchmark braking systems in different vehicles by com-
paring all components within the system, such as brake pads, disc rotors, master
cylinders, boosters, brake pedals, brake lines, and so forth, to understand the differ-
ences in designs, configuration, and integration with other vehicle systems.

Similarly, body engineers benchmark vehicle bodies of different vehicles to
understand how the vehicle bodies are designed in terms of use of different materials
(e.g., mild steel, high-strength steels, aluminum); the dimensions of various compo-
nents, such as cross members, floor panels, roof panels, door panels; and the method
of welding, sealing, painting, and so forth.

Ergonomics engineers commonly evaluate controls and displays mounted in
instrument panels, doors, and center consoles to study ergonomic considerations
related to identifying controls and displays, the legibility and use of colors in dis-
plays, and reaching, grasping, and operating controls, for every function in each of
the benchmarked vehicles. Such exercises often produce lists of examples of good
and poor ergonomic features. The generated information is used by designers as a
guide in developing future driver interfaces.
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TABLE 4.4

Pugh Diagram Comparing Vehicle Subattributes of Benchmarked and Target

Vehicles with Existing Vehicle (as Datum)

Vehicle
Attribute
Cost

Vehicle
performance

Fuel efficiency
and emissions

Safety

Package/space

Subattribute
Cost
Warranty
Horsepower
Torque
0-60 mph
acceleration
60-0 mph braking
All-wheel drive
system
Lateral acceleration
Vehicle weight
Towing capability
Turning radius
Hybrid option
Range
Gas mileage
Emissions
NHTSA front
driver crash test
NHTSA front
passenger crash
test
Daytime running
lights
Blind spot side
mirror
All air bags
Belt minder
Tire-pressure
monitoring system
Brake assist
Adaptive front
lighting system
Number of
passengers
Passenger volume
Cargo volume
(behind 1st row)

Reference Benchmark Benchmark Target
Vehicle Vehicle #1 Vehicle #2 Vehicle
2015 Ford 2015 Subaru 2015 Mazda 2020 Ford
Escape Forester CX-5 Escape
Datum - + -
Datum S S S
Datum + - -
Datum - - -
Datum + - +
Datum + - +
Datum + S +
Datum - - S
Datum + + +
Datum - S +
Datum + + +
Datum S S +
Datum + S +
Datum + + +
Datum + + +
Datum + + +
Datum S + +
Datum + + +
Datum - - S
Datum S S S
Datum - - S
Datum S S S
Datum S S S

Datum S

Datum S S S
Datum + + +
Datum + - +

(Continued)
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TABLE 4.4 (CONTINUED)
Pugh Diagram Comparing Vehicle Subattributes of Benchmarked and Target

Vehicles with Existing Vehicle (as Datum)

Vehicle
Attribute

Comfort and
convenience

Driver assist
features

Subattribute

Cargo volume
(behind 2nd row)

Additional storage
under trunk

Split rear seats

One-touch folding
rear seats

Remote start

Remote keyless
entry

Heated front seats

Power-adjustable
driver seat

Leather seats

Heated steering
wheel

Leather steering
wheel

Rain-sensing
wipers

Power one-touch
window, all

Dual zone climate
control

Interior ambient
lighting

Foot-activated
power liftgate

Moon roof

Roof rails

Trailer hitch

Forward sensing
system

Reverse sensing
system

Rear view camera

Active park assist

Hill start assist

Reference Benchmark Benchmark Target
Vehicle Vehicle #1 Vehicle #2 Vehicle
2015 Ford 2015 Subaru 2015 Mazda 2020 Ford
Escape Forester CX-5 Escape
Datum - — +
Datum + - +
Datum S + +
Datum + +
Datum - - S
Datum — — S
Datum S S S
Datum S S S
Datum S S S
Datum S S +
Datum S S S
Datum - + S
Datum - - S
Datum S S S
Datum — - S
Datum - - S
Datum + + +
Datum + - S
Datum + + S
Datum - - +
Datum - - S
Datum S S S
Datum - — S
Datum S S S

(Continued)
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TABLE 4.4 (CONTINUED)
Pugh Diagram Comparing Vehicle Subattributes of Benchmarked and Target
Vehicles with Existing Vehicle (as Datum)

Reference Benchmark Benchmark Target
Vehicle Vehicle #1 Vehicle #2 Vehicle
Vehicle 2015 Ford 2015 Subaru 2015 Mazda 2020 Ford
Attribute Subattribute Escape Forester CX-5 Escape
Adaptive cruise Datum + S +
control
Cruise control Datum S S S
Lane-keeping Datum + S
system
Infotainment Large display touch Datum — - S
and screen
connectivity
Audio system Datum + - S
Voice commands Datum - —
Bluetooth Datum S S S
connectivity
USB connectivity Datum S S S
12 V Auxiliary Datum — - S
power ports
110 V Power outlet Datum - - S
Navigation Datum S S S
Sum of (—) 20 24 3
Sum of (+) 21 15 26
Sum of (S) 21 23 33
Total score 1 -9 23

CONCLUDING REMARKS

Benchmarking is a very useful tool in the development of new or improved products.
Proper selection of products to benchmark allows the entire team to become familiar
with the designs created by other manufacturers. It thus educates the design team
on all design-related issues within a short time period. Nowadays, the use of bench-
marking has become very commonplace in the auto industry.
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5 Business Plan
Development and
Getting Management
Approval

INTRODUCTION

Undertaking a new vehicle development program requires large amounts of resources,
such as capital, manpower, tools, equipment, and facilities for development and pro-
duction of the vehicles. The vehicle program also involves a number of risks: for
example, more time and budget may be required to develop the vehicle, the vehicle
design may not be perceived by the customers to be better than many of its com-
petitors, and subsequently, the company may not able to generate the projected sales
volume. Therefore, the senior management of the auto company needs sufficient
information about the proposed vehicle program to decide whether to approve the
program or not. A business plan for the vehicle program is prepared to provide neces-
sary information on the proposed program and is presented to the senior management
to aid their decision-making process. This chapter describes the process of preparing
a business plan, its content, and the risks involved in implementing the business plan.

BUSINESS PLAN

WHAT Is A BUsINEss PLAN?

A business plan is a proposal for creating or developing a new product. It is an essen-
tial roadmap for business success. This document generally projects three or more
years ahead and outlines the route a vehicle program will take to meet its objectives.
It is usually prepared internally within the auto company to obtain concurrence from
the top management to approve the vehicle program. The business plan is thus a doc-
ument prepared to describe details of a proposed vehicle, vehicle program timing,
corporate resources needed to develop the vehicle, and future revenues and income
that the vehicle will generate. It is typically prepared jointly by the company’s prod-
uct planning, engineering, marketing, and finance activities.

CONTENTS OF THE BUSINESS PLAN

The business plan is a decision-making tool for the senior management of the com-
pany to help decide whether the proposed vehicle program should be approved. Its
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contents should help management to think through all the relevant business issues
that the automotive company will face in launching the vehicle program and continu-
ing it till the product is discontinued. Thus, it should include the following:

1. Description of the Proposed Product

a. Product configuration (e.g., for an automotive product, the body-style
of the vehicle such as a sedan, a coupe, a crossover, a sports utility
vehicle [SUV], a pickup, or a multi-passenger vehicle [MPV] and its
variations). It should be noted that some large vehicle programs include
a new line of vehicles with various versions (models). These vehicles
most likely will share (i.e., use) a common vehicle platform (i.e., many
common parts and manufacturing and assembly equipment) to create
different models for one or more brands.
Model year of the vehicle.

c. Size class. U.S. Environmental Protection Agency (EPA) size classes:
(a) sedans: mini-compacts, subcompact, compact, mid-size/interme-
diate, and large; (b) station wagons: small, mid-size and large; and
(c) pickup trucks: small and standard (EPA, 2016). Euro market seg-
ments: A-segment minicars, B-segment small cars, C-segment medium
cars, D-segment large cars, E-segment executive cars, F-segment
luxury cars, S-segment sports coupes, M-segment multipurpose cars,
J-segment sports utility cars (EAFO, 2016).

d. Market segment (e.g., ultra-luxury, luxury, entry-luxury, or economy
vehicles of different body-styles).

e. Markets where the product will be sold and used (countries).

f. Energy use characteristics (e.g., gasoline, diesel, electric power, hybrid,
plug-in hybrid), target fuel economy and emissions levels.

g. Powertrain type and configuration (e.g., types of engines and transmis-
sions, left-hand drive or right-hand drive, front-wheel drive [FWD],
rear-wheel drive [RWD], or all-wheel drive [AWD]).

h. Types of suspensions, brakes, and tire sizes.

i. Manufacturer’s suggested retail price (MSRP) and price range with
different optional equipment.

j- Production capacity and estimated annual sales volumes over the prod-
uct life cycle.

k. Makes/brands, models, and prices of leading competitors in the market
segment of the proposed vehicle.

2. Target Attribute Rankings (i.e., how the product would be positioned in its
market segment, such as best-in-class, above the class average, average in
the class, or below average, by considering each product attribute).

3. Pugh Diagram showing product attributes (and/or vehicle systems) and
changes in the proposed concept with respect to the datum (selected refer-
ence product) and competitors.

4. Dimensions, Major Changes, and Options
a. Opverall exterior dimensions (e.g., product package envelope with length,

width, height, wheelbase, and cargo/storage volume)
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10.

11.

12.

b. Interior dimensions (e.g., people package with legroom, headroom,
shoulder room, number of seating locations, and so forth)

c. Curb weight and gross vehicle weight
New government requirements affecting the program

e. Major changes in the vehicle systems as compared with the systems
in the previous (outgoing) model, e.g., styling changes, weight reduc-
tion, drive options (FWD, RWD, AWD), powertrains (types, sizes, and
capacities of engines/motors and transmissions), descriptions of unique
features (e.g., type of suspension), technologies to be introduced, and
standard and optional features/equipment.

. Short Description: A one-paragraph description of the proposed product

with several adjectives to describe its image, stance, and styling character-
istics (e.g., futuristic, traditional, retro, fast, dynamic, aerodynamic, tough,
or chunky—rugged like a Tonka truck).

. Program Schedule

a. Program kick-off date, timings of major milestones

b. Job#l date (i.e., date when first production unit will come out of the
assembly plant)

c. Vehiclelife-cycle events: future minor and major changes and end of vehicle
life cycle (expected date when the vehicle production will be discontinued)

. Market Analysis and Projected Sales Volumes

a. Descriptions of competitors to the proposed products

b. Results of market research (e.g., percentage of survey participants who
liked the proposed vehicle)

c. Probable scenarios of competitors’ plans and market share

d. Quarterly (or yearly) sales estimates of each model in each market
segment

. Organization and Manpower Needs

a. Manpower needed for product development, manufacturing, and mar-
keting and sales
b. Unique expertise needed

. Make versus Buy Analysis and Supplier Plan

a. Make versus buy analysis of new product entities

b. Supplier needs and capabilities

Proposed Plant Location, Vehicle Production Capacity, and Plant
Investments

Product Life Cycle

a. Estimated life span

b. Possible product refreshments, future models, and variations and

changes
c. Recycling of the plant, equipment, and products
Financial Analysis

a. Curves of estimated cumulative costs and revenues during product life
cycle for different scenarios (best case, average, and worst case)

b. Anticipated quarterly funding needed during product development and
during revenue buildup
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14.
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c. Anticipated date of breakeven point

d. Estimated quarterly net profit over the product life cycle and return on
investments

Risks in the Proposed Product Program: list of risks the company will face

in developing (e.g., during new technology implementation) and market-

ing the vehicle. Level of major risks (probability and consequences of each

major loss)

Program Justification: Reasons for undertaking the proposed plan ver-

sus other alternatives. Effect of the vehicle program on other existing and

future vehicle programs (e.g., sharing of entities and resources)

PrOCESS OF PREPARING A BUSINESS PLAN

The process of preparing a business plan requires a lot of brainstorming, forecast-
ing trends in design and technologies, projecting competitors’ abilities to produce
a similar and better product in the same market segment, and undertaking some
pilot or advanced concept design work. A team of experienced product planners,
market researchers, engineers, and designers is usually assigned to come up with
an early specification of the proposed vehicle and early designs of the vehicle

concepts.
Typical steps involved in business plan development include

|G I SOS I )

=)

11.

12.
13.

. Study trends in automotive markets, technologies, and sales history of

existing products of the company and its competitors.

. Identify opportunities and brainstorm product ideas.

. Benchmark a number of existing competitors’ vehicles.

. Create early vehicle concept ideas, sketches, and drawings.

. Develop package drawings of promising vehicle concepts to understand

design and engineering challenges.

. Develop vehicle description, specifications, and list of standard and optional

features.

. Develop a list of major vehicle development tasks, estimate time and man-

power required to complete the tasks, and create a program timing plan and
a technology implementation plan.

. Conduct financial analysis and prepare financial plan.
. Prepare a draft documentation of the business plan.
10.

Request key experts in product engineering offices and management person-
nel to review the draft of the business plan, provide comments, and suggest
changes to the engineering feasibility of the proposed vehicle, including a
list of their major concerns.

Resolve major concerns, make necessary changes to the draft, and issue a
final draft of the business plan.

Distribute the final draft to members of the senior management.

Schedule a meeting of the senior management personnel to present and dis-
cuss the business plan.
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RISKS IN PRODUCT PROGRAMS

One of the important issues in the business plan that the management closely exam-
ines is the risks involved in the proposed program. The risks include potential losses
that the company may face if the program does not progress according to the pro-
posed plan. The potential losses can occur due to many different reasons. Some of
the reasons may be under the control of the program management (e.g., failure to take
a decision at a required time), whereas many other events that can lead to losses may
be outside the program management’s control (e.g., earthquake, adverse weather,
unforeseen changes in the economic situation, or loss of experienced professionals).

The risks can be categorized by considering major areas such as program tim-
ing, technical issues, economic situations, and manpower issues. It should be real-
ized that many of the issues are interrelated; for example, technical problems can
affect program timings and costs. For example, failure to meet a given level of fuel
economy can be related to a variety of technical reasons, such as inability to design
durable engine bearings or inability to develop components with lightweight materi-
als (e.g., difficulty in manufacturing certain carbon-fiber body parts). Many of the
risks may be interrelated due to a combination of causes.

Important risk categories and some examples in each of the categories are
(Blanchard and Fabrycky, 2011)

1. Technical risks occur due to one or more technical problems involved with
the design of the vehicle. Inability to develop a required technology within
the allocated time, a flaw occurring in the design of a system, a nonfunc-
tional subsystem, and a failed component in an electrical unit are examples
of technical problems. The correction of a flaw in the product may require
additional analyses, experimentation, modification of tools and equip-
ment, and so forth. Sometimes, the planned implementation of new tech-
nologies may not be production ready within the required time constraints.
Additional tasks to incorporate changes would require additional time and
resources, and thus, introduce uncertainty in meeting the program timing
goals.
Additional examples of technical risks are

a. Performance of the product did not meet required specification; for
example, the braking system may be unable to stop the vehicle from 60
to 0 mph within the stopping distance specified in the braking system
design specification.

b. Vehicle failed to meet required fuel economy (miles per gallon or liters
per kilometer) goal.

c. Vehicle failed to meet a crashworthiness requirement in a federal
standard.

2. Cost risks include additional expenditures required to correct the problems.
The rework of the product design is also one of the major cost risks. In
some cases, the problem is with the incorrect cost assumptions used dur-
ing the product planning process. In such situations, the design complexity
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is usually not understood, and thus, the time and/or resources needed to
develop the product are underestimated and underallocated. Similarly, the
sales forecasts may be too optimistic. Cost and revenue estimates are cen-
tral to any business plan for deciding the viability of the planned program.
But costs are often underestimated and revenues overestimated, which
results in larger cost overruns, revenue shortfalls, and possibly nonviability
of the program.
3. Schedule risks are related to inability to meet the scheduled deadlines
(e.g., gateways) for a number of different reasons. Proper scheduling of the
project activities is critical to ensure that the engineers and designers get
enough time to properly design and test all the systems and subsystems of
the vehicle before it is launched on the market. If a certain task takes longer
than specified, this can lead to delays in the production of the vehicle, and
there will be a delay in reaching certain revenue targets. There are numer-
ous possible causes for schedule delays: machine and assembly line down-
time due to breakdown, a strike by the workforce, delay in components
arriving from suppliers, and so forth. Changes made to the plans at the last
moment can cause delays in receiving raw materials, which also causes
schedule risks.
4. Programmatic risks are related to the product development aspects of the
program. Any major change in the program, such as modification in the
program, cancellation of projects related to the program, or delay to the
program due to late decisions, can cause programmatic risks. This type
of risk is closely associated with scheduling risks but is more related to
management issues, wherein frequent and major changes in the program
due to rescheduling of projects, budget constraints, and requirement for
approval of an increase in budgets could lead to programmatic delays. This
type of risk is prevalent in product development programs due to frequent
changes in budgets, program requirements, and management directions,
and even program cancellations. Program budgets calculated early, before
the changes to the program, may not be applicable to the new changed pro-
gram. Dropping of a project due to insufficient funds is also a program-
matic risk.
Additional examples of program-related risks are

a. The vehicle development program failed to meet the required Job#l
date.

b. The vehicle program could not be contained within the allocated
budget.

c. The required manpower was not available to perform the technical and/
or management tasks.

d. An exterior lamp (e.g., a headlamp) failed to meet a photometric speci-
fication included in the Federal Motor Vehicle Safety Standard 108.

e. The number of components in a rear suspension system was increased
to meet weight and performance targets (e.g., changing from solid axle
to independent rear suspension).
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5. Supplier-related risks are related to failure by the suppliers to meet the
assembler’s vehicle build timings. The suppliers may fail to provide the
required quality and/or quantity of entities (systems, subsystems, or com-
ponents) according to the agreed delivery plan. (Note: suppliers provide
a high percentage of automotive systems, subsystems, and components to
automotive companies.)

6. Risks due to external causes that are outside the control of the program
management. For example, projects can be delayed due to political impasse.
For example, a VW crossover vehicle plant in the United States was delayed
due to a tug-of-war between Mexico and Tennessee over financial incen-
tives in June 2014. Unexpected changes in economic conditions, changes
in oil prices, earthquakes, and weather conditions (e.g., unexpected floods)
can also have a substantial effect on the plant operations and hence the sales
volumes of the planned vehicles.

MAKE VERSUS BUY DECISIONS

The business plan should include a list of entities that will be outsourced (i.e.,
designed, manufactured, and delivered by suppliers). Some important considerations
related to the decision on whether to make or buy are

1. Lack of in-house manufacturing capability and capacity

2. Availability of reliable and low-cost suppliers that can deliver in needed
volumes and quality

3. Unavailability of capital required for internal production of the needed
entities

4. Need to maintain confidentiality of competitive information on future prod-
uct designs or specialized knowledge on unique processes needed to pro-
duce certain entities within the organization to retain competitive advantage

CONCLUDING REMARKS

A business plan is a useful product planning and communication tool. It summarizes
all important information about the vehicle specifications along with its competitors
and information on business issues such as timings, resource needs, and financial
analysis, including costs, revenues, and return on investments. A good business plan
will also help the design team organize their ideas, set priorities, and see how their
model may play out financially. It also enables the product planning team to share
their business concept with everyone affected by the vehicle program. Unless you
want to explain it over and over again, sharing your business plan with others in the
organization provides a clear vision with facts, timing plan, and financial picture.
Thus, it promotes better decision making all around. Chapters 23 through 25 provide
examples of business plans for a sedan, a pickup truck, and an SUV, respectively.
Additional information on financial analysis included in the business plan is pro-
vided in Chapter 19.
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6 New Technologies,
Vehicle Features,
and Technology
Development Plan

INTRODUCTION

New advances in technologies, changes in government requirements, and fierce com-
petition between auto manufacturers are requiring auto manufacturers to incorporate
new features with improved functionality and safety in their new vehicles. There is
also pressure to reduce costs, weight, emissions, and fuel consumption. This chapter
reviews new technology applications that could be introduced in future automotive
products and covers technology implementation issues. Each new automotive prod-
uct must have a technology plan that provides a summary of all the new features that
will be planned for the vehicle along with an assessment of technology implementa-
tion challenges and an action plan to meet the challenges. The chapter also provides
an example of a technology plan for a future automotive product.

IMPLEMENTING NEW TECHNOLOGIES

Implementing new technologies always creates a lot more work. The teams involved
in the applications of new technologies to improve the performance or capabilities of
one or more vehicle systems first have to clearly understand a number of issues and
their effects on all other interfacing vehicle systems and all vehicle attributes. The
important issues that need be considered are

1. Level of improvement in performance or capability of the vehicle that could
be achieved (note: proving that an improvement is achievable and assess-
ing the level of improvement generally requires a considerable amount of
research)

2. Ability and willingness of the customers to adapt to the new changes, accept
the changes, and maintain/service/upgrade the new features as needed

3. Effect of the change on other vehicle systems and resulting trade-offs
between various affected vehicle attributes

4. Ready availability of technical resources (e.g., availability of specialists,
analysis techniques, and test equipment) to analyze effects of changes in the
vehicle design
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5. Availability of packaging space in the vehicle to incorporate the hardware

n

O 0 g9

eeded to incorporate the changes

. Effect on the overall cost of the vehicle

. Effect on the curb weight of the vehicle

. Effect on the fuel consumption characteristics of the vehicle

. Time and costs associated with implementing the new technology (i.e., mak-

ing sure that the new technology is effective and is ready for implementation)
10. Effect on vehicle quality in the short and long term (i.e., to ensure that the
new technologies do not introduce defects into the vehicle)
11. Effect of “make or buy” decisions related to new entities on the company’s
production resources versus the capabilities of potential suppliers of the
new or affected vehicle systems

Major

ReAasONs FOR CHANGES AFFECTING FUTURE VEHICLE DESIGNS

1. Meeting government requirements (e.g., the National Highway Traffic

S

afety Administration [NHTSA] s corporate average fuel economy [CAFE]

and the Environmental Protection Agency [EPA]’s greenhouse emissions
[GHE] requirements; see Chapter 3 for more details)

2. Advances in technologies related to vehicle attributes and features that
can provide many advantages, such as improved functionality, efficiency,
safety, comfort, convenience, and packaging space, weight reduction, and
cost reduction. Some examples of implementation areas are

a.
b.
c.

g.

Incorporation of advanced driver aids and safety technologies
Improvements in driver comfort and convenience

Incorporation of advanced driver information and communication
systems

. Advances in new lightweight materials

Improvements in manufacturing and assembly methods and equipment
(e.g., material joining techniques, robotics systems, material handling
systems)

Advances in global communication, sourcing, and project management
methods

Improvements in vehicle reliability, durability, and quality

Another major consideration in implementing the new technologies is to ensure that
the new vehicle will be perceived by its customers to be “improved” (or advanced)
as compared with the older vehicle that will be replaced by the new vehicle. This is
especially important if the major competitors of the vehicle have already adopted or

areina

process of adopting many of the new technologies.

CREATING A TECHNOLOGY PLAN

The early assumptions and description of the new vehicle will generally include a
list of improvements (e.g., features and technologies) to be incorporated. A tech-

nology

plan should be initiated in parallel with the development of specification
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and attribute requirements. The technology plan should consider the inclusion of
every major vehicle system and its subsystems, and it should include descriptions
of changes and technologies, risks in incorporating the changes, and major open
issues. A technology plan is discussed later in this chapter (see Table 6.1). Additional
technology plans for a sedan, a pickup truck, and a sports utility vehicle (SUV) are
included in Chapters 23 through 25, respectively.

Risks IN TECHNOLOGY IMPLEMENTATION

Implementing any new technology involves risks. It is important for the vehicle devel-
opment team members to consider all types of risks and make sure that the higher
management of the company understands the risks, consequences, and challenges
facing the company. The risks can be classified into the following three categories:

1. Technical risks: Technical risks result from the inability of the auto com-
pany to develop the technology or perfect it to create the required function-
ality within the available time or resources. The technology readiness may
be overestimated during the development of the business and technology
plans. The new features may not be debugged thoroughly to remove all pos-
sible errors or defects, which may require costly product recalls to fix the
problems and/or defending liability situations.

2. Schedule risk: The vehicle program may be delayed to allow for the required
technology development and its implementation.

3. Cost overruns: The costs to develop the required technology and its imple-
mentation may increase well above the budgeted amounts.

Cost sharing with other vehicle models or with other vehicle manufacturers in
joint development projects (e.g., Ford and GM jointly developed new nine- and ten-
speed transmissions [Wernle and Colias, 2013]) is one of the possible approaches
considered in undertaking new technology development projects.

NEW TECHNOLOGIES

This section provides descriptions of leading design trends and technologies consid-
ered during the early phases of the vehicle development process.

DEsIGN TRENDS IN POWERTRAIN DEVELOPMENT

Smaller, Lighter, and More Fuel-Efficient Gasoline Engines

The average vehicle engine size and engine weight are decreasing due to a combina-
tion of improved engine technologies and use of lightweight materials.
The current improvements in automotive engines involve

1. Forced induction/turbo charging/turbo-boost: Forced induction is the
process of delivering compressed air to the intake port of an internal com-
bustion engine. A forced induction engine uses a gas compressor (e.g.,
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a turbo charger, which is an exhaust-powered or electric motor—driven
turbine) to increase the pressure, temperature, and density of the air. An
engine without forced induction is considered a naturally aspirated engine.
Turbo charging has helped in downsizing engines and maintaining or
even increasing their output. For example, many of the currently avail-
able turbo-boost gasoline engines are providing about 120 hp/L output as
compared with about 80—100 hp/L outputs provided by naturally aspirated
gasoline engines. Turbo chargers also help recycle exhaust energy and
reduce the energy loss when hot exhaust gases are released into the atmo-
sphere. The energy loss is typically about 25%—-30% of the energy in the
fuel consumed.

It should be noted that a supercharger does not work off the exhaust gas, as it is
attached to and powered by the engine, and thus, it spins with the crankshaft. When
the crankshaft spins the supercharger, it forces air into the engine. The turbo is more
efficient, as it does not require engine power to spin it, so it generates more power
per boost. A supercharger also does not create full boost till the redline (near the top
end of engine speed), which is when the engine is spinning the supercharger as fast
as possible.

Thus, with the implementation of forced induction techniques, the number of
cylinders used in automotive engines has been decreasing, which has resulted in
an increase in the percentage of four-cylinder engines with turbo-boost, and eight-
cylinder engines are being replaced by six-cylinder engines and turbo-boost. Electric
assist from motor-generators attached to the turbine shafts can further assist in
recovering the electrical energy.

2. Direct fuel injection versus carburetor-based engines: Fuel injection
engines are more efficient and reduce emissions as compared with engines
with carburetors. The carburetor contains jets that inject the fuel (e.g.,
gasoline) into the combustion chambers. The amount of fuel that can flow
through these jets depends completely on the amount of air that can be
pulled into the carburetor intake. The main disadvantage with obtaining the
best performance using a carburetor is that it cannot adjust the air-to-fuel
ratio for each individual cylinder. Fuel injection systems, which can inject a
precise amount of fuel into the engine, are now more popular for obtaining
the best performance from engines.

There are two different versions of fuel injection: port fuel injection and direct
injection. Port fuel injection is the most commonly used, and direct fuel injection
is the latest-developed fuel injection system. Both systems use computer-controlled
electric injectors to spray fuel into the engine, but the difference is where they spray
the fuel. Port injection sprays the fuel into the intake ports, where it mixes with the
incoming air. The injectors are often mounted in the intake manifold runners, and
the fuel sits in the runners till the intake valve opens and the mixture is pulled into
the engine cylinder. Port injection systems are much cheaper to manufacture than
injectors mounted in the cylinders. The port injectors are not exposed to the high
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heat and pressure of the combustion chamber, and they do not have to handle the
high fuel pressures. Port injection systems typically operate in the 30—60 PSI range,
which is dramatically lower than direct injection systems. Support systems such as
fuel pumps are also cheaper, because fuel pressures are lower.

In direct injection, the injectors are mounted in the cylinder head, and the injec-
tors spray fuel directly into the engine cylinder, where it then mixes with the air.
Only air passes through the intake manifold runners and past the intake valves with
direct injection. Direct injection can meter the amount of fuel exactly into each cyl-
inder for optimum performance, and it is sprayed in under very high pressure—up
to about 15,000 PSI in some vehicles—so the fuel atomizes well and ignites almost
instantly. With current computer controls, the injectors can be pulsed several times
for each combustion stroke, so the fuel can be injected over a longer time frame to
maximize the power out of the cylinder.

Thus, the main advantage of using direct injection is that the amount of fuel
and air can be precisely injected into the cylinder according to the engine load
conditions. The electronics used in the system will calculate this information and
constantly adjust the timings of the fuel injection. The controlled fuel injection
results in a higher-power output, greater fuel efficiency, and much lower emissions.
Improvements of about 15% are not uncommon just by changing from port to direct
injection.

The disadvantages of direct injection are its cost and complexity. Because the
injector tips are mounted right into the combustion chamber, the materials in the
injector have to withstand both high temperatures and high pressures, and thus, they
are more expensive. Also, the high pressure needed to inject fuel directly into the
cylinders means that more expensive high-pressure fuel pumps are required. These
are typically mechanically driven from the engine, and thus, they increase the engine
complexity.

3. Cylinder deactivation: This method involves deactivation of some cylin-
ders (typically two to four cylinders in six- to eight-cylinder vehicles) when
the vehicle is cruising at constant speed and the demand for power is lower
than when the vehicle is accelerating. Under light driving load conditions,
cylinder deactivation will reduce pumping losses from deactivated cylin-
ders and thus improve fuel economy.

4. Stop/start: The stop/start method involves stopping the internal combustion
engine when the vehicle comes to a full stop and restarting it immediately
when the driver presses the gas pedal to accelerate the vehicle. The system
requires a larger starter motor and battery capacity to handle frequent stop/
start cycles. The stop/start method can reduce energy consumption in city
traffic conditions where the vehicle makes frequent stops in traffic and at
intersections.

5. Alternate fuel sources: To reduce demand for gasoline, engines using a
number of alternative fuel sources have been developed. These include
(a) natural gas (compressed natural gas [CNG] and liquefied natural gas
[LNG]), (b) diesel (e.g., turbo-diesel), (c) biomass fuels, and (d) hydrogen
(i.e., hydrogen-powered fuel cell vehicles).
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Each of the alternate sources has some disadvantages and advantages relative
to gasoline-powered internal combustion engines. For example, since the energy
density of CNG is much lower than that of gasoline, large onboard CNG tanks are
required. To carry LNG, a refrigeration unit is needed to store the fuel at a low
temperature in its liquefied state before use. Diesel engines are more expensive than
gasoline engines. The biomass fuels (developed from organic materials, e.g., lumber,
crops, manure) are not very common and are not standardized. A hydrogen-powered
vehicle would need a large hydrogen tank or to carry a hydrogen fuel cell to generate
hydrogen.

6. Hybrid powertrains: The hybrid powertrains involve an internal combus-
tion engine along with one or more electric motors. In series configuration,
the drive wheels are powered by an electric motor, and the internal com-
bustion engine drives an alternator, which charges the battery. The electric
motor is driven by the battery through an electronic module. In parallel
powertrain configuration, both the internal combustion engine and the elec-
tric motor provide power to the drive wheels. Some hybrid powertrains have
two or more electric motors (e.g., each wheel motor directly drives a wheel).
The hybrid powertrain consumes less fuel, because energy is supplied by
the electric motor more efficiently than by the internal combustion engine.
Further, during vehicle deceleration, the electric motor acts like a generator,
recovering the dynamic energy of the vehicle and using it to recharge the
battery.

7. Electric vehicles: Vehicles driven purely on electric power through energy
stored in batteries or electric power generated by onboard sources (e.g.,
hydrogen fuel cells) are available in steadily increasing numbers. Future
advances in the ability to increase energy storage capabilities, and reduc-
tion in battery weight and volume, will increase driving distance range, and
thus, accelerate their market share.

Higher-Efficiency Transmissions

The share of 8—10-speed transmissions, continuous variable transmissions (CVT),
and duel clutch transmissions is slowly increasing. These transmissions can improve
fuel efficiency by about 2%—10% over five- or six-speed transmissions. The added
weight and complexity of these newer higher-speed transmissions, however, can
increase the cost and may not provide substantial improvements in fuel economy.
However, several manufacturers have produced vehicles with such complexity and
claimed improvements in fuel consumption.

DRIVER AIDS AND SAFETY TECHNOLOGIES

These features are incorporated in vehicles to perform certain functions to aid driv-
ers in performing driving tasks safely. Such features typically include sensors that
monitor the vehicle motion and other variables related to road, traffic, and weather,
and warn the driver and activate vehicle controls (e.g., braking or steering the vehi-
cle) to avoid drivers getting into unsafe situations. The features are
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1. Lane-Departure Warning Systems: A lane-departure warning system pro-

vides a warning to a driver when his vehicle begins to move out of its lane
(unless a turn signal is activated in that direction of the lane deviation) on
freeways and arterial roads (typically while driving over about 40 mph).
These systems are designed to minimize run-off-the-road accidents by
addressing the main causes of collisions: driver error, distractions, and
drowsiness. There are two main types of system: (a) systems that warn the
driver (lane-departure warning [LDW]) if the vehicle is leaving its lane
by providing visual, audible, and/or vibratory warning (e.g., vibrating the
steering wheel), and (b) systems that warn the driver and, if no action is
taken, automatically take steps to ensure that the vehicle stays in its lane.

2. Driver Monitoring or Alertness Warning Systems: If the driver is not pay-

ing attention to the road ahead and a dangerous situation is detected, the
system will warn the driver by flashing lights, warning sounds, and/or a
vibratory warning. If no action is taken by the driver, the vehicle will apply
the brakes (e.g., a warning alarm will sound, followed by a brief automatic
application of the braking system).

3. Adaptive Cruise Control System: Adaptive cruise control (also called auton-

omous or radar cruise control) is an optional cruise control system that auto-
matically adjusts the vehicle speed to maintain a safe distance from vehicles
ahead. The control is based on sensor information from onboard sensors
(radar or laser based). Most systems provide steering wheel-mounted con-
trols for setting maximum cruising speed and safe headway distance from
the leading vehicle.

4. Automated Braking System: This system applies vehicle brakes when the

sensor and processor in the vehicle determine that the vehicle is headed on a
collision course with a stationary or moving object. The unit applies brakes
automatically if the vehicle is on a collision course and the driver has not
executed a collision avoidance maneuver.

5. Backup Camera System: A backup camera is a special type of video cam-

era that is produced specifically for attaching to the rear of a vehicle to aid
in backing up, and to alleviate the rear blind area. The backup camera is
alternatively known as the reversing camera or rear view camera. It is spe-
cifically designed to avoid a backup collision by providing the driver with a
view of the projected path of the vehicle with color-coded distance markers
in the rear camera view. The rear-facing video camera is typically mounted
at the vehicle centerline, above the rear license plate or near the top or bot-
tom edge of the backlite (rear window). During backing maneuvers (as soon
as the gear shifter is placed in reverse gear), the camera output, along with
the projected color-coded markings, is displayed in a screen located in the
center stack. The red, yellow, and green color-coded zones, respectively,
indicate that an object to the rear of the vehicle is very close, somewhat
close, or far from the vehicle. In some vehicles, the rear camera display with
the color-coded zones is integrated inside the rearview mirrors.

6. Blind Spot Monitoring System: A blind spot monitor is a vehicle-based sen-

sor device that detects other vehicles located on both sides of the driver (i.e.,
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in adjacent lanes) and to the rear. Warnings can be displayed via visual,
audible, vibrating, or tactile signals. While driving in the forward direc-
tion, the most common warning signal is activation of an amber-colored
light-emitting diode (LED) warning lamp mounted near the outboard edge
of each outside mirror. In backup-sensing mode, the system provides audi-
tory warning beeps when the detected targets are approaching close to the
collision zone. The system can also be integrated with the backup camera
system.

7. Night Vision System: This system allows the driver to see further than he

or she would be able to see with the vehicle headlamp system during night
driving. The night vision system typically uses an infrared camera that can
detect objects on the roadway far beyond what a driver can see with the
low beam of the vehicle headlamps. The output of the infrared camera is
provided to the driver through a separate display in the front of the driver or
in an augmented screen of a head-up display. The detected objects are typi-
cally shown as augmented superimposed images on the view of the forward
road scene captured by the cameras.

8. Adaptive Forward Lighting Systems: Adaptive forward lighting systems

offer the greatest potential for improving night driving safety performance.
The system monitors the forward road scene for oncoming drivers and road
features such as curves, grades, and intersections (e.g., through an integrated
global positioning system [GPS] and map database system) and alters the
beam pattern to provide more illumination in target areas and reduce glare
illumination into the oncoming driver’s eyes. Some of these functions are
already permitted under Federal Motor Vehicle Safety Standards (FMVSS)
108 by allowing a portion of the emitted light to move within a compliant
headlamp beam and/or through an automatic re-aim of a headlamp beam
pattern (NHTSA, 2016).

9. Active Rollover Protection/Stability System: Active rollover protection

(ARP) systems involve sensors and microprocessors to recognize impend-
ing rollover and selectively apply brakes to resist the rollover. ARP builds
on an electronic stability control and its three chassis control systems: the
vehicle’s anti-lock braking system, traction control, and yaw control. ARP
adds another function: detection of an impending rollover. Excessive lat-
eral force, generated by excessive speed in a turn, may result in a rollover.
ARP automatically responds whenever it detects a potential rollover. ARP
rapidly applies the brakes with a high burst of pressure to the appropriate
wheels, and in some situations, decreases the engine torque to interrupt the
rollover before it occurs.

10. Advanced Automatic Collision Notification System: The system is also

known as advanced automatic crash notification (AACN) and is the suc-
cessor to the automatic collision notification (ACN) system. It alerts emer-
gency medical responders, and the real-time crash data from the AACN
vehicle telematics system and similar systems can be used to determine
whether injured patients need care at a trauma center. By using a collec-
tion of sensors, a vehicle telemetry system such as AACN sends crash data

1
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to an advisor if a vehicle is involved in a moderate or severe front, rear, or
side-impact crash. Depending on the type of system, the data include infor-
mation about crash severity, the direction of impact, air bag deployment,
multiple impacts, and rollovers (if equipped with appropriate sensors).
Adpvisors can relay this information to emergency dispatchers, helping them
to quickly determine the appropriate response involving a combination of
emergency personnel, equipment, and medical facilities.

11. Inflatable Seat Belts: This technology enables a tubular air bag to inflate
during a crash from the seams of the seat belt across the occupant’s chest.
Inflatable seat belts have two advantages. First, they spread the crash force
over a wider area of the body, potentially reducing the risk of injury to
the chest. Second, deployment of the bag tightens the belt and reduces
the forward movement of the occupant. Thus, it reduces the potential for
head injury. Inflatable seat belts were introduced by Ford for outboard rear
occupants.

12. Tire-Pressure Monitoring System: A tire-pressure monitoring system
(TPMS) is an electronic system designed to monitor the air pressure inside
the pneumatic tires on various types of vehicle. TPMS reports real-time
tire-pressure information to the driver of the vehicle via a gauge, a picto-
gram display, or a simple low-pressure warning light.

13. Automated Lighting Systems: These systems monitor the ambient light
environment, activate vehicle exterior and/or interior lamps, and adjust
their intensity levels for the driver’s safety and convenience (e.g., a perim-
eter lighting system). The system is activated via proximity sensors, for
example, a driver with a wireless key-fob approaching the vehicle.

DRIVER INFORMATION INTERFACE TECHNOLOGIES

These involve the implementation of combinations of the following control- and
display-related technologies and features:

1. Steering wheel-mounted controls: Controls such as push buttons, rocker
switches, or rotary (e.g., thumb wheels) mounted in the steering wheel
spokes.

2. Touch screens: Touch controls on touch screens (controls activated by finger
touch on the display surface).

3. Touch pads: Touch pads located in center consoles or center stack regions.
The inputs to the touch pad are generally shown on a display screen.

4. Touchless controls (or proximity and/or motion sensors): The sensors can
detect proximity of a body part (e.g., finger or hand) and/or its movement
and operate a control based on the direction of the movement of the body
part.

5. Multifunction controls (a single control can control different functions
depending on its selected mode). These controls can be programmed to
activate different functions, or they can be moved in different directions to
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10.

11.

12.

control many functions (e.g., a rotary control that can also be moved like a
joystick and can be pushed in to select its action, like a mouse “click”).

. Haptic controls (controls that provide tactile [or force] feedback during the

movement of a control): Controls that can provide different tactile feel/
feedback during the operation of a selected control mode (e.g., turning a
rotary switch can provide feeling of different characteristics of detents by
changing different level of crispness [change in force or torque with switch
movements] and change in force/torque levels during movements for differ-
ent functions activated by the same switch).

. Controls with haptic feedback displays and augmented reality enhancements

(e.g., touch controls on a display with additional superimposed details/tar-
gets such as locations of other vehicles, pedestrians, and/or animals on the
road view). For example, the location on the touch display where a target is
detected can provide visual and vibratory feedbacks when a finger is moved
over it.

. Gesture-based controls: Body movement—based controls (e.g., proximity

sensors or camera-based sensor to detect and identify certain hand/finger
or body movements as control actions).

. Eye gaze—operated controls: Controls activated by eye fixation on a selected

location in the driver’s visual scene.

Voice controls (controls activated by voice commands): Voice command can
be recognized in different languages, and a control action corresponding to
the recognized command will be made. The accuracy with which a voice
command can be correctly recognized inside a noisy moving vehicle, the
response time to activate the control after the voice command is given, and
the willingness of the driver to use the voice commands are three important
considerations in developing and evaluating voice recognition systems.
Digital displays: High-resolution changeable message/graphics with
enhancing features such as use of colors, touch control areas, haptic feed-
back in touch controls, legibility under bright sunlight, and display size are
important considerations in developing digital displays. The displays can
vary in size from very large (e.g., Tesla has a 17 in portrait-type display) to
small displays (e.g., 3—5 mm high changeable message displays that can be
incorporated in the knobs or buttons as illuminated labels). The number of
such displays is expected to increase in future vehicles due to cost reduc-
tions and new display technologies (e.g., LED, organic light-emitting diode
[OLED]).

Auditory displays: Sound feedback for activation of controls; tones, beeps,
or spoken or synthesized voice commands are examples of auditory dis-
plays. The advantage of auditory displays is that the driver can be free to
use his/her eyes to look at any other visual scene or visual display and can
acquire the auditory message without turning his or her head in a given
direction. The auditory or voice displays can be used to provide a message
or the status of one or more vehicle functions. Additional features such as
language and the speaker’s accent can be selected by the user.

113
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13. Tactile displays: In these displays, the information is presented through the
motion of actuators whose movement or vibrations can be sensed by the
user’s skin touching the actuator surface (e.g., pins moving above control
surfaces [control knobs], vibrations provided through touch or grasp sur-

faces of screens, steering wheel, pedals or seats).

CONNECTED VEHICLES OR VEHICLE-TO-X (V2X) TECHNOLOGIES

These wireless technologies (called vehicle-to-X [V2X]) allow two-way communi-

cation between the vehicle and other entities (X) outside the vehicle, such as

1. V2V = Vehicle-to-vehicle: The subject’s vehicle communicates its position,
motion, and state of control activations (e.g., turning, accelerating, deceler-

ating) to other vehicles.

2. V2H = Vehicle-to-home: The subject’s vehicle communicates information
with his/her home-related programming or controlling of functions related
to the vehicle (e.g., charging of an electric vehicle) or home systems (e.g.,

security system, appliances).

3. V2I = Vehicle-to-infrastructure: The subject’s vehicle can communicate
with roadside infrastructure, such as traffic signals at intersections, the state

of the road, or traffic conditions.

4. V2P = Vehicle-to-person or pedestrian communication: The subject’s vehi-
cle can communicate with nearby persons or pedestrians (e.g., by sending
them warning messages through wireless devices about the vehicle loca-

tion, direction of approach, or arrival time).

5. V2C = Vehicle-to-cloud-based data sources: The driver can access informa-
tion from other cloud-based databases for personal needs (e.g., looking for

the nearest bank, gas station, or restaurant).

Thus, V2X technologies allow connected vehicles to wirelessly communicate
with each other and other locations. The communicated information can be used to
assist the driver by providing warning messages related to different unsafe situations
or even initiating certain maneuvers to avoid accidents. Some examples of informa-

tion that can be communicated to drivers include

—

. Warnings of approaching intersection and traffic signal mode
2. Warnings of approaching vehicles during left turning

3. Warnings of approaching work zone and sudden slowing or stopping of

vehicles ahead

4. Warnings of approaching road hazards (e.g., a pavement defect [uneven sur-

face, pothole], a downed power line, an accident)
5. Warnings of speed when approaching curves

6. Warnings while in visually obstructed (blind zones) or low sight distance

areas
7. Warnings of bicycles and pedestrians
8. Warnings of sudden slowing or stopping of vehicles ahead
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In a report on V2V applications, Harding et al. (2014) state the following:

1. V2V communications represent an additional step in helping to warn driv-
ers about impending danger as compared with the benefits of “vehicle-
resident” crash-avoidance technologies.

2. V2V communications use onboard dedicated short-range radio communi-
cation devices to transmit messages about a vehicle’s speed, heading, brake
status, and other information to other vehicles and receive the same infor-
mation from the messages, with range and “line-of-sight” capabilities that
exceed current and near-term ‘“vehicle-resident” systems—in some cases,
nearly twice the range. This longer detection distance and ability to “see”
around corners or “through” other vehicles helps V2V-equipped vehicles to
perceive some threats sooner than sensors, cameras, or radar can and warn
their drivers accordingly.

3. V2V technology can also be fused with vehicle-resident technologies to
provide even greater benefits than either approach alone. V2V can augment
vehicle-resident systems by acting as a complete system, extending the abil-
ity of the overall safety system to address other crash scenarios not covered
by V2V communications, such as lane and road departure. A fused system
could also augment system accuracy, potentially leading to improved warn-
ing timing and reducing the number of false warnings.

For a discussion of NHTSA’s views on how the various levels of vehicle auto-
mation will play an important role in reducing crashes and how onboard systems
may someday work cooperatively with V2V technology, see NHTSA’s Preliminary
Statement of Policy on Vehicle Automation (NHTSA, 2013).

With such warning information, the driver can take action to reduce the severity
of the collision or avoid it completely. The NHTSA estimates that this technology
could be a “game changer,” potentially addressing 80% of vehicle crashes involving
nonimpaired drivers (NHTSA, 2013).

Harding et al.’s (2014) report also includes preliminary estimates of safety benefits
showing that two safety applications—Ileft turn assist (LTA) and intersection movement
assist (IMA)—could prevent up to 592,000 crashes and save 1083 lives per year. Thus,
the V2V technology could help drivers avoid more than half of these types of crashes that
would otherwise occur by providing advance warning. LTA warns drivers not to turn left
in front of another vehicle traveling in the opposite direction, and IMA warns them if it is
not safe to enter an intersection due to a high probability of colliding with one or more
vehicles. Additional applications could also help drivers avoid imminent danger through
forward collision, blind spot, do not pass, and stop light/stop sign warnings.

Several major automakers and numerous technology providers have been working
with NHTSA and researching the potential safety benefits of V2V. Since 1999, the
Federal Communication Commission (FCC) has set aside a separate band (5.9 GHz
frequency band) of airways for V2V wireless communications. Currently, the FCC
is exploring whether this spectrum can be shared with unlicensed Wi-Fi devices, a
decision that automakers believe should not be made till it can be proven that there
will be no interference.
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SELF-DRIVING VEHICLES

A number of vehicle manufacturers have demonstrated vehicles that have capabili-
ties to drive without any inputs or interventions from the drivers. These vehicles have
sensing capabilities to continuously monitor the roadway and traffic situations and
take the necessary lateral (steering) and longitudinal (accelerator and brake pedal
actions) control actions. With integrated GPS support, the vehicles can also select
routes and reach preprogrammed destinations. With the implementation of such
technologies, the vehicle becomes “autonomous” (i.e., acting separately from other
things or people; having the power or right to govern itself).

Many of the currently available driver assistance systems, such as automatic brak-
ing, adaptive cruise control, and lane-keeping systems will be integrated over time to
create the self-driving cars.

The future of such technologies is currently debated, because drivers may not be
ready to trust such systems. Further, the problem of hacking into such cars needs
to be solved to the highest degree of confidence, because if hackers can get into the
electronic systems of such vehicles, they can alter the output actions of a vehicle. It is
expected that in the near future, automakers will integrate many of the driver assis-
tance capabilities and offer vehicles with limited capabilities (semi-automated and
not fully automated self-driving vehicles), such as (a) adaptive cruise control with
lane-changing capabilities, (b) self-parking vehicles, and (c) autopilot features that
allow drivers to take their hands off the wheel under certain preapproved conditions
(Naughton, 2015).

Self-driving trucks are another important application area for this technology.
Many commercial applications, including those of the army, can use self-driving
trucks. Sedgwick (2016) describes how the army can benefit from having a convoy
of self-driving trucks that can follow a lead truck with a human driver. The potential
for reducing driver workload and number of human drivers is also very appealing
for many commercial delivery applications. The self-driving trucks can operate over
long distances with much fewer breaks (no coffee breaks and only stopping to refuel)
and thus, can transport cargo in shorter delivery times.

LIGHTWEIGHTING TECHNOLOGIES

Lightweight materials and new structural optimization technologies are used to
reduce the weight of the vehicle. Reducing vehicle weight results in less power being
required to accelerate and maintain a given speed of the vehicle, and thus, weight
reduction reduces the fuel consumption of the vehicle. During the early stages of
product development, all vehicle systems are studied to evaluate weight reduction
possibilities. Automakers have been experimenting for decades with lightweighting
technologies, but the effort is gaining urgency with the adoption of tougher gas mile-
age standards (EPA and NHTSA, 2012). To meet the government’s goal of nearly
doubling average fuel economy to 45 mpg by 2025, light vehicles need to lose some
weight.

The weight reduction possibilities generally involve combinations of the follow-
ing approaches: (a) use of different lightweight materials (e.g., high-strength steels,
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aluminum, magnesium, composites/plastics/carbon fiber), (b) new structural designs
and mechanisms (e.g., space-frame designs with composite body panels and hollow
coil springs), (c) different production techniques (e.g., hydro-formed body and chas-
sis components, titanium suspension links, spray-painted metal circuits), (d) joining
methods (e.g., riveting of steel and aluminum body parts, adhesives, laser welding
of dissimilar materials), and (e) smaller, lower-weight, and more efficient fuel-saving
powertrains. Many technological advances, such as turbo-boost engines, eight-speed
transmissions, stop-start, and cylinder deactivation have been attempted to improve
the fuel-saving capabilities of powertrains. Hybrid and electric power plants pro-
vide improved fuel economy; however, the need to carry heavy batteries generally
increases the weight of the vehicle. All these approaches generally increase costs and
development time and add challenges to maintaining high levels of reliability and
durability while achieving the desired performance levels.

There follows a short summary of various materials currently used in the auto
industry (Helms, 2014).

1. High-strength steel (HSS): HSSs are lighter and stronger steels, composed
of mixtures with other elements, such as nickel and titanium. Currently,
HSS makes up at least 15% of the car’s weight. Some newer vehicles (e.g.,
the 2014 Cadillac ATS) are using nearly 40% HHSs. HSS costs about 15%
more than regular steel, but less than aluminum. HSS weighs more than
aluminum. However, with continuing advances in structural designs, the
vehicle weight can be further reduced with HSS.

2. Aluminum: The typical vehicle already contains around 340 Ib of alumi-
num, which makes up 10% of the weight of a mid-size car. The 2013 Range
Rover dropped around 700 Ib with its all-aluminum body, while the 2014
Acura MDX shed 275 1b with increased use of HSS, aluminum, and mag-
nesium. The 2015 F-150 pickup has reduced its weight by up to 700 Ib as
compared with its earlier version. Aluminum is most commonly used in
engines, wheels, hoods, and trunk lids. Aluminum is lighter than steel and
easy to form into a variety of parts. It is also more corrosion resistant than
steel. The supply of steel is many times greater than that of aluminum, and
will be for many years. Aluminum costs about 30% more than conventional
steel, and a rapid increase in demand could make aluminum prices vola-
tile. Some projections have estimated that the use of aluminum in the auto
industry will triple by 2030.

3. Carbon fiber: This is a high-strength material made from woven fibers. The
specific weight of carbon fiber is about half that of steel. Carbon fiber is resis-
tant to dents and corrosion, and it offers high design flexibility, as it can be
formed into a variety of shapes as compared to the stamped steel. However,
the high cost of carbon fiber and the longer part-forming (manufacturing)
times are substantial drawbacks for the auto industry. Carbon-fiber parts are
made from petroleum-based strands, which must go through several stages
before they are woven into carbon fiber. After that, it takes about 5 min to
form the material into a part, compared with about 1 min for steel or alumi-
num. Carbon fiber is about five to six times more expensive than steel.
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Many organizations are experimenting with cheaper materials for the fibers and
faster-curing resins that could shorten the time and costs of forming parts. Carbon
fiber is expected to be used in limited amounts on low-volume or luxury cars till
major advances occur. The 2014 Chevrolet Corvette Stingray has a carbon-fiber hood
and roof, and the 2014 BMW i3 electric car is built around a carbon-fiber frame.

AErRODYNAMIC DRAG REDUCTION

Many improvements in aerodynamics are constantly developed and incorporated
into new vehicle designs. The improvements range from coming up with a more
aerodynamic basic vehicle shape to introducing active aerodynamic elements to alter
air flow around the vehicle (Gehm, 2015). Some recently introduced aerodynamic
improvements include

1. Lowering vehicle height at higher driving speeds by use of adjustable
suspensions.

2. Lightweight underbody panels to reduce underbody turbulence.

3. Active shutters in grills and front bumpers to reduce and deflect air into the
engine compartment.

4. Active deflector elements that move outward and rearward to reduce drag
around wheels.

5. Flush (noncupped) wheels or active wheel rims (e.g., the intelligent aero-
dynamic automobile (IAA) concept introduced by Mercedes-Benz, which
changes their cupping from 50 mm to zero—from five-spoke to flat-disc
wheels).

6. Extendable rear ends and spoilers.

. Low-profile or flush-mounted door handles.

8. Smaller rear view mirrors or replacing outside mirrors with rear-facing
video cameras displaying their view on a screen mounted in the instrument
panel. Note: FMVSS 111 requires flat (unit magnification) inside and left
outside mirrors (NHTSA, 2016).

~

TECHNOLOGY PLAN

Table 6.1 illustrates how changes in various vehicle systems and subsystems are
planned to meet the weight reduction and fuel economy objectives of a future elec-
tric vehicle.

CONCLUDING REMARKS

Advances in technology are influencing vehicle designs substantially through devel-
opments in powertrains, acrodynamics, materials, electronics, driver interfaces, and
so forth. Fuel economy and cleaner vehicles are being developed along with alter-
nate energy sources. Ongoing research studies on autonomous or driverless vehicles
have now demonstrated that even higher levels of passenger comfort, convenience,
and safety are possible. The technological developments have also changed how
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vehicles are being developed by increasing use of the computer-assisted technolo-

gies in design, engineering, and management activities covered in other chapters of
this book.
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Relation of Vehicle
Attributes to
Vehicle Systems

INTRODUCTION

After collection of all the necessary background information (covered in the pre-
ceding chapters) needed to design a vehicle, the challenge is to come up with a
list of detailed design specifications for the vehicle. The detailed specification
must include all the functions that must be performed by the vehicle and its sys-
tems. Detailed benchmarking of existing vehicles provides useful information in
understanding the configuration, construction, and functions of all vehicle systems
within the selected vehicles. The information facilitates brainstorming of how the
new vehicle should be designed. The vehicle design generally begins with the over-
all vehicle specifications (vehicle type and exterior dimensions) and allocation of
the vehicle functions to different vehicle systems, creating the configuration (i.e.,
the arrangement of all the entities within each of the systems) and allocating space
for each of the systems within the overall vehicle envelope. Therefore, this chap-
ter describes the tasks that need to be performed and the relationships that must
be met between customer needs, vehicle attributes, vehicle functions, and system
design details.

OVERVIEW OF TASKS AND RELATIONSHIPS BETWEEN
CUSTOMER NEEDS AND SYSTEMS DESIGN

A new vehicle program begins with the desire and direction of the higher manage-
ment of the company to develop a new vehicle (or a set of new vehicles). Figure 7.1
presents a flow diagram of activities, beginning with the management direction and
ending with the evaluation of the new vehicle concept. The need for a new vehicle
program is generally presented to and discussed with the upper management of the
company by the advanced product planning department in a series of advanced
product planning meetings. If the management is convinced of the need, it directs
the vehicle program management to develop a concept of the proposed vehicle and
evaluate the concept by showing it to customers in market research clinics. The flow
diagram of activities undertaken to follow the management directions is shown in
Figure 7.1. The flow of activities is iterative and involves a number of profession-
als from different disciplines. The process and activities shown in Figure 7.1 are
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FIGURE 7.1 Flow diagram of activities relating management directions to customer evalu-
ation of new vehicle concept.

dependent on many factors, such as the state of sales of the existing products of
the company and its competitors, technological advances, and the availability of
resources to develop a new vehicle. Thus, the process of activities varies greatly
within different vehicle programs of an automotive company and also between dif-
ferent automotive companies.
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Important points to understand from Figure 7.1 are

1. Overall vehicle specifications: These specifications must be decided very
early in the vehicle program. Everyone in the program must understand
the type of vehicle and overall vehicle characteristics such as number of
passengers, payload, exterior dimensions, and curb weight. Thus, these
specifications are the starting point of the program. These specifications
are determined from careful studies of (a) customer needs, (b) business
needs, (c) government requirements that the vehicle must meet, (d) design
and technological trends, and (e) detailed benchmarking of leading com-
petitors’ vehicles.

2. Vehicle attribute requirements: All the required attributes of the pro-
posed vehicle and the requirements for each attribute must be defined (see
Chapter 2 for details). The target values for each attribute requirement at
the vehicle level must be carefully determined to ensure that the vehicle
designed to meet these requirements will meet all the customer, business,
and regulatory needs.

3. System requirements: The system requirements specify how each system
should be designed and what it should do. The system requirements used
for designing each vehicle system must be developed (or cascaded) from
the vehicle attribute requirements and careful allocation of functions (i.e.,
all the functions the vehicle must perform) to each of the vehicle systems. It
should be noted that the functions that the vehicle must perform are devel-
oped to meet the attribute requirements. In most automotive companies,
internal system design specifications (or standards) are developed and made
available to expedite the process of creating (or selecting) design require-
ments for each system of the proposed vehicle. These standards are gener-
ally very comprehensive, including technical information on details such as
recommended configurations, construction and packaging considerations,
design requirements, interfaces of the system with other systems (i.e., an
interface diagram showing subsystems of the system and other interfacing
vehicle systems; see Chapter 8), design and installation guidelines, test pro-
cedures, test equipment, and so forth.

4. Overall vehicle packaging and design: This task involves the integra-
tion and consideration of design, engineering, and manufacturing issues
by the coordinated efforts of package engineers, designers, and engineers
and experts from all the different attribute departments (see the widest box
in Figure 7.1). Their basic task is to create the vehicle design, which can
be easily visualized and evaluated using computer-assisted design (CAD)
models, drawings, and physical bucks. The vehicle design illustrates the
form of the vehicle (e.g., its shape, size, and the proportions of different
vehicle dimensions), the spaces and locations of all major vehicle systems,
and some features of constructional details.

5. Vehicle concept evaluation: Once the overall vehicle concept is designed
in sufficient detail to allow visualization and design reviews of the pro-
posed vehicle, it should be evaluated to ensure that it will meet the needs
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of customers. Market research clinics are generally conducted to evaluate
the vehicle concept. In the market research clinic, representative samples
of customers are invited and led by an interviewer to observe the vehicle
concept and provide answers to a series of questions. The vehicle concept
is shown to the customers using methods such as computer visualization,
CAD simulations, vehicle views, and/or physical bucks illustrating interior
and exterior details of the vehicle. The market research clinics are described
in Chapter 21.

Additional descriptions of the concepts and details involved in these tasks are
provided in the following sections of this chapter.

ALLOCATION OF ATTRIBUTE REQUIREMENTS
TO VEHICLE SYSTEMS

This section describes the following tasks involved in the process of allocation of
vehicle attribute requirements to each vehicle system: (1) development of overall
vehicle specification, (2) development of attribute requirements for the proposed
vehicle, (3) refinement of vehicle attribute requirements, and (4) cascading vehicle
attribute requirements to vehicle systems.

DEVELOPMENT OF OVERALL VEHICLE SPECIFICATIONS

The vehicle specifications involve (a) identifying the major vehicle parameters and
(b) assigning target values to the identified parameters. The major vehicle param-
eters include key exterior and interior dimensions, capacities, and capabilities to per-
form major vehicle functions. The specifications of the vehicle should include

1. Vehicle type, body-style, size (vehicle class), passenger and cargo/luggage car-
rying capacity (total number of occupants, seating configuration [number of
seat rows and occupants in each row]), trunk/cargo volume, and vehicle weight

2. Major exterior dimensions: Overall vehicle length, width and height, cowl
and deck point locations, windshield and backlite (rear window) slope angles,
tumblehome angle, wheelbase, front and rear overhangs, wheel size, front and
rear tread (or track) widths, ground clearance, approach and departure and
ramp break-over angles (these exterior dimensions are defined in Chapter 20)

3. Major interior dimensions: Height of the seating reference point (SgRP)
from the ground and vehicle floor, accelerator heel point to SgRP, seat track
length, leg room, shoulder room, head room, and hip room for each occu-
pant row, and couple distance (longitudinal distance between front and sec-
ond row SgRPs) (see Chapter 20 for definitions and more details on the
above interior dimensions)

4. Longitudinal motion performance: (a) Time to accelerate to a given speed
(e.g., 0—60 mph time in seconds), (b) time and maximum attainable speed
in a given distance (e.g., time taken to travel ¥4 mile and maximum speed
attained in % mile), and (c) 60—0 mph stopping distance.
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5. Steering and lateral motion performance: (a) Minimum turning radius and
(b) maximum lateral acceleration (e.g., maximum velocity while going
around a 300 ft diameter circle on a dry pavement)

6. Fuel consumption and range: (a) fuel type (gasoline, diesel, natural gas
[compressed natural gas, CNG, or liquefied natural gas, LNG], hydrogen,
or electric power), (b) travel distance per fuel volume (miles per gallon or
kilometers per liter) in city, highway, and combined driving situations, or
electric power consumption (kilowatt hours per kilometer), and (c) maxi-
mum travel distance per full fuel tank and fully charged battery (if hybrid
or electric vehicle)

7. Vehicle systems details: Powertrain type, engine size and output character-
istics, front and rear suspension characteristics

8. Towing capacity: Towing load (pounds or kilograms) for truck and sports
utility vehicle (SUV) products

9. Power and comfort features and their characteristics: For example, power
windows and lock, power seats, power steering, tilt/telescopic steering col-
umn, cruise control, dual zone climate controls, rearview camera, and park-
ing aids

10. Entertainment and communication systems and their characteristics: Audio,
navigation and information/communication systems

11. Safety and driver assistance systems and their characteristics:
Crashworthiness features (seat belts and air bags), crash-avoidance features
(e.g., braking, steering and stability systems, exterior lighting systems,
blind area detection and rear vision systems), and driver assistance features
(e.g., lane-departure warning and forward braking systems).

The items included in the vehicle specifications may vary somewhat depending
on vehicle type, vehicle program, manufacturer, and reporting organization.

It should be noted that the design specifications are generic; that is, they only
specify what to achieve—they do not specify how systems should be designed to
achieve the specifications (that part comes later).

DEFINING ATTRIBUTE REQUIREMENTS FOR THE PROPOSED VEHICLE

After the initial vehicle design specifications are agreed on by the program man-
agement, the product planning team begins development of the attribute goals and
requirements for the vehicle. The attribute targets (goals) define how well the vehicle
should be positioned or compare with other vehicles in its class (or market segment).
Table 7.1 illustrates the attribute targets of a mid-size passenger car (e.g., Ford Fusion
or Toyota Camry).

The attribute requirements must be drafted from the targets to ensure that they
will meet customer needs and create the overall image of the vehicle as fitting into
the specified market segment and brand and possessing other key characteristics, for
example, body-style, performance, and feature content.

Benchmarking of leading products in the market segment is conducted. The data
gathered are used to prepare a Pugh diagram. A Pugh diagram is very useful in
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TABLE 7.1

Attribute Targets of a Mid-Size Passenger Car

Serial No. Vehicle Attribute Subattributes Targets (Goals)

1 Package Occupant seating package, The vehicle should have at
entry and exit, luggage/cargo least 40 mm more rear leg
package, fields of view, room than its existing model.
powertrain package, The overall vehicle package
suspensions and tire package, rating must be in the top
other mechanical and quartile of the vehicles in its
electrical package market segment.

2 Ergonomics Locations and layouts, hand The vehicle should be among
and foot reach, visibility and the leaders within its class.
legibility, posture comfort,
operability

3 Safety Front impact, side impact, rear The vehicle must meet all
impact, rollover and roof federal safety standards and
crush, air bags and seat belts, receive 5 star ratings in all
sensors and ECMs, other impact categories.
safety features (visibility,
active safety)

4 Styling and Exterior—Shape, proportions, The vehicle should be rated as

appearance stance, and so on, the best among its class.
Interior—Configuration,
materials, color, texture, and
SO on.
5 Thermal and Aerodynamics, thermal The vehicle should get ratings
aerodynamics management, water better than the class average.
management
6 Performance and Performance feel, fuel The vehicle should get ratings
drivability economy, long range among the top quartile of the
capabilities, drivability, vehicles in its class. The
manual shifting, trailer towing vehicle must also meet
federal fuel economy
requirements for its footprint
size for MY 2022.

7 Vehicle dynamics Ride, steering and handling, The vehicle should get ratings

braking better than the class average.
The vehicle should meet
federal motor vehicle safety
standards on braking systems.

8 Noise, vibrations, Road NVH, powertrain NVH, The vehicle should get ratings

and harshness
(NVH)

wind noise, electrical and
mechanical systems NVH,
brake NVH, squeaks and
rattles, passerby noise

better than the class average.

(continued)
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TABLE 7.1 (CONTINUED)

Attribute Targets of a Mid-Size Passenger Car

Serial No.

9

11

12

15

Note:

Vehicle Attribute

Interior climate
comfort

Weight

Security

Emissions

Communication
and
entertainment

Costs

Customer life
cycle

Product and process

complexity

Subattributes

Heater performance,
air-conditioning performance,
water ingestion

Body system weight, chassis
system weight, powertrain
weight, electrical system
weight, fuel system weight

Vehicle theft, contents/
component theft, personal
security

Tailpipe emissions, vapor
emissions, onboard
diagnostics

Internet connectivity,
within-vehicle coactivity,
vehicle-to-infrastructure
communication, vehicle-to-
vehicle communication, audio
reception

Cost to the customer, cost to
the company

Purchase and service experience,
operating experience, life stage
changes, system upgradability,
disposal and recyclability

Commonality, reusability,

carryover, product variations,
plant complexity, tooling and
plant life-cycle changes

ECM, electronic control module.

Targets (Goals)

The vehicle should get ratings
better than the class average.

The vehicle should meet 3400
Ib max curb weight.

The vehicle should get ratings
better than the class average.

The vehicle must meet federal
emissions requirements for its
footprint size for MY 2022.

The vehicle should be rated as
the best among its class.

The vehicle cost should be near
the average of the vehicles in
its class in MY 2020.

The vehicle should attract 20%
more customers than the
existing vehicle.

The vehicle should use at least

30% carryover components and
must not exceed current
complexity levels in the final
assembly plants.

understanding the level of each attribute needed in defining the vehicle. The Pugh
diagram is used to further improve different vehicle concepts (see Chapter 18).
Promising concepts are further evaluated in market research clinics to select a lead-
ing concept for development of the proposed vehicle.

REFINEMENT OF VEHICLE ATTRIBUTE REQUIREMENTS

During benchmarking, concept development, and concept selection, a number of
decisions are iteratively made about how the proposed vehicle should be configured
in terms of locations, functionality, and performance characteristics of major vehicle
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systems. Constant communication (in daily or weekly team meetings) between vari-
ous design teams at vehicle and systems levels and design reviews facilitate devel-
oping a balanced set of attribute requirements (by achieving trade-offs between
different attributes, functions to be allocated to various systems, and their configura-
tion as represented in the vehicle package and CAD models).

SPECIFICATION OF VEHICLE FUNCTIONS FROM VEHICLE ATTRIBUTE
REQUIREMENTS AND ALLOCATION OF FUNCTIONS TO VEHICLE SYSTEMS

For a vehicle to possess the stated attributes, it must meet the requirements for each
of the vehicle attributes. To meet the attribute requirements, the vehicle must per-
form many functions. Vehicle functions are actions and outputs that the vehicle as
a whole must perform to achieve its specifications and attribute requirements. The
primary vehicle goal is to safely transport passengers and luggage/cargo on roads
within the specified market under all daytime, nighttime, and weather conditions.
The braking, accelerating, and steering functions to be accomplished by the vehicle
for the transportation must be established in terms of customer expectations such
as stopping distances and speeds to be achieved in a specified time. The level of
occupant comfort to be met during ride and handling must be specified. Similarly,
the seating and interior configuration must be specified (e.g., in terms of maximum
levels of vertical, longitudinal, and lateral space and acceleration) to provide the
required level of safety, comfort, and convenience.

The vehicle-level functions are met by assigning (or allocating) one or more of
the vehicle functions to each of its vehicle systems. Each vehicle system must there-
fore perform certain operations to perform its assigned functions. The functions to
be performed by each vehicle system thus become the targets (goals) in designing
and configuring each vehicle system. For example, to meet the vehicle function of
accelerating, the powertrain system must function to generate a specified relation-
ship between engine speed and output torque.

The process of assigning functions to vehicle systems requires many design itera-
tions, as there are many different ways the vehicle systems can be configured and
designed. Finding a unique combination of designs of all the vehicle systems that
meets all the vehicle-level requirements is challenging, as it requires a number of
trade-offs to be made between vehicle attributes. For example, if a very powerful
engine is selected to meet the vehicle acceleration capability, it may not meet the
requirements for the fuel economy and vehicle weight attributes. Similarly, to incor-
porate a high-performance braking system, a larger brake system may not be able to
meet the requirements for its cost and weight attributes.

The functions of each vehicle system must be defined by considering (a) attribute
requirements, (b) the relationship of the attribute to the system, and (c) interfaces of
the systems with other systems.

For example, the basic functions of the vehicle body system are to

1. Provide the basic vehicle structure (framework) to position and hold all
other major vehicle systems, such as powertrain, chassis, fuel, and electri-
cal system
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. Position and protect occupants from wind, precipitation, and debris

. Enhance vehicle appearance (styling) and reduce aerodynamic drag

. Absorb crash energy during accidents

. Provide safe and comfortable operating environment (includes occu-
pant space, lighting and visibility, and driver interface) during all driving
conditions

. Provide for comfortable entry/egress (e.g., seat height and door openings)

. Reduce corrosion and protect all vehicle systems

8. Provide space for luggage/cargo, spare tire, and tire-changing tools

(S SRS I N

~N

Functional analysis can be performed using many different techniques. Functional
analysis systems technique (FAST) and integration definition of function model-
ing (IDEF) are two commonly used techniques to define and organize functions to
ensure that all the needed functions are included during requirement development
(Bytheway, 2007; Colquhoun et al., 1993).

Figure 7.2 presents a flow diagram of vehicle functions created using FAST.
FAST involves brainstorming all possible functions of the product or a system being
designed by the use of pairs of verbs and nouns, for example, transport people,
accommodate people. The functions are arranged from left to right such that the
most basic functions are on the left side and other secondary functions that need to
be performed to achieve the basic functions are listed on the right side. Additional
functions of the same level can be listed above or below other functions. A multi-
disciplinary team is involved in creating the lists of functions and organizing them
within the scope of the problem between the two dotted lines to the left and right,
which are labeled as “How?” and “Why” (i.e., How should the product function?
And why is a secondary function created?). After all the possible functions have
been listed and joined by arrows to indicate the flow, entities such as vehicle systems
and their lower-level entities (e.g., subsystems, sub-subsystems down to component
level) can be proposed (i.e., functions are allocated to entities). The proposed entities
can be arranged in many possible ways within the vehicle space till a balanced and
acceptable vehicle configuration is created.

CASCADING VEHICLE ATTRIBUTE REQUIREMENTS TO VEHICLE SYSTEMS

All vehicle attribute requirements must be cascaded to all vehicle systems. This
means that all the requirements for each vehicle system must be developed to meet
one or more of the vehicle-level attribute requirements. Thus, each vehicle system
requirement can be traced up to one or more vehicle-level requirements. Thus, no
vehicle system should be designed without making sure that it helps meet at least one
vehicle-level attribute requirement. Otherwise, the system may perform some func-
tions that are not needed to fulfill customer needs.

The relationship matrix between vehicle attributes and vehicle systems presented
in Table 2.3 also provides more useful insights. For example, Table 2.3 shows that
many attributes are related to many vehicle systems; that is, the related attributes
affect the design of many vehicle systems. Further, a single attribute (e.g., weight)
can be related to the design of many vehicle systems.
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FIGURE 7.2 Illustration of function diagram for a vehicle.

The following two observations from Table 2.3 illustrate these points:

1. Package attribute: The package engineering will provide space for all vehi-
cle systems. Thus, the locations of all vehicle systems must be studied to
determine the spaces required to develop interfaces (e.g., physical attach-
ment points and attachment mechanisms, electrical cables, fuel lines, cool-
ant pipes, and brake fluid lines) between various systems.

2. Ergonomics attribute: All user (driver, passenger, and installer) interface
equipment, such as controls and displays involved in operation of each of
the systems, must be designed to meet the requirements for the ergonomics
attribute (see Bhise, 2012 for more detail on ergonomic issues).
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This topic of cascading attribute requirements to vehicle systems is covered in
greater detail in Chapter 9.

Further, since many vehicle systems are connected to other vehicle systems to
perform their functions, the interfaces between different vehicle systems need to
be analyzed and designed to meet the interface requirements. The topics related to
interface design and requirements are covered in Chapter 8. In designing any vehicle
system, understanding its interfaces with other vehicle systems is very important.
The interfaces must be designed to ensure that together they meet all the vehicle-
level attribute requirements. Table 8.1 presents an interface matrix of major vehicle
systems. The matrix shows the following:

1. All vehicle systems are interfaced with five to seven other vehicle systems.

2. The vehicle body system, the powertrain system, the electrical system, and
the driver interface system have the greatest number of interfaces to other
systems. Thus, these systems have a substantial effect on the overall vehicle
performance, drivability, and driver comfort and convenience.

Additional information on the interface matrix is provided in Chapter 8. Bhise
(2014) also provides additional information on interface analysis.

SYSTEM DESIGN SPECIFICATIONS

System design specifications must be created for each vehicle system. The system design
specifications help in reducing the effort and time needed to develop requirements for
each system. The system design specification should include descriptions and details on

1. The objective of the system

2. Functions to be performed by the system

3. Interfaces of the system with other vehicle systems, including interface dia-
grams and interface matrices

4. Descriptions of possible configurations of the system, including its subsys-

tems, and interfaces between the subsystems and other vehicle systems

. Design specifications, requirements, and guidelines for the system

6. Test procedures and test equipment for verification of the functions of the
system

7. Special requirements: Mandatory government requirements, requirements
specific to certain market segments related to vehicle body-style, level of
luxury, comfort, and so forth

8. Additional information on customer feedback and lessons learned from
implementation of similar systems in other existing products

9. Additional reference information (e.g., benchmarking data, research studies
and reports)

9,1

CONCLUDING REMARKS

The challenge is to design the vehicle using a top-to-bottom (vehicle level down to
lower levels) approach, so that all requirements and design work are traceable to the
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beginning step involving customer needs, government requirements, and company
needs. The engineering competence and skills come from the design team’s capa-
bilities to cascade the requirements down to the lowest level of systems to create a
balanced vehicle design that meets all the attribute requirements by selecting accept-
able trade-offs between various requirements. Chapters 8 and 9 provide additional
information on interfaces between systems, interface requirements, and cascading
vehicle attribute requirements to vehicle systems requirements.
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8 Understanding Interfaces
between Vehicle Systems

INTRODUCTION

An automotive product contains many vehicle systems. The vehicle systems must be
interfaced with other vehicle systems such that the systems work together to perform
all the functions of the vehicle. Automotive designers work with studio engineers
and package engineers to create exterior and interior surfaces to form envelopes. All
vehicle systems are packaged within their respective envelopes. For the systems to
work with other systems, the interfaces (i.e., connections) between the systems must
be designed to ensure that all systems fit within the vehicle space and perform their
allocated functions. In this chapter, we will review types of interfaces, interface dia-
grams, and interface matrices used to understand interface design tasks and require-
ments for the interfaces.

INTERFACES

WHAT Is AN INTERFACE?

An interface can be defined as a “joint” whereby two (or more) entities (e.g., systems,
subsystems, or components) are linked together to serve their allocated functions.
Thus, the interface affects the design of both the entities and the parameters defining
the joint (i.e., the configuration of connecting elements at the interface). The joint
or the interface between the two entities must be compatible; that is, the values of
the parameters (e.g., dimensions of the interfacing portions) of the two interfacing
entities defining their capabilities must match. An interface can involve (a) physi-
cal connection (or attachment), (b) sharing of space (i.e., packaged close to each
other), (c) exchange of energy (e.g., transfer of mechanical, hydraulic, electric, ther-
mal, or luminous energy), (d) exchange of material (e.g., oil, coolant, gases), and/or
(e) exchange of data (e.g., digital and/or analog signals).

Knowing the type of interface and its characteristics is important to ensure that
the two interfacing entities work with each other to perform their allocated functions.
During the early design phases of the product, as the functions and their require-
ments are allocated and the systems are identified, the interfaces between different
entities and their parameters must be identified. As the design progresses further,
the parameters that define each interface in terms of its characteristics (e.g., dimen-
sions, strength of physical attachment forces, amount of current or data flow passing
through the interface) and their level of strength or capacity must be determined and
controlled during subsequent detailed design activities. The engineers involved in
designing both the interfacing entities must know how the two entities work with
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each other and how and what the interface must exchange, communicate, or share to
enable the two entities to work together and perform their intended functions.

It should be realized that since each system in a product performs one or more
functions, all the systems in a product must work together for the product to func-
tion. Thus, each interface must be carefully designed to ensure that both interfacing
systems are compatible.

Types OF INTERFACE

Interfaces between the systems, subsystems, or components of a product and other
external systems that affect the operation of the product and their components (e.g.,
parts, subassemblies, human operators, software) need to be studied and designed to
ensure that the product can be used by its customers. Interfaces can be categorized
by considering many engineering characteristics and user needs of the product (Lalli
et al., 1997). Some commonly considered types of interfaces are described in the
following list.

1. Mechanical or Physical Interface: This type of interface ensures that any
two interfacing components perform as follows: (a) they can be physically
joined together (e.g., by the use of bolts, rivets, threads, couplings, welds,
or adhesives), (b) their linkages (or joints) can be fixed or allow a range
of movements (e.g., through pins or hinges), (c) they can transmit forces
between entities using elements, such as a link, spring, damper, or frictional
element (e.g., the interface between a brake drum and a brake shoe pad), and
(d) they have the required strength or transfer capabilities (e.g., for transfer
of materials, heat, or forces) and durability (i.e., ability to work under many
work cycles involving loads, vibrations, temperatures, and so forth).

2. Fluidic or Material Transfer Interface: A fluidic or material transfer inter-
face (for the transfer of fluids, gases, or powdered/granular materials) can
be considered as a different type of interface, or it can be considered as
a mechanical interface involving pipes, tubes, hoses, ducts, seals, and so
on. The fluidic interface will enable the flow of fluids, gases, or powdered/
granular materials, with characteristics including flow rates, purity, pres-
sures, temperatures, insulation, sealing, corrosion resistance, and so forth.

3. Packaging Interfacing Entities: Physical space is required to package
or accommodate the two interfacing entities. The required space can be
determined from (a) the sizes/volumes and shape of spaces (i.e., three-
dimensional envelopes) occupied by the two interfacing entities and their
interfaces, (b) clearance spaces required around the entities to account
for vibrations, movements of parts/linkages, air passages for cooling, and
hand/finger or tool access space for assembly/service/repair, and (c) consid-
eration of minimum and maximum separation distances required for their
operations. Some examples of packaging interfaces are (a) the engine is
packaged within the engine compartment, (b) the engine and the radiator
are packaged together, and (c) the occupants are packaged within the pas-
senger compartment.
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4. Functional Interface: In some cases, if it is necessary to provide one or
more functions, one or more of the above types of interfaces may be com-
bined and defined as a functional interface. For example, an automotive
suspension system forms a unique functional interface (involving physical
links and their relationships with relative movements with energy transfer)
between the sprung and unsprung masses of the vehicle.

5. Electrical Interface: An electrical interface ensures that two interfacing
entities can form an electrical connection/coupling (e.g., with connectors,
pins, screws, soldering, or spring-loaded contacts/brushes) that can carry
the required electrical current or signals, provide the necessary insulation
protection, and/or enable data transfer, and may have other characteristics,
such as resistance, capacitance, electromagnetic fields, or interferences.

6. Software Interface: A software interface ensures that when data are trans-
ferred from one entity (with a software system) to another, the format and
transmission characteristics of the coded data through the two interfacing
entities are compatible so as to facilitate the required amount and rate of
data transfer.

7. Magnetic Interface: A magnetic interface generates the required magnetic
fields for operation of devices such as solenoids/relays, electric machines
(motors, generators), levitation devices, and so on.

8. Optical Interface: An optical interface (e.g., fiber optics, light paths, light
guides, light piping, mirrors or reflecting surfaces, lenses, prisms, and fil-
ters) allows the transfer of light energy between adjoining entities through
luminous or nonluminous (e.g., infrared) energy transmission and reflec-
tion. The interface may also function to prevent radiant energy transfer by
shielding, baffling/blocking, or filtering of unwanted radiated energy.

9. Wireless Interface: This type of interface can communicate signals or
data without wires via radio frequency communication, microwave com-
munication (e.g., long-range line-of-sight via highly directional antennas,
or short-range communication), infrared (IR) short-range communication,
Bluetooth, and so forth. The interface applications may involve point-to-
point communication, point-to-multipoint communication, broadcasting,
cellular networks, and other wireless networks.

10. Sensor or Actuator Interface: A sensor has a unique interface that converts
certain sensed energy or object characteristic (e.g., light, motion, touch, dis-
tance or proximity to certain objects, pressure, and temperature) into an
electrical output or signal. For example, a float or floating sensor device can
sense fluid levels and convert them into electrical signals, whereas an actua-
tor produces an output (e.g., movement of a control or mechanical links) by
converting an input from one type of modality to a different output modal-
ity. For example, a stepper motor produces a precise angular movement for
each electrical pulse input.

11. Human Interface: When a human operator is involved in operating, moni-
toring, controlling, or maintaining a product, the human—machine or
human—computer interface (commonly referred to as the HMI or HCI,
respectively) will include devices such as human accommodating or
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positioning devices (e.g., chairs, seats, armrests, cockpits, standing plat-
forms, steps, foot rests, handles, access doors), controls (e.g., steering wheel,
gear shifter, switches, buttons, touch controls, stalks, levers, joysticks, ped-
als, and voice controls), tools (e.g., hand tools, powered tools), and displays
(e.g., visual, auditory, tactile, and olfactory displays).

INTERFACE REQUIREMENTS

To design an interface, an engineer must first understand the overall requirements
of the product and the allocated functions and characteristics of both the entities
attached or linked at the interface. The requirements for the interface should specify
the following: (a) the functional performance of both the entities, (b) configuration of
the entities, (c) available space to create the interface, (d) environmental conditions
for the operation of the product and comfort of the human operators, (e) durability
(minimum number of operational cycles for which the product must function), (f)
reliability and safety considerations in performing the required functions, (g) human
needs (e.g., viewing and reading needs, hearing needs (sound frequencies and levels),
lighting and climate control needs, and product-operating needs), and (h) electro-
magnetic interference. In addition, the requirements should include any other special
constraints (e.g., weight requirements, aerodynamic considerations, and operating
temperature ranges) that must be met.

Steps involved in the interface requirements development process generally use
an iterative approach (with a series of steps and loops as shown in Figures 2.2 and
2.3) unless a previously developed requirements document (or a standard) is avail-
able. The series of steps typically involves the following:

1. Gather information to understand how the interfacing entities work, fit into
the product, and support the overall functionality, performance, and require-
ments of the product (e.g., review existing system design documents and
standards). Draw an interface diagram (described in the next section). Meet
with the design team members of the interfacing entities (e.g., core engineer-
ing functions such as body engineering, powertrain engineering, electrical
engineering, and climate control engineering for an automotive product) and
product design teams to understand issues and trade-off considerations with
the product attributes (e.g., packaging space, safety, maintenance, and costs).

2. Document all design considerations, such as inputs, outputs, constraints,
and trade-offs, associated with the interface and its effects on other enti-
ties (e.g., develop a cause-and-effect diagram; conduct a failure effects and
mode analysis (FEMA) (see Chapter 18 and Bhise [2014])).

3. Study existing designs of similar interfaces and compare them by bench-
marking competitors’ products (see Chapter 4 for benchmarking technique).

4. Study existing and new technologies that could be implemented to improve
the interfaces.

5. Create an interface matrix (described in the next section) of selected systems
to understand all interfaces (between the selected systems, their sub-
systems and other vehicle systems), their types, and their characteristics.
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6. Create a preliminary set of requirements on how each interface should
function.

7. Translate requirements into design specifications (use of the quality func-
tion deployment [QFD] technique can help in this step; see Chapter 18 and
Bhise [2014]).

8. Brainstorm possible verification tests (or obtain available test methods from
existing standards) that need to be performed to demonstrate compliance
with the requirements.

9. Develop alternate interface concepts/ideas.

10. Review alternate concepts and ideas with subject matter technical experts
(i.e., conduct design iterations; see Chapter 2).

11. Select a leading design by analyzing all other entities that are functionally
linked to the entities associated with the interface (develop a Pugh diagram
to aid in decision making [see Chapter 17]).

12. Modify and refine interface diagram and interface matrix.

13. Iterate Steps 1-12 till an acceptable interface design is found (see Chapter 2).

The iterative workload described in this process can be reduced if an internal (com-
pany) design guide or standard for designing the entities being interfaced can be used
as a starting document along with the product-level requirements. Experts and other
knowledgeable people in the organization can provide information on valuable lessons
learned during the development of similar interfaces from past product programs.

VISUALIZING INTERFACES

REPRESENTING AN INTERFACE

An interface between any two entities (which could be systems, subsystems, or com-
ponents) can be represented by a simple arrow diagram, as shown in Figure 8.1.

The arrow (between the two entities) indicates a link (or relationship) between
the two entities, namely entity A and entity B. The arrow representing the link can
denote any of the following (see Figure 8.1):

1. Output of entity A is an input to entity B.

2. Entity A is mechanically attached to entity B.

3. Entity A is functionally attached to entity B (i.e., function of A is required
by B to perform its function).

4. Entity A provides information to entity B.

. Entity A provides energy to entity B.

6. Entity A transmits or sends signals, data, or material (e.g., fluids, gases) to
entity B.

9,

Entity A

Y

Entity B

FIGURE 8.1 Interface between two entities.
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Door trim P
panel

Y

Door frame |————| Vebhicle body

FIGURE 8.2 Interfaces between the interior door trim panel and the vehicle body.

For example, in an automobile, the interior door trim panel (on which the door
armrest and door switches are mounted) is physically attached (using plastic press-fit
studs) to the sheet metal door frame, and the door frame in turn is physically mounted
(bolted using screws) to the vehicle body via door hinges (see Figure 8.2). (Note: the
letter P placed above the arrows in Figure 8.2 indicates a physical connection.)

INTERFACE DIAGRAM

An interface diagram is a flow diagram (or an arrow diagram) showing how different
systems, subsystems, and components of a product, shown in blocks (or rectangles
in the flow diagram), are interfaced (i.e., joined or linked) by arrows. It provides a
visual representation of the product or a portion of the product showing where the
interfaces occur. It should also show the type of each interface by the use of letter
codes, such as P for a physical connection, E for an energy transfer, M for material/
fluid transfer, or D for data transfer placed next to the arrow.

An interface diagram is a useful tool in understanding how various systems, sub-
systems, and components are interfaced with each other. The diagram can be created
at any level: at the product (vehicle) level, showing all the systems of the product; at a
system level, showing all the subsystems of the system; at a subsystem level, showing
all the components of the subsystem; or at a mixed level, showing a system, its sub-
systems, and also other major systems of the product. Two examples of the interface
diagram are shown in later sections of this chapter. Figure 8.4 presents an interface
diagram of vehicle systems in a car, and Figure 8.5 presents an interface diagram for
an automotive braking system.

INTERFACE MATRIX

An interface matrix is a commonly used method to illustrate the existence and types of
interfaces between different entities (i.e., systems, subsystems, or components). All the
entities involved in the analysis are represented in the matrix. The entities are shown as
headings for both the rows and the columns of the matrix. The headings for the rows are
placed on the left side of the matrix, and the headings for the columns are placed above
the matrix. Each cell of the matrix is defined by the intersection of its row and column,
represented by the two interfacing entities. The description of the interface is shown in
the cell by one or more applicable letter codes to indicate the type(s) of the interface.

Figure 8.3 presents the output-to-input relationships between six entities in a
6 X 6 interface matrix (except for the cells in the diagonal). The entities are labeled
E1-E6. The interface between entities £J and EK is defined as IJK. Thus, 1JK rep-
resents the output of entity £J used by entity EK.

The contents of the cells (i.e., the representation of IJK) of the interface matrix
typically include letter codes that define descriptors of the types of interface between
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FIGURE 8.4 Interface diagram of vehicle systems.

FIGURE 8.3 Output-to-input relationships of entities indicated by the cells of the interface
matrix.
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each outputting entity and the receiving entity. The codes typically include P = physi-
cal interface, S =spatial-packaging interface, E = energy transfer, M = material flow,
I=information or data flow, and O (or a blank cell) = no relationship.

Thus, an interface matrix (a) captures the existence of all interfaces, (b) shows the
output-to-input relationships between any two entities (see Figure 8.3), and (c) pres-
ents the type(s) of interface between any two entities. Examples of interface matrices
are provided in the next section. The interface matrix is also called an interaction
matrix in some organizations.

The interface diagram and interface matrix are both very useful tools in visual-
izing relationships and documenting the presence of the interfaces (NASA, 2007,
Sacka, 2008). These tools make the design team aware of the presence of many inter-
faces and the types of these interfaces in the product. The next step is to understand
the connection configuration details and the functional requirements of the interfac-
ing entities, and to develop requirements for these interfaces to ensure that the inter-
facing entities can be designed to work together to perform their allocated functions.

EXAMPLES OF INTERFACE DIAGRAM AND INTERFACE MATRIX

VEHICLE SYSTEMS INTERFACE DIAGRAM AND INTERFACE MATRIX

Figure 8.4 illustrates an interface diagram for all the major systems in a vehicle. All
the eight major vehicle systems presented in Table 1.1 are shown in the blocks in the
interface diagram. The arrows between the blocks show interfaces between the sys-
tems, and the letter codes above or on the right side of each arrow indicate the type
of interface. The interface diagram shows that every system in the vehicle is attached
to several other systems of the vehicle. For example, all vehicle systems are attached
to the body system (which holds and positions all the systems to create the vehicle).
The electrical system, which provides the electrical power, is also interfaced to all
the other vehicle systems.

Table 8.1 presents an interface matrix illustrating the interfaces between all the
major vehicle systems shown in Figure 8.4. The advantage of the interface matrix
over the interface diagram is that it presents the interface information in an easy-to-
follow format. One can look across each row to determine how the outputs of the sys-
tem represented by the row are linked to other vehicle systems. For example, scanning
across all the columns and down all the rows, the matrix shows that the body system,
the powertrain system, the electrical system, and the driver interface system have the
highest number of interfaces to the other vehicle systems. Thus, the engineers work-
ing on these systems must be in constant communication with other vehicle systems
engineers to ensure that all the identified interfaces are designed to meet their respec-
tive requirements. Similarly, scanning horizontally across all columns indicates the
interfaces that receive the inputs from the systems in the respective rows.

VEHICLE BRAKE SYSTEM INTERFACES

The automotive brake (or braking) system illustrated in this section is for a vehicle
with front disc brakes, rear drum brakes, antilock braking system (ABS) capability,
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and a hand parking brake that applies the rear drum brakes. The braking system was
decomposed into four subsystems, and the major components in each of the subsys-
tems were assumed to be

1. Hydraulic subsystem

a. Brake pedal

b. Vacuum booster

¢. Vacuum pump

d. Master cylinder

e. Brake fluid reservoir

f. Brake lines

g. ABS solenoid valves
2. Mechanical subsystem

a. Calipers with pistons

b. Brake pads

c. Brake rotors (disc)

d. Wheel hubs

e. Spindle/axle

arking brake subsystem

a. Parking handbrake

b. Parking brake cables

c. Cams and brake pads
4. ABS subsystem

a. ABS computer/controller

b. ABS warning light

c. Wheel speed sensors

3.

Other vehicle systems that interface with the braking system are (1) the body sys-
tem, (2) the electrical system, (3) the suspension system, and (4) the powertrain sys-
tem. The braking system can also be considered as a subsystem of the vehicle safety
system. It can also be interfaced with the vehicle exterior lighting system through the
operation of the stop lamps.

The interface diagram of the braking system is presented in Figure 8.5. The inter-
faces between components of the subsystems and other vehicle systems are shown by
arrows, and letters placed above or to the right side of each arrow indicate the type
of interface. The letter codes used are P =physical attachment, S = Spatial—sharing
of space, F =functional interface, E =electrical interface, and M = material transfer
(e.g., brake fluid).

Table 8.2 presents an interface matrix of the braking system, its subsystems and
components, and other interfacing systems. The systems, subsystems, and compo-
nents are also identified by the codes S =system, SS =subsystem, C=component,
and OS =other system. The letter codes are followed by numbers to identify the
system in the first digit and the serial number in the second digit. The number 0 in
the interface matrix shows the diagonal, with 0 code designating no interface (the
same as a blank cell).
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FIGURE 8.5 Interface diagram of an automotive brake system.

A quick visual check of the interface matrix shows that most components are
sequentially interfaced to the next component (in each row and column) in the first
three subsystems, and most of the components are attached to the vehicle body (see
column OS], labeled “Body system”).

During the interface analysis, important issues, trade-off considerations, and
other observations were made, which are listed in the following subsections.
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Important Interfaces

1. Hydraulic Subsystem

a. The hydraulic subsystem must interface with the powertrain system via
the connection of the brake booster to the intake manifold. The pow-
ertrain system also includes an electric vacuum pump that will pump up
the brake booster if there is insufficient engine vacuum in the manifold
to do so. Poor design of this interface may result in the loss of power-
assisted braking.

b. The hydraulic system also interfaces with the body system. The pedal
box needs to be rigidly mounted to the body. The brake booster also
needs to attach in a spot where there is enough room, as it is a fairly
large component. If these components are not interfaced with the body
correctly, the brake system may not work properly.

c. The hydraulic subsystem also interfaces with the ABS subsystem. If the
interface is not done correctly, ABS braking performance may be poor,
or complete brake failure may occur.

2. ABS Subsystem

a. The ABS subsystem interfaces with the electrical system. In most
modern cars, many other subsystems may react to ABS braking events
(transmission shifting, engine power reductions, etc.), and this informa-
tion needs to be communicated to other electrical modules to ensure
that the entire vehicle reacts appropriately.

b. The interface with the drivetrain system is necessary to ensure that
wheel speed can be appropriately measured at all points. Proper wheel
speed is necessary to ensure that the ABS activates when needed.

c. The interface with the mechanical subsystem is critical to ensure that
proper hydraulic pressure is delivered or reduced as needed by the ABS
subsystem and that proper braking performance is maintained by the ABS.

3. Mechanical Subsystem

a. The mechanical subsystem interfaces directly with the drivetrain sys-
tem to decelerate the vehicle. It is important that all components fit
together well to ensure that proper braking torque is delivered to the
wheels.

b. The interface of the mechanical system to the ABS subsystem is impor-
tant. The ABS is responsible for delivering proper hydraulic pressure to
this subsystem so that the vehicle will decelerate without wheel lock-up
on low-friction pavements.

c. The components within this subsystem must interface properly with
each other. Improper fit and coordination of components can result in
many braking problems, such as rotor warping, premature wear, and
noise, vibrations, and harshness (NVH) issues.

Design Trade-Offs

1. An important trade-off is balancing the size of the mechanical subsystem
components that interface with the driveline components. Large calipers,
pads, and rotors that are specially designed to increase braking friction and
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improve heat reduction are critical to meeting brake performance objec-
tives. The wheel hub, wheel, and suspension all need to be designed to
incorporate these components to ensure that proper brake performance
measurements are met. Larger brake system components (i.e., calipers,
brake pads, and rotors) can increase unsprung weight, which can affect
vehicle ride and handling performance.

2. The brake pedal and booster need to be rigidly mounted to the vehicle body.
The mechanical interface needs to be very robust, that is, not affected by
vibrations, corrosion, temperature changes, or high brake pedal actuation
forces. This leads to the desire to use a large, heavy brake pedal and link-
age to the booster to ensure that the subsystem will not be damaged due
to heavy usage by aggressive drivers. This leads to a need for large forces
in the attachment hardware. Thus, the space required to provide a robust
booster must be considered when trading and allocating space for other
components in the engine compartment.

3. There is a trade-off between the electrical system cost and ABS pump per-
formance. When active, the ABS pump represents a significant load on the
electrical system. As the pump becomes more powerful, the amperage load
is greater, requiring larger cables and an alternator to support the load.

4. There is a trade-off between the capacity of vacuum pump required and
the cost and the space required to incorporate it in the engine compart-
ment. The brake booster relies on the engine to provide the vacuum needed
for power-assisted braking. Since engines have been becoming more fuel
efficient, sometimes the vacuum created is not enough. Thus, an additional
vacuum pump may be needed to provide vacuum for the booster in lieu of
the engines, especially when operating at higher altitudes. Thus, to provide
better braking performance, additional space and electrical load required
for the vacuum pump must be considered.

Other Observations

An observation that can be made from this example is that many systems and sub-
systems are often involved in providing basic vehicle functions. Managing the com-
plexity of these systems and interfaces is always a challenge for systems designers
and engineers. Large amounts of data are gathered and used in designing all the
interfaces for each component in the selected system. Exercises such as development
of the interface diagram and matrix can help the component engineers in organizing
and understanding the information needed to develop their components and ensure
the required functionality in the vehicle. The information gathered will also be use-
ful in developing the interface requirements used during the interface design pro-
cess. An interface requirement must specify the characteristics of the two interfacing
entities and how they should perform under a given set of operating conditions.

DESIGN ITERATIONS TO ELIMINATE OR IMPROVE INTERFACES

Reducing the number of interfaces will involve (a) reducing vehicle features,
(b) increasing the complexity of interfaces by combining two or more interface
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types (e.g., mechanical attachment also functions as an electrical connector), and
(c) changing the modality of an interface (e.g., change from electrical connection to
wireless data transfer).

Improving interfaces requires a lot of brainstorming in areas such as new con-
figurations of systems within the product envelope; breakthrough concepts; applica-
tions of new technologies; discarding old designs and carryover entities; reducing
weight, size, and costs; and investments in new interface designs. For example, cur-
rent trends in driver interface designs involve reconfigurable driver interfaces with
new technology displays and controls, more intuitive touch displays, and multifunc-
tion controls—which provide the driver with options to select his or her preferred
combinations of displays and controls.

SHARING OF COMMON ENTITIES ACROSS VEHICLE LINES

Sharing an entity (system, subsystem, or component) across a number of vehicle
lines involves standardization (or “commonization’) of the shared interfaces so that
they can work together (e.g., attach and transmit signals or materials such as flu-
ids or gases) with their corresponding mating entities in a different vehicle. This
restricts the design (i.e., configuration) of the mating entities, which in turn, may
also affect the performance of the involved systems. For example, the use of a com-
mon alternator in different vehicle lines would restrict the mechanical and electrical
interfacing systems used in the different vehicle lines. The commonization would
reduce or even eliminate the design work associated with designing different alter-
nators and their corresponding connectors, which in turn, would reduce design and
manufacturing costs; however, it could restrict the overall availability of electric
power within the electrical systems of the vehicles that share the same alternator
design.

CONCLUDING REMARKS

Interfaces are very important, as they allow different entities to link and function
together to perform the required functions of the product. Interface design and
the production of interfaces involve expenditure of time, money, and specialized
resources. It is important to remember the following point, which wiring harness
producers often make: “The major costs increases are not in the increase in length
of the wiring harness but they are in the complexity of the ‘connectors’ at both the
ends (i.e., the interfaces) of the harness.”
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Cascading Vehicle
Attribute Requirements
to Vehicle Systems

INTRODUCTION

Vehicle attribute requirements should be derived from customer needs, business
needs, and government requirements enforced in the market where the vehicle will
be sold and used. The vehicle attribute requirements are thus the highest level of
requirements for the vehicle. These requirements are cascaded down to all lower-
level entities to ensure that the lower-level systems within the vehicle are designed to
perform their functions to meet the vehicle-level attribute requirements.

This chapter describes the cascading process and provides a few examples and
considerations related to specifications of requirements for the lower-level entities.

WHAT Is A REQUIREMENTS CASCADE?

A requirements cascade involves creating requirements for all lower-level entities of a
product from each requirement for a higher-level entity of the same product to ensure
that the requirement for the higher-level entity is met. Here, an entity is defined by
the level of a system—with the product level (or vehicle level) being at the highest,
and a component at the lowest, level. For example, a requirement at the vehicle level
should be cascaded down to requirements for the vehicle systems. Figure 9.1 presents
a schematic representation of consideration of vehicle attributes (shown as Al to An)
for designing vehicle systems (shown as S1 to Sm). Figure 9.2 similarly presents a sec-
ond-level view of consideration of attributes and subattributes (shown as SA11, SA12,
etc.) to vehicle systems and subsystems (shown as SS11, SS12, etc.) It should be noted
that the intersection of horizontal and vertical lines in Figures 9.1 and 9.2 illustrate
locations of cascaded requirements. The vehicle system requirements for any given
attribute can be cascaded down to requirements for its subsystems (see Figure 9.2);
the subsystem-level requirements can be cascaded down to its sub-subsystems, and so
on. The cascading process thus ensures that a requirement at any level exists only to
meet the requirement at its higher-level entity within the product.

Further, it is important to realize that all vehicle attributes must be included when
developing requirements for any entity within a vehicle. For example, in developing
requirements for the braking system, if only the safety attribute is considered (which
includes the requirements in the National Highway Traffic Safety Administration
[NHTSA] Federal Motor Vehicle Safety Standards [FMVSS] 135 on vehicle brak-
ing systems [NHTSA, 2015]), the requirements for the braking system will be

151
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S1 S2 S3 Sm

Al _—
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FIGURE 9.1 Considerations of vehicle attributes for vehicle systems design.
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FIGURE 9.2 Considerations of vehicle attributes and subattributes in designing vehicle sys-
tems and their subsystems.

incomplete, as the braking system also affects other vehicle attributes such as noise,
vibrations, and harshness (NVH), weight, costs, and product and process complex-
ity. Thus, the attribute requirements that can affect an entity must be included in the
cascading.
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CASCADING ATTRIBUTE REQUIREMENTS TO LOWER LEVELS

To ensure that all issues (or design considerations) related to all product attributes
are taken into account during the design stages of the vehicle, each attribute is sub-
divided into lower levels: subattributes, sub-subattributes, sub-sub-subattributes, and
so on. Figure 9.3 illustrates an attribute tree showing that attributes (A1, A2, A3, and
A4) are subdivided into their corresponding subattributes such as SA11, SA12, SA2I,
SA22, ..., SA42. The requirements defining each of the subattributes are shown in
Figure 9.3 as R111, R112, ..., R425. The development of an attribute tree helps in
progressively dividing the attributes into a manageable number of lower-level attri-
butes so that the requirements for each subattribute can be clearly defined. For each
requirement, one or more test procedures (verification tests) along with performance
measures and minimum acceptance levels should also be specified to ensure that the
requirement can be verified. The attribute tree also helps in maintaining the rela-
tionship (or traceability) between lower-level attribute requirements and upper-level
requirements, and meeting the lower-level requirements ensures that the upper-level
requirements will be met.

EXAMPLE: SUBATTRIBUTES OF VEHICLE ATTRIBUTES

For example, “package and ergonomics” is a vehicle attribute, and one of its sub-
attributes is “easy-to-view displays.” Thus, each display in the vehicle (such as a
navigation display screen mounted in the center stack) must meet “easy-to-view”
requirements for the subattribute. The “easy-to-view” requirements for each dis-
play would need to include requirements for (a) display size, (b) display loca-
tion (e.g., located in an obstruction-free zone), (c) display resolution, (d) display
luminance (physical brightness), (e) display color, (f) minimum size in terms of
subtended (viewing) angles of displayed letters (or visual details), (g) luminance
or contrast of the letters against the display background, (h) display orientation
(adjustment) angles, (i) display surface reflectivity, (j) scratch-resistant display
surface, and so forth.

Some of the requirements for the subattributes of the display can be specified as
follows:

1. The display shall have minimum size of 33 cm (13 in) measured diagonally
with a length-to-width ratio of 7:4.

2. The display shall be located in an obstruction-free area (e.g., use Society of
Automotive Engineers [SAE] J1050 procedure to determine areas obscured
by the steering wheel rim, spokes, and hub [SAE, 2009]).

. The display shall have a minimum resolution of 4 pixels/mm.

4. The display shall produce minimum luminance of 600 cd/m? (or bright
white visual details), and the minimum contrast ratio between white and
black areas shall be at least 1000:1.

5. The display shall have rotary controls to adjust luminance.

6. The display shall be legible to 65-year-old viewers from 60° to the left to
60° to the right of the display axis (normal to the display surface).

W
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CASCADING ATTRIBUTE REQUIREMENTS TO
DEVELOP SYSTEMS DESIGN REQUIREMENTS

To ensure that the vehicle meets all its requirements, the vehicle must possess the attri-
butes that its customers want. The requirements are therefore written for each vehicle
attribute. Since most vehicle attributes are complex, they should be further divided into
specialized areas called subattributes as described in the previous section (see Figures
9.2 and 9.3). The vehicle is divided into systems and subsystems (see Table 1.1). Every
system within the vehicle performs certain assigned functions that enable the system
to meet one or more sets of attribute requirements. The process of assigning or cascad-
ing attribute requirements to systems and subsystems requires a lot of thinking and
analysis, and it is usually an iterative process, because the configuration of each system
affects the configuration of other systems with which the system interfaces.

CONSIDERATIONS RELATED TO CASCADING ATTRIBUTE
REQUIREMENTS FOR VEHICLE SYSTEMS

The problem of cascading requirements from vehicle attribute-level requirements to
lower levels of vehicle systems is complex because

1. A vehicle has many attributes.

2. Each vehicle attribute includes many considerations that need to be

described (or divided) in terms of lower levels of attributes, such as subat-
tributes, sub-subattributes, sub-sub-subattributes, and so on.
Table 2.2 provides a list of vehicle attributes and their subattributes. For exam-
ple, the safety attribute can be decomposed into the following subattributes: (a)
front impact, (b) side impact, (c) rear impact, (d) rollover and roof crush, (e) air
bags and seat belts, (f) sensors and electronic controls, (g) visibility from the
vehicle, (h) visibility of the vehicle, (i) acceleration and deceleration capabili-
ties, (j) steering capabilities, (k) vehicle handling and stability, and (1) driver
state monitoring. The sub-subattributes of “visibility from the vehicle” will
include (a) forward field of view, (b) rear field of view, (c) side field of view, and
(d) indirect field of view available through the inside and outside mirrors. The
sub-sub-subattribute of “forward field of view” will include (a) visibility over
the hood (or downward visibility), (b) obstructions in the forward field of view
caused by the A-pillars, (c) up angle visibility (e.g., visibility of high-mounted
signs and signals), (d) forward visibility or road scene and targets (e.g., lane
markings) at night (due to the headlamp system), and so forth.

3. Requirements for each level of attributes must be met by determining the
functions the vehicle must perform.

4. A vehicle performs many functions. The functions need to be allocated to
different vehicle systems.

5. Vehicle systems can vary between different vehicle models due to the use
of different technologies (e.g., differences in powertrain technologies, elec-
tronic content, and the type of materials used in construction of vehicle
components).
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6. Many vehicle systems are complex, and they can be decomposed into lower
levels (for convenience and management), such as subsystem, sub-subsys-
tem, and so on, till the component level is reached.

7. The vehicle system requirements can be allocated to its lower-level entities.

8. The tasks of decomposition of attributes and vehicle systems are generally
accomplished by experts from various engineering offices within each auto-
motive company, depending on factors such as (a) engineering disciplines
and specializations, (b) division of engineering design and manufacturing
responsibilities and organizational structure, (c) ability of selected suppliers
to deliver vehicle systems or their lower-level entities.

For example, in some companies, the body engineering department will be
responsible for designing body-in-white and body electrical systems (wiring har-
nesses, switches, and lighting equipment that fit within the vehicle body), but the
electrical engineering department will be responsible for developing the electrical
system architecture, which involves electrical power generation, storage (battery),
and the control and distribution system, and the electronic subdivision within the
electrical system department will be responsible for engineering all the high-tech
features such as electronic control modules and driver information, entertainment,
warning and assistance systems.

Thus, the process of cascading attribute requirements from the vehicle level down
to systems will vary between different vehicle manufacturers and even between dif-
ferent vehicle programs of the same manufacturer.

EXAMPLES OF ATTRIBUTE CASCADING

THE BRAKE SYSTEM AND ITs SUBSYSTEM REQUIREMENTS

This section provides a simplified example illustrating how requirements for an auto-
motive brake system and its subsystems can be developed from the requirements
for vehicle attributes. The brake system considered here is described in terms of its
interface diagram and interface matrix in Chapter 8 (see Figure 8.5 and Table 8.2).

Table 9.1 illustrates how the vehicle attribute requirements are cascaded into
requirements for the brake system and its subsystems. The first column of the table
presents the vehicle attributes (see Table 2.2 for more details on subattributes). The
second and third columns present subattributes and requirements for the subattrib-
utes, respectively. Each row of the table presents a subattribute. (Note that Figure 9.2
schematically illustrates the combinations represented by the format of Table 9.1.)

All the subattributes of each of the attributes must be entered as rows in the
cascading table (e.g., Table 9.1) to ensure that no attribute and its subattributes are
missed. This is very important, because if any of the subattributes is missed (i.e., not
considered in the cascading process), the resulting requirements for the systems and
subsystems will be incomplete.

Columns 4 through 8 present requirements for the brake system and its four sub-
systems. The requirements for the brake system and its subsystems are developed
(or cascaded) to meet the subattribute requirements listed in each row. It should be
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noted that to limit the size of Table 9.1, not all the subattributes listed in Table 2.2 are
included. But in a real cascading exercise, all attributes and their subattributes must
be listed, and all the system and subattribute requirements needed to completely cas-
cade the subattribute requirements must be meticulously tracked and cascaded. The
exercise needs to be conducted with the active participation of engineers managing
all vehicle attributes and systems engineers responsible for designing the system, its
subsystems, and other interfacing systems (see Figure 8.5).

In performing this analysis, a number of issues need to be simultaneously consid-
ered. The important issues to be considered are

1. Specification of the vehicle being developed

2. Overall configuration of the vehicle in terms of its package and initially
proposed locations of various systems in the vehicle

. Interfaces between systems and subsystems

. Functions allocated to the systems

5. Referring and following design guidelines provided in the systems engi-
neering specifications available within the engineering organizations

. Benchmarking of package and systems in leading competitors’ products

7. Trade-offs between attributes and their subattributes to be considered while

deciding Steps 1-4

B~ W

(o)}

The above process is iterative, as many changes and trade-offs are considered
and made till a balanced overall configuration of the vehicle package with the func-
tional allocation and locations of all major vehicle systems and their subsystems is
achieved. The whole process can take many meetings and several weeks, depend-
ing on availability of experts (including presentation of many analyses and data)
from all related functional and systems areas and the schedule of design reviews. A
well-developed and well-documented set of systems design specifications can help
expedite the entire cascading process.

CONCLUDING REMARKS

The process of cascading is time consuming and difficult and requires careful con-
sideration of many issues described in this chapter. However, since the vehicle is a
complex product and involves the fulfillment of many attributes, the intricate work
of complete cascading is necessary. Any shortcuts, approximations, or sloppiness in
cascading the attribute requirements to vehicle systems can result in development of
vehicle systems that will be incomplete, lack some characteristics or features, and
ultimately cause customer dissatisfaction and lower vehicle acceptance.
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O Development of
Vehicle Concepts

INTRODUCTION

This chapter provides information on the activities that take place during the devel-
opment of a vehicle concept. The process formally begins with the formation of
the core team to begin the vehicle program. The team members begin the work by
gathering information developed during the pre-program phase (or advanced prod-
uct planning phase) and conduct additional detailed surveys to obtain information
in areas such as trends in technologies, automotive designs, and government regula-
tions. They also benchmark competitive vehicles, visit auto shows, meet and inter-
view customers, and create lists of issues to understand customers, market segments,
competitors, new materials, manufacturing processes, and the capabilities of their
existing production and assembly plants.

The vehicle concept development work usually begins with creating vehicle
sketches, drawings, computer-aided design (CAD) models, and physical properties
(mostly nonworking models) to illustrate how the proposed vehicle would look and
function. Both the exterior and the interior of the vehicle are illustrated in these
drawings and models. Various specialized engineering teams (e.g., body engineer-
ing, powertrain engineering, production engineering) review the drawings and
properties and conduct their analyses to determine whether the vehicle concept is
feasible, that is, whether a functional vehicle with all its attribute requirements can
be designed and manufactured within the available resources and timings. Many
changes and trade-offs suggested by various engineering teams responsible for deliv-
ering different attributes are incorporated with minimum alterations in the overall
design (styling) concept.

WHY CREATE A VEHICLE CONCEPT?

The vehicle concept development phase provides a “heads-up” view of the new
vehicle. Everyone in the organization gets a better idea about how the future vehicle
could look from the properties created to illustrate the concept. The concept vehicle
also shows how various vehicle characteristics and new features are to be incor-
porated in the design. The exercise of creating one or more vehicle concepts also
reveals a number of technical issues and problems that need to be solved in creating
such a vehicle. The properties created to illustrate the vehicle concepts can be used
to conduct design reviews with all key specialists to assess the feasibility and risks
associated with creating the vehicle.

Table 10.1 presents a summary of different methods used to communicate vehi-
cle concepts. The vehicle concepts can be compared with other existing vehicles to
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TABLE 10.1

Tools Used for Concept Visualization and Evaluations

Type of Tool

Sketches of vehicles

Two-dimensional views of the
vehicles (side view, end views,
and plan views)

Two-dimensional full-size tape
drawings

Three-dimensional CAD
wireframe/mesh models

CAE tools

Three-dimensional CAD models
with color, texture, reflections,
shading, and shadow effects

Virtual reality simulations

Foam-core bucks/mock-ups

Clay buck (vehicle exterior and/
or interior)

‘Wooden or aluminum extruded
frame buck with fiber glass
exterior and interior surfaces

Working prototypes

Use of the Tool

To illustrate views from different angles to get a better idea of
overall shape, proportions and stance, and important features (e.g.,
body-style, grill, headlamps, tail lamps, windshield rake angle)

To get a better idea of relative dimensions and spaces available for
packaging (e.g., occupant space, wheelbase, overhangs, luggage/
cargo space)

To get a better idea of overall size and vehicle package space. Other
vehicle concepts or existing vehicle profiles can be superimposed
in different colors to illustrate differences between different designs

To visualize available packaging spaces and relative sizes of
different spaces (e.g., space for engine, suspensions, tires,
occupants, gas tank). Basic occupant packaging/ergonomics tools
will be used to check occupant positioning, reach, clearances, field
of view, and so forth. Digital human models can be used to
illustrate occupant positioning and accommodation

CAE tools will be used to evaluate weight, center of gravity, vehicle
stability, powertrain selection, aerodynamic drag, and so forth

To allow more realistic visualization of the product from various
viewing locations and in different backgrounds, such as show
room, road, and urban environment

The CAD model can be viewed through head-mounted displays
and/or in computer-assisted virtual reality environments (CAVE),
where a subject seated in the vehicle buck can see projected
images of the CAD model and other road environments. Useful to
evaluate interior spaces and field of view

Quick evaluation of size, space, and clearances between items in the
vehicle (e.g., locations of controls and displays). Especially useful
for interior evaluations (e.g., instrument panel)

Good for quick management appraisal of exterior and interior
surfaces. Scale models (e.g., 1/4th or 1/3rd scale) can be made
quickly and at less cost as compared with full-size clay models.
However, the full-size models make it easier to visualize actual
dimensions and volumes as compared with the smaller-scale
models. Clay models are not durable and are difficult to transport
(heavy and fragile)

Good for transporting long distances for market research clinics or
auto shows. Generally used for evaluation of vehicle exterior
styling and interior surfaces (e.g., instrument panel, header, roof
liner, door trim panels)

For customer evaluations and showcasing future styling and
technology features

Note: CAE, computer-aided engineering.
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better understand similarities and differences between various vehicles in its class
and with its competitors. The concept vehicles and their features can also be shown
to representative customers to assess their desirability and marketability in relation
to some of the existing vehicles.

During the early part of the concept development phase, many alternate vehicle
concepts are created by the design team. They are usually illustrated in the form
of vehicle sketches. Some examples of such sketches are presented in Figure 10.1.
The sketches are reviewed by a number of team members, experts, and management
personnel and a few concepts (typically two to four) are selected for further develop-
ment. The selected concepts are refined, and additional analyses are conducted to
explore feasibility issues.

FIGURE 10.1  Sketches of the proposed vehicle concept.
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Figure 10.2 presents line drawings showing side and plan views of a proposed
vehicle concept. Such drawn-to-scale views provide a better understanding of the
size and proportions of different exterior characteristics (e.g., ratios of hood length
to overall vehicle length, overall height to width of the vehicle, and overall height vs.
beltline height).

Figures 10.3 through 10.7 show additional views of the vehicle concept illustrated
using CAD models. These CAD models and pictures were created by the University
of Michigan-Dearborn students while working on a reconfigurable vehicle develop-
ment program with the author serving as the faculty advisor. A report on the project
is available on the university website (see Gupta, 2009).

In addition, websites can be used to illustrate new vehicle concepts (see Land
Rover USA, 2014 website).

()

(b)

FIGURE 10.2 TIllustration of early (a) side and (b) plan views of a proposed vehicle.

FIGURE 10.3 Tllustration of a clay model of a vehicle concept.
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FIGURE 10.4 Illustration of a transparent exterior (wireframe model) showing electric
powertrain and seats.

FIGURE 10.5 Partially rendered vehicle concept CAD model.

FIGURE 10.6 Chassis and body frame concept of a small electric vehicle.
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FIGURE 10.7 Exterior model of a small electric vehicle.

PROCESS OF DEVELOPING VEHICLE CONCEPTS

The steps involved in developing a vehicle concept will generally vary widely
between different automobile manufacturers and their vehicle programs. The size
and scope of the vehicle program can also affect the time and resources allocated
to the concept development phase. However, the following steps are generally per-
formed in major vehicle programs:

—

10.
11.

12.

13.

14.

. Understand objectives and scope of the vehicle program.
. Visit customers, understand their lifestyles and wants.
. Understand customer needs, market segment, trends in design and tech-

nologies, and government requirements.

. Benchmark leading competitors’ products.
. Study strengths and weaknesses of characteristics and features of various

benchmarked vehicles.

. Meet with all key functional teams to understand their needs (e.g., the pow-

ertrain team will have some unique space and fuel requirements).

. Work constantly with the studio engineers and package engineers to ensure

that engineering and package requirements for all major vehicle systems
can be met by the vehicle concepts.

. Develop sketches of many alternate vehicle concepts.
. Review the concept vehicle sketches with the design teams to discuss issues

related to customer desirability, engineering feasibility, platform sharing (cov-
ered in the next section of this chapter), costs, performance, risks, and so forth
Modify vehicle concepts based on feedback received.

Select a few leading vehicle concepts, incorporate refinements, and develop
more detailed sketches.

Model exterior and interior surfaces of selected vehicle concepts in 3-D
CAD.

Incorporate key features and packaging constraints in the CAD models (see
Chapter 20).

Review CAD models of the vehicle concepts with design teams, experts
from various functional areas, and management personnel.
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15. Select two or three leading concepts for customer evaluations in market
research clinics. (Pugh diagram and other decision-making tools are often
used to select the leading concepts. See Chapters 17 and 18.).

16. Prepare rendered exterior and interior views, or fully surfaced and rendered
3-D CAD models, for internal reviews and market research (see Chapter 13).

17. Prepare exterior physical bucks for internal reviews and market research

18. Plan and conduct market research clinics at key cities in major vehicle mar-
ket regions (see Chapter 21).

19. Review results of the market research clinics with the team members and
key management personnel.

20. Select a leading vehicle concept for further development or make decisions
to modify the vehicle program, including possible termination of the pro-
gram if the vehicle concept is not well received.

OTHER ISSUES RELATED TO VEHICLE CONCEPT CREATION

ProDUCT VARIATIONS AND DIFFERENTIATION

The whole purpose of creating a new vehicle is to introduce one or more new vehicle
models that will be liked and purchased by the customers. The amount of change
between the outgoing and new incoming models needs to be planned based on
changes anticipated in customer needs, government regulations, technologies, design
trends, cost of resources, and so forth.

One important factor is platform sharing. If the new vehicle can share many of
its components and systems with an existing vehicle platform, then the new vehicle
development and production costs can be reduced substantially. Building multiple
models from a single platform yields economies of scale.

DEFINITION OF A VEHICLE PLATFORM

A vehicle platform is a shared set of common design, engineering, and production
efforts, as well as major components, over a number of perceptually different and dis-
tinct models that can differ in body-style, vehicle size, and brands. The term platform
sharing has been used rather loosely in the auto industry, and it can be interpreted in
several different ways. There are a number of different methods for model and plat-
form sharing, but the practice is used primarily to lower production costs by reducing
the specialization (or increasing commonality) in design and manufacturing efforts.
Very different vehicles can be on the same platform, and very similar ones can be
on different platforms. Parts sharing alone does not mean platform sharing, and plat-
form sharing does not mean just parts sharing. If a new vehicle can be built in an exist-
ing plant of an existing vehicle, then it can share a number of dimensions, the sequence
of manufacturing processes, machines, tools and fixtures, and so forth to reduce costs.
The platform can be considered as a set of dimensions. It dictates the physical maxi-
mum/minimum size of some parts (such as floor pans, roof panels, chassis parts) of the
sharing vehicles. These common dimensions allow fitting/sharing of different vehicles
in the manufacturing and assembly equipment, such as conveyors, automated guided
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vehicles (AGVs), lifts, jigs, fixtures, and tools. It dictates the common locations for
various hard-points (or locators) that are used so that the robots can grab, manipulate,
position, machine, and weld the various body parts and hoist components into place.

For example, common platforms to share different brands have been used very
commonly to create vehicles of the same body-style and size but of different brands
(e.g., Ford Fusion and Lincoln MKZ; Ford Edge and Lincoln MKX; Chevrolet
Malibu and Buick Regal).

Thus, as a new vehicle concept is being created, the question of platform shar-
ing is addressed to determine how time and costs in vehicle design and production
activities can be reduced.

NUMBER OF VEHICLE CONCEPTS AND VARIATIONS

Depending on the scope of the vehicle program (e.g., the number of models and
body-styles to be introduced), many variations in concept development for market
research are possible, for example, (a) a single concept vehicle, (b) a single concept
vehicle with variations in certain exterior or interior characteristics (e.g., different
appearance of grill, rear end), or (c) multiple concept vehicles, each with a different
exterior and interior styling.

A large vehicle program may include the development of vehicle concepts for a
number of body-styles (e.g., sedan, coupe, sports utility vehicle [SUV]) for different
brands sold by the auto manufacturer. Early planning before concept development
should include specifications for (a) the number of exterior and interior changes and
features for brand differentiation and (b) similarities in vehicle size and hardware
configuration.

Changes in exterior features considered for variations in concept development
typically include changes in overall body shape, changes in proportions, and changes
in exterior components, such as grill, headlamps, tail lamps, door handles, wheel
caps, exterior mirrors, and trim components. Variations in interiors can be accom-
plished by considering changes in the shape and materials, with differentiation based
on (a) visual appearance (e.g., color, texture, feeling of luxury, genuine vs. fake [sim-
ulated, e.g., woodgrains, painted metallic plastics] materials or plastic parts), (b) tac-
tile feel (e.g., texture, compressibility, softness/harshness of surface) characteristics,
(c) movement feel (e.g., feeling crispness or mushiness during switch activation), and
(d) redesign of major components, such as the instrument panel, the instrument con-
sole, the instrument cluster, door trim panels, the steering wheel, and seats.

DESIGNING VEHICLE EXTERIOR AND INTERIOR AS A SYSTEM

In creating new vehicle designs, it is important to coordinate exterior and interior
designs of vehicles. Some important considerations for coordination include

1. Common theme and/or brand cues (e.g., feeling of luxury, feeling of sporti-
ness, feeling of ruggedness for a truck-like and/or an off-road vehicle)

2. Look and feel that the interior and exterior were designed by the same
designer (using a common theme or a set of design cues)
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3. Characteristics of the driver’s field of view (visibility) from the vehicle (e.g.,
command seating position, sitting in a well type feel) by coordinating basic
vehicle package parameters such as height of the seating reference point
(SgRP) from ground, height of the belt line and top of the instrument panel,
and hood height.

4. Entry/egress ease or difficulty is also affected by proper coordination
between vehicle package parameters such as height of the SgRP from
ground, height of the top of the rocker panel from the ground, lateral loca-
tion of the SgRP from the outer edge of the rocker panel, and entrance
height of the vehicle.

EVALUATION OF VEHICLE CONCEPTS

Vehicle concepts are typically evaluated in market research clinics. The ultimate
objective of conducting one or more market research clinics is to determine whether
the new vehicle development program should be continued and which vehicle con-
cept or concepts (one or more, depending on the program objectives) should be
selected for further development. When multiple concept vehicles are shown with
other comparison vehicles, evaluations are also conducted on a number of features
included in different concepts and comparison vehicles. The results of these evalu-
ations can be further used to select features and/or changes or modifications that
should be made to the selected concept.

The setup and procedures used in the market research clinics will vary depending
on the scope of the vehicle program, the number of concepts to be evaluated, the con-
tent of the concept vehicles, and the other reference vehicles used for comparison.
The topic of market research evaluations is covered in Chapter 11.

USE OF A PUGH DIAGRAM FOR CONCEPT
SELECTION AND IMPROVEMENTS

A Pugh diagram is an excellent tool to compare and evaluate a number of vehicle
concepts with other existing and benchmarked vehicles (see Chapter 17 for more
details). Table 10.2 presents a Pugh diagram illustrating a comparison of three dif-
ferent vehicle concepts with five existing vehicles (four competitors and one current
vehicle model as the datum) based on vehicle attributes.

The total score shown in the last row of Table 10.2 shows that Concept#2 was
better than all other concepts and competitor vehicles. However, Concept#2 can
be further improved by studying the attributes of other vehicles, especially where
Concept# 2 received — or S scores.

PLANNING FOR MODELS, PACKAGES, AND OPTIONAL FEATURES

In planning a new vehicle, the variety of existing vehicle models in different market
segments produced by the auto company and its competitors, along with data on
their sales volumes, lists of features, optional packages, unique brand considerations,
and so forth, are discussed in various strategy planning sessions to determine the
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characteristics of future vehicle models. A number of financial analyses are also
conducted to determine the costs and benefits associated with developing different
alternative vehicle programs (see Chapter 17).

As the vehicle concepts are being developed, the product planners, market
researchers, and design team members also conduct a number of planning meetings
to understand the customer needs and to determine the combinations of number of
models, number of package options for each model, and number of optional features
to be offered to the customers. (This issue is also covered in Chapter 15.)

CONCLUDING REMARKS

The development of a vehicle concept is a very important phase in product develop-
ment, because it allows automakers to create several concepts before committing to
one design that is fully developed and engineered. The phase also allows the design
team to iterate the design process several more times, and thus, it enables the team
to learn about different design issues and improve their designs. The management
personnel also get a better understanding of design issues and challenges as differ-
ent concepts are reviewed. The organization learns and benefits so that chances of
failures, costly fixes in later stages, and risks to the program are reduced. Also, the
resulting organizational learning makes succeeding phases more efficient.
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’I ’l Selecting a Vehicle
Concept

INTRODUCTION

Selecting a vehicle concept is probably the most important decision point in the new
vehicle development program. The decision point is denoted by the concept selection
(CS) gateway (refer to Table 2.1 for gateways). During the early phases of the prod-
uct development (just before the CS gateway), several alternate vehicle concepts are
generally created with different exterior and interior shapes and vehicle configura-
tions. The vehicle concepts are usually shown in the form of (a) realistic-looking pic-
tures or projected images (fully textured, shaded, and colored computer-aided design
[CAD] models that look like real vehicles with realistic background scenes such as
roads or show rooms) on large screens or (b) three-dimensional physical properties
such as vehicle bucks or concept vehicles (drivable or nondrivable).

The vehicle concepts are first shown to company management personnel, and
then they are shown to representative groups of customers to help select a concept for
further development. The exact process used to select a vehicle concept can vary con-
siderably between different vehicle manufacturers and different vehicle programs.
However, most manufacturers stage one or more market research clinics to conduct
systematic evaluations of the alternate concepts using representative customers. The
results of the market research clinics are reviewed with the vehicle design team and
various levels of company management, and the final selection of the concept is
made with the concurrence of the highest level of company management. In addition,
the feedback received in the evaluations and reviews is used to propose changes to
the selected vehicle concept.

Once the vehicle concept is selected, everyone involved in the product develop-
ment is informed about the decision and asked to begin the next phase of detailed
design and engineering of the vehicle.

MARKET RESEARCH CLINICS

WHAT Is MARKET RESEARCH?

Market research during product development primarily involves inviting customers
to come to a preselected location and participate in one or more interview sessions
to provide judgments and/or feedback on the different vehicle concepts. The invited
participants represent a carefully selected sample from a population of customers
who own or are principal users of certain preselected vehicle models. The prese-
lected vehicle models are generally selected from the same market segment as the
vehicle concept, and they typically include the latest models of competitors’ products
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and the vehicle manufacturer’s existing model. The participants, who are the own-
ers or principal users (or drivers) of the preselected vehicles, are thus considered to
represent the potential future customers of the vehicle concept.

The participants are led by an interviewer through a series of sessions. In each
session, the participant is shown one or more vehicles and/or vehicle features and
asked to provide responses to a preselected set of questions. The responses to the
questions are analyzed using statistical methods, and the results are provided to the
team members of the vehicle program and management personnel. The sessions typi-
cally include evaluations of exterior characteristics (e.g., size, proportions, shape, and
styling from different viewing angles), interior characteristics (e.g., styling and layout
of the instrument panel, doors, consoles, and seats), and other new features (e.g., con-
trols, displays, storage spaces, materials, and adoption of certain technologies). The
market research clinic sessions typically last for about one and a half hours.

New CONCEPT VEHICLE

An auto manufacturer may create a totally new vehicle concept and present it in an
auto show and/or conduct one or more special market research clinics to assess the
acceptability of the overall vehicle concept. Generally, a full-size concept vehicle
with fully developed exterior and interior, along with details of the powertrain and
unique features, is shown to customers. This approach is very common when illus-
trating high-end sports or luxury cars and providing the public, auto critics, and the
media with the opportunity to take an initial look.

On many occasions, an upcoming future model of a vehicle is also revealed about
a year before its official introduction into the market. For example, during the 2015
Shanghai auto show, several vehicle manufacturers showed new large four-door execu-
tive vehicles, which are typically chauffeur driven with special rear seat features (e.g.,
reclining rear seats, screens, and computer interfaces for communication). The purpose
of such a display is generally to gauge interest among prospective buyers and the public
regarding the suitability of the vehicle. The questions that were to be addressed in this
particular case were “Would such a vehicle concept attract busy executives in meeting
their needs and lifestyle? And would the vehicle project their high social status?”

SpeciFic EVALUATION IsSUES

The management personnel of the auto companies generally conduct deep-dive or
in-depth market research to obtain customer feedback on a number of details. Some
of the issues addressed in the market research clinics are described in the following
subsections.

Evaluation Issues for Exterior Clinics

1. Overall size: Determine whether the vehicle being developed has the size
that will be preferred by its customers. For example, the question to be
researched here is “Is the vehicle too large, about right, or too small for the
market?”
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2. Exterior styling and proportions: Determine whether the exterior styling
and appearance of the vehicle will be liked by its customers when viewed
from different directions (e.g., views from front, rear, side, and other angles).

3. Styling themes: Determine the best styling theme (or alternate) among sev-
eral leading proposed themes or product concepts shown to the participants.

4. Comparisons with other existing vehicles: Determine whether the exterior
design of the concept vehicle is better than other leading (or competitive)
designs (e.g., better or worse, similar or dissimilar to other design[s]); or rec-
ognized as a design belonging to a certain brand (e.g., it looks like a BMW).

5. Styling and appearance of exterior features such as tail lamps, headlamps,
bumpers, grill, mirrors, and fenders.

6. Overall preference and image: Determine whether the concept will be liked
or disliked and will be categorized as futuristic, contemporary, luxury, leg-
acy, outdated, aerodynamic, masculine, tough, and so forth.

Issues for Interior Clinics

1. Interior package: Determine whether the interior package shown in the con-
cept vehicle or interior buck will meet the customer expectations in terms
of locations of major items (e.g., pedals, steering wheel, arm rests, window
openings, and storage areas).

2. Interior design: Determine whether the trade-offs and compromises made
in the early design phases are reasonable (e.g., interior roominess vs. closely
located instrument panel for ease in reaching controls).

3. Interior design acceptance: Determine whether the interior design of the
vehicle will be accepted/liked by its customers in terms of shape, propor-
tions, materials color, texture, and so forth.

The data collected from the clinics are summarized and used to support “sign-off”
decisions at gateways; for example, package evaluation is conducted, results are
presented to the program and engineering management, and sign-offs from all key
product engineering offices are accomplished.

Pros AND CoNs OF MARKET RESEARCH

Planning and conducting a market research clinic is expensive and time consuming.
Further, the validity of the information provided by the participants in the market
research clinics can be questioned by many. The participants may respond that they
like the concept very much, but whether they will actually buy the vehicle when it is
released in the market is difficult to predict. Thus, some management personnel will
question the usefulness of the clinics, because they believe that the invited partici-
pants may not be able to provide reliable information to predict the future success
of the concepts shown to them. The invited participants may not be familiar with
design and technological trends. The advantage of conducting market research is that
it provides a “heads-up” (early) response from the customers before the final product
is made and available to them.
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Thus, considering the pros and cons, the management must discuss all issues,
along with the usefulness of the market research results, to make their final decision
on whether to proceed with the concept, modify it based on the customer response,
or cancel the vehicle program.

If the management does not see value in market research clinics, then they are not
conducted, and the decision is usually made through internal evaluations (e.g., using
company employees, relatives, and friends of employees or visitors) and/or manage-
ment reviews.

MARKET RESEARCH METHODS USED IN PRODUCT DEVELOPMENT

MEeTHODS TO OBTAIN DATA

Personal interview is the most useful and most commonly employed technique used
during concept selection market research clinics. Mail or web-based surveys and
telephone surveys are not used during concept selection. Focus group sessions are
generally conducted once the personal interview results are available and the pro-
gram management wants more feedback information from certain groups of indi-
viduals to understand the reasons associated with their earlier responses on certain
issues. Thus, focus group sessions can be held to get more information from specific
groups of individuals (e.g., those who liked or disliked a particular vehicle concept
very much) to gain additional insights into the reasons for their response and identi-
fication of some particular details (e.g., front-end or rear-end appearance, instrument
panel layout) of some of the concepts.

Personal Interview

Personal interview involves a trained interviewer asking each selected participant a
number of questions. It is a 1-on-1 interview, that is, one participant interviewed by
one interviewer using selected questions on the vehicle concept. The participant is
carefully selected about 1-2 weeks prior to the actual interview. The selection pro-
cess typically involves a market researcher randomly selecting owners of a vehicle
of a certain make, model, and model year (MY) residing in selected counties (e.g.,
owners of 2016 MY Ford Mustangs purchased and residing in Franklin and Marion
counties in Ohio) from a list of registered owners obtained from the state agency that
registers motor vehicles at the time of purchase. The selection procedure involves
the market researcher making a telephone call to each owner to first verify that the
participant indeed owns the vehicle and is the principal driver of the vehicle. The
verified owner is then invited to participate in the clinic. The offer involves a cer-
tain incentive for participation (e.g., $200 for 2 h of participation). The level of the
incentive will depend on the type of market segment (e.g., owners of a large luxury
vehicle would be given a larger incentive than owners of a small economy vehicle),
the amount of time involved, the complexity of the interview procedure, and the
location and time of the clinic.

When the participant arrives at the clinic location at the scheduled time, the
market researcher first checks their identity and ownership of the vehicle by ask-
ing them to show their driver’s license and the vehicle registration papers. The
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participant is then provided with general instructions on the clinic and asked to
complete a demographic form to provide information such as name, address, age,
gender, profession, education level, income range, characteristics of trips taken with
the vehicle (purpose, frequencies, and distances), and vehicles owned in the past
few years. In some clinics, a few anthropometric measurements of the participant
are also made, such as stature, weight, sitting height, shoulder width, and buttock-
to-knee length. The participant is then led to the evaluation area by an interviewer,
who provides instructions on how the vehicle concepts are to be evaluated, and the
interview is conducted using a predeveloped procedure and a questionnaire. The
responses provided by the participant are recorded using a printed form, a laptop,
or a tablet computer.

Focus Group Sessions

In focus group sessions, discussions are held within a group of 8—10 participants with
a moderator. The participants in each group are selected by the market researcher
based on a certain set of characteristics (e.g., make and model of vehicle currently
owned, age, gender, educational background, and profession) to discuss product
issues and concepts. The participants in each group have similar characteristics (for
example, older males who currently own a 2015 MY Toyota Camry and disliked the
styling of the concept vehicle in the prior personal interview). Inviting participants
with similar characteristics has the advantages that none of the participants will
dominate the discussions (i.e., defend their judgments), and they can collectively
think about the issues raised by the moderator and contribute to the discussions
(e.g., provide reasons for liking or disliking a certain feature of the concept vehicle).
Several groups with different characteristics can be invited separately to discuss the
product issues and thus provide feedback from a broader range of individuals.

The goal here is to understand the desires, concerns, and reactions of certain
types of individuals regarding preselected topics related to the product concept. For
example, the manufacturer may want to know the reasons behind young males dis-
liking a product concept. Thus, participants who especially disliked the product con-
cept in the personal interview (conducted earlier) can be reinvited to further discuss
their concerns related to disliking the product. The moderator can systematically
lead them through different areas of each issue and create discussions among the
group to probe for possible reasons for their dislike in greater detail.

Since the total number of participants included in the focus group sessions is
usually small, the gathered information is generally not subjected to any statistical
analysis. But the information can be used by the design team to get insights into vari-
ous thoughts and reasons provided to support their evaluations.

Mail, Web-Based, and Telephone Surveys

Mail, web-based (Internet), and telephone surveys are generally not used for vehicle
concept evaluation, primarily because the researcher does not have control over the
participant selection (i.e., who is responding, when, and in what situation), and it is
not possible for the respondent to see and interact with the physical product (e.g., a
vehicle buck) before responding. The response rate (i.e., the percentage of people
who will respond) is also very poor in these response-gathering methods.
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MARKET RESEARCH CLINICS

Marketing research departments usually design and organize the exterior and interior
package evaluation clinics. The team members involved in the vehicle program work
with the market researchers to develop questions to be included in the evaluations.
The clinics are held in cities representing major target markets. For example, since
pickup truck usage is higher in Texas and western states in the United States, a new
pickup truck concept can be evaluated by staging a market research clinic in Dallas,
TX. Participants who “currently own” certain vehicles are selected and scheduled
to arrive at the clinic site at predetermined times. Typically, 75-300 participants
may be invited by a random selection procedure from the vehicle registration data in
selected counties. The total number of participants is generally selected by statisti-
cal calculations to determine the smallest significant differences in percentages of
responses (or rating values) to be obtained on different alternative concept and refer-
ence vehicles shown in the clinics. For example, a sample size of 512 is required to
determine a difference of + 4% at 95% confidence level in a base percentage value
of 75. This means that, if one vehicle concept is liked by 75% of the participants, the
second vehicle concept must be liked by below 71% or above 79% of the participants
to be considered to be different from the first concept with 95% confidence. The
formula for computation of the sample sizes is

n= [Zzp(l—p)]/A2

where:

n=number of participants required

p =mean percentage of responses (in decimal, e.g., p=0.75)

A =absolute accuracy required (in decimal, e.g., A =0.04 for 4%)

z=number of standard deviations (of standardized normal variable) for confi-
dence level desired (e.g., z=+1.96 includes 95% of the area under the probability
density function of a standardized normal variable with mean equal to 0.0 and stan-
dard deviation equal to 1.0)

SoME ExamMpLES OF VEHICLE CHARACTERISTICS
EVALUATED IN MARKET RESEARCH CLINICS

Market research clinics are conducted to evaluate a number of issues related to new
vehicle concepts. Some examples of types of issues covered in the clinics are

1. Vehicle size: A pickup truck manufacturer wants to find out whether a new
pickup truck with a size in between the standard-size pickup truck (e.g.,
Chevy Silverado, Dodge Ram, Ford F-150) and the small pickup truck (e.g.,
Chevy Colorado, Dodge Dakota, Ford Ranger) can be designed and mar-
keted in the U.S. market.

2. Exterior styling: A pickup truck manufacturer wants to determine the
acceptability of the exterior styling of its new pickup truck in comparison
with its existing product and other benchmarked products.
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3. Minivan seat height: The vertical height (measured from the ground) of
the driver’s and other seats is one of the key variables related to success
of the minivan segment. Too low a seat height is perceived to cause dif-
ficulty in entering and egressing from the vehicle, and it does not provide
the command seating position (with better view from higher eye height). On
the other hand, a very high seat height causes difficulty in climbing up or
down, especially for female drivers. Thus, market research and human fac-
tors evaluations are conducted to determine the range of the most preferred
seat height.

4. Interior package of a mid-size entry-luxury sedan: An entry-luxury mid-
size sedan must be perceived to be better (more luxurious) than an economy
mid-size sedan. Market research is conducted to determine whether extra
features and craftsmanship enhancements (e.g., higher-quality materials,
better surface finish, and smaller gaps between adjoining components)
incorporated into the vehicle interior are perceived by the participants to be
improvements over the economy vehicles.

5. Understandability of complex control units: The layout, type of controls,
and labeling of complex control units such as center stack—-mounted climate
control, radio, and other components need to be evaluated for ease of under-
standing, that is, how well drivers understand the functions of the controls
and whether they can operate them correctly without errors.

6. Interior spaciousness of a sedan: The vehicle interior package space for the
front and rear occupants must provide a feeling of spaciousness (i.e., the
space is plentiful). The feeling of spaciousness is a complex function of a
number of vehicle package parameters, such as lateral distance between
left and right occupant locations in the same seating row, longitudinal dis-
tance between seating reference points of seating rows, shoulder room and
headroom, and minimum distances of the pillars, header, and instrument
panel from the driver’s eyes. The market research clinic must be designed to
ensure that all relevant occupant package parameters related to the percep-
tion of interior spaciousness are identified and evaluated by the participants.

COMMONLY EVALUATED VEHICLE CHARACTERISTICS
CoVEreD IN MARKET ResearcH CLINICS

This section provides a list of items that can be included in market research clinics
for exterior and interior evaluations. Typical questions that can be asked to obtain rat-
ings for the evaluations are provided in parentheses following each item. Three-point
direction magnitude scales (which provide three choices related to a given vehicle
dimension) and 10-point rating scales are used to obtain participants’ responses;
these are also included in the questions below.

Exterior Evaluation Characteristics

1. Overall vehicle size (Is the overall size of the vehicle too large, about right,
or too small?)
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10.

11.

12.

13.

14.

15.

16.
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. Overall vehicle length (Is the overall length of the vehicle too long, about

right, or too short?)

. Overall vehicle width (Is the overall width of the vehicle too wide, about

right, or too short?)

. Overall vehicle height (Is the overall height of the vehicle too tall, about

right, or too short?)

. Wheelbase (Is the wheelbase, i.e., the distance between front and rear

wheels, too long, about right, or too short?)

. Front overhang (Is the front overhang, i.e., the distance from the front bum-

per to the center of the front wheels [when viewed from the vehicle side],
too large, about right, or too small?)

. Rear overhang (Is the rear overhang, i.e., the distance from the rear bumper

to the center of the rear wheels, too large, about right, or too small?)

. Ground clearance (Is the ground clearance too large, about right, or too small?)
. Overall vehicle appearance (Provide rating on the overall appearance of the

vehicle using the following 10-point scale, where 10 equals liked very much
and 1 equals disliked very much)

Vehicle appearance (styling) in side view (Provide rating on the vehicle
appearance in side view using the following 10-point scale, where 10 equals
liked very much and 1 equals disliked very much)

Vehicle appearance in front view (Provide rating on the vehicle appearance
in front view using the following 10-point scale, where 10 equals liked very
much and 1 equals disliked very much)

Vehicle appearance in rear view (Provide rating on the vehicle appearance
in the rear view using the following 10-point scale, where 10 equals liked
very much and 1 equals disliked very much)

Hood length (Is the length of the vehicle hood too long, about right, or too
short?)

Trunk length (Is the length of the vehicle trunk too long, about right, or too
short?)

Cargo area length (Is the length of the cargo area too large, about right, or
too small?)

Adjectives used to describe the overall vehicle styling (Select the objec-
tives from the following list that apply to this vehicle: Modern, Traditional,
Retro, Tough, Sporty, Masculine, New, Old, Sharp, and so forth)

Interior Evaluation Characteristics

1.

2.

3.

4,

Overall interior space (Is the overall space inside the occupant compart-
ment too large, about right, or too small?)

Height of the driver’s seat (Is the height of the driver’s seat too high, about
right, or too low?)

Height of the vehicle roof (Is the height of the vehicle roof, while seated in
the driver’s seat, too high, about right, or too low?)

Height of the vehicle floor (Is the height of the vehicle floor from the ground
too high, about right, or too low?)
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5. Legroom (Is the fore-aft leg space, while seated in the driver’s seat, too
large, about right, or too small?)

6. Headroom (Is the space above your head, while seated in the driver’s seat,
too generous, about right, or too small?)

7. Shoulder room (Is the space for your shoulders, while seated in the driver’s
seat, too generous, about right, or too small?)

8. Eye height from the driver’s seat (Is your eye height, while seated in the
driver’s seat, too high, about right, or too low?)

9. Space in front of the head (Is the space in front of your head, while seated
in the driver’s seat, too generous, about right, or too small?)

10. Space to the left (outboard) side of the head (Is the space to the left side of
your head, while seated in the driver’s seat, too generous, about right, or too
small?)

11. Longitudinal fore/aft location of the gas pedal (Is the gas pedal located too
far, about right, or too close to you?)

12. Width of the vehicle at shoulder height (Is the inside width of the vehicle at
shoulder height too wide, about right, or too short?)

13. Visibility to the front of the vehicle (Is the visibility to the front of the
vehicle from the driver’s seat excellent, adequate, or insufficient?)

14. Visibility to the left side of the vehicle (Is the visibility to the left side of the
vehicle from the driver’s seat excellent, adequate, or insufficient?)

15. Visibility to the right of the vehicle (Is the visibility to the right side of the
vehicle, while seated in the driver’s seat, excellent, adequate, or insufficient?)

16. Visibility to the rear of the vehicle (Is the visibility to the rear of the vehicle,
while seated in the driver’s seat, excellent, adequate, or insufficient?)

17. Ease in getting into the driver’s seat (Provide rating on the ease in getting
into the driver’s seat using the following 10-point scale, where 10 equals
liked very much and 1 equals disliked very much)

18. Ease in getting out of the vehicle (Provide rating on ease in getting out of
the driver’s seat using the following 10-point scale, where 10 equals liked
very much and 1 equals disliked very much)

Chapter 21 presents additional information on the development of questionnaires
and data analysis methods for evaluations conducted in interior and exterior market
research clinics. Chapter 22 also provides an example of data from interior package
evaluations (see Table 22.5).

EXTERIOR BUCK PREPARATION AND EVALUATION SETUP

The exterior bucks of a concept vehicle are generally shown to customers along
with other existing vehicles. For example, if a manufacturer wants to evaluate a new
concept vehicle (e.g., as a 2021 MY vehicle) to replace its existing mid-size sedan,
the existing model (2016 MY) and two other competitors’ 2016 MY vehicles can be
shown and evaluated to serve as references in the market research clinic. The exte-
rior buck created to represent the concept vehicle should have a fit and finish quality
as good as that of any other production vehicle. The exterior buck should be made
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to true scale (full size). The buck is generally made of materials such as fiberglass,
wood, metals, plastics, and glass and made to look like a real vehicle from the exte-
rior. But, most likely, it will not be a working vehicle.

To control the exposure of the vehicles in the market research clinic from certain
views, such as side, front, rear, or angled views, the setup of the vehicles should be
carefully planned. Figures 11.1 and 11.2 present a setup to view the side and front
views, respectively, of four vehicles in a market research clinic.

In Figures 11.1 and 11.2, Vehicle S is the concept vehicle, which is compared with
three other vehicles: Vehicle M (the manufacturer’s existing vehicle) and Vehicles
W and P (the leading competitors’ vehicles, also used for benchmarking). Figure
11.1 shows that the participant (labeled as the subject) in the middle of the diagram
is asked to stand inside the square and look at the four vehicles positioned such that
the side views of the four vehicles are geometrically similar when viewed from the
middle square. The subject is asked to answer a number of questions while standing
in the square about the side views of the four vehicles. For convenience and quick
change of vehicle views, the four vehicles are placed on turntables, which are syn-
chronized and can be indexed (rotated) at any angular position to allow comparisons.
Figure 11.2 shows that the vehicles are indexed so as to allow comparisons of the
front views of the four vehicles.

Chapter 22 presents an example of the results of a market research clinic for con-
cept selection (see Table 22.6).

INTERIOR Buck PREPARATION FOR PACKAGE SURVEYS

Interior package bucks are built to full scale using wood and/or aluminum arma-
ture (scaffold), and the interior surfaces of the instrument panel, roof, doors, center
console, and other trim parts are generally modeled using fiberglass material and
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FIGURE 11.1 Plan view of the setup for comparative evaluation of side views of four
vehicles.
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FIGURE 11.2 Plan view of the setup for comparative evaluation of front views of four
vehicles.

mounted in their design positions. Seats with seat tracks, steering column, pedals,
and shifter are also mounted. Seats, steering column, and pedal movements/adjust-
ments can be made corresponding to design (nominal) values and adjustment ranges.
The participants (one at a time) are asked to sit in the seats, adjust to their preferred
driving position, and evaluate various items and features of the buck using a prede-
veloped questionnaire.

Other comparison vehicles can be also included for the interior evaluations. To
avoid any biases caused by the exterior of the vehicles during these interior evalua-
tions, the exteriors of the vehicles and the bucks should be covered with black cloth
or other similar envelopes. The interior materials used in the four vehicles should
have the same material and same neutral color (e.g., gray) to avoid biases due to dif-
ferences in interior materials and colors.

PRecAuTIONS FOR CLINICS TO AvoID BIASES

1. For exterior clinics, all vehicles should be presented in identical views and
with the same exterior surface characteristics. For example, the concept
vehicle and the three reference vehicles shown in Figures 11.1 and 11.2
should be painted with the same neutral exterior color (e.g., silver or gray)
to avoid introducing biases in participants’ perceptions of exterior charac-
teristics of the vehicles.

2. Remove or mask all brand identity (e.g., logos, vehicle name badges, or
labels).
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3. Cover all nonrelevant characteristics (with black cloth or black tape). Thus,
all interior items must be covered with black cloth during exterior evalua-
tions, and all exterior surfaces should be covered with black cloth for evalu-
ation of interior items.

4. Identify vehicles with neutral letters or numerals that cannot be associated
with good or bad ratings. For example, consecutive numbering (e.g., 1, 2,
3,4, ...) should be avoided. Letters from A to F should be avoided due to
associated meanings such as “A is the best rating” and “F means fail.” Note
that the four vehicles in Figure 11.1 are purposely designated to bias-free
letters such as S, M, P, and W.

5. Use pretested procedures and subject instructions. Always conduct several
pilot tests (or “dry runs”) of the procedures and subject instructions to make
sure that all biases and interpretational problems are resolved. Always debrief
the participants after the pilot tests by asking them to state steps in proce-
dures or questions that they did not understand or could not interpret clearly.

6. All interior evaluations must be conducted after the participant has adjusted
his/her seat, steering column, and pedals (if equipped with adjustable ped-
als) to his/her preferred driving position. It is very important that the partic-
ipants are explicitly asked to adjust their driving position before providing
any evaluation responses. Otherwise, the responses on evaluation related
to the locations of all interior items (e.g., reach distance to controls, view-
ing distances related to visibility of displays, field of view available to the
driver) will not be correct. In static market research clinics, where the par-
ticipants are not allowed to drive the vehicle, the participants generally do
not adjust the seat and primary driving controls to their preferred driving
position (unless they are specifically instructed to do so). They may leave
the seat in the position selected by the previous participant or leave the seat
at a further rearward and more reclined position.

SOURCES OF ERRORS

Errors can be introduced during the entire process of collecting responses from sub-
jects invited to participate in market research. A number of different types of error
can affect the data gathered during the surveys. The types of errors are

1. Participant selection error: Participants need to be carefully selected to
ensure that they represent the “target” customer population. Customers
who meet the characteristics of the target must be selected based on a
truly random process. For example, the following three situations will not
allow random selection of participants: (a) use of restricted databases (i.e.,
only certain characteristics of individuals are included in the database), (b)
unavailability of certain participants during the selected interviewing times
(e.g., only retirees and unemployed participants can attend afternoon mar-
ket research clinic sessions on weekdays), and (c) participants in financial
need (i.e., participants who are willing to attend the market research clinic
only because of the incentives [e.g., money] offered to attend).
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2. Interviewer error: An interviewer can influence the respondent’s answers
by his/her appearance, approach, and questioning attitude/behavior. Some
respondents may purposely skew their response to impress or ignore the
interviewer. The participant’s response to the question can be affected by
the wording used in the question or the interviewer’s tone in asking the
question. Thus, it is important to carefully select interviewers and train
them extensively to ensure consistency in following the predeveloped pro-
cedure and subject instructions and avoid interviewer biases. The inter-
viewers should be asked to read preapproved instructions precisely and not
state or abbreviate the instructions using their own words. Otherwise, dif-
ferent participants may interpret each question differently. The interview-
ers should be constantly monitored to ensure that they are preforming the
required tasks precisely. Cheating by interviewers (e.g., not recording or
inaccurate recording of responses) is always a problem, especially when a
large number of participants are to be interviewed.

3. Respondent error: In designing and administering the questionnaire, pre-
cautions must be taken to ensure that the following errors do not occur: (a)
no response error (participant fails to provide response); (b) response bias
(participant, due to his/her own tendency or affiliation, may deliberately
falsify his/her response or misinterpret the instructions). The interviewers
must be trained to identify such behaviors and notify supervisors to take
appropriate action (e.g., disqualify the participant).

Additional information on survey planning and errors in surveys can be found in
Zikmund and Babin (2009).

Types OF SURVEY QUESTIONS AND DATA ANALYSES

The questions included in market research clinics typically require the participant
to provide (a) demographic data (e.g., age, income, and education level), (b) ratings
using predeveloped scales (e.g., acceptability ratings using a scale with numbers and/
or adjectives/descriptors), (c) ratings using direction magnitude scales (e.g., steering
wheel is located too far, about right, or too close from me), (d) categorization of the
concept vehicle or its characteristics, such as like or dislike, economy or luxury, or
outdated or modern.

For example, to obtain ratings on the exterior appearance of each vehicle, the
interviewer will provide the following instructions to the participant:

Please walk to the center of the display area [see Figures 11.1 and 11.2], stand in the
square marked on the floor, and look around to view all the four vehicles. Please rate
the following using the 10-point scale below (Enter the number that best describes your
feelings in the form [shown in Table 11.1].)

Table 11.1 presents a data recording form for exterior evaluations of the four vehi-
cles S, M, P, and W. The table shows that the four vehicles are evaluated (i.e., rated
on the 10-point scale) by indexing the vehicles such that they can all be viewed from
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TABLE 11.1
An Example Data Recording Form for Simultaneous Comparisons of Exterior
Appearance of Four Vehicles

Neither
Exterior Evaluation Like Very Like Like nor Dislike Dislike Very
Characteristics Much Somewhat Dislike Somewhat Much
Rating --> 10 9 8 7 6 5 4 3 2 1

Side View Evaluation (Figure 11.1)

Side view appearance of
Vehicle S

Side view appearance of
Vehicle M

Side view appearance of
Vehicle P

Side view appearance of
Vehicle W

Overall length of
Vehicle S

Overall length of
Vehicle M

Overall length of
Vehicle P

Overall length of
Vehicle W

Overall height of
Vehicle S

Overall height of
Vehicle M

Overall height of
Vehicle P

Overall height of
Vehicle W

Front View Evaluation (Figure 11.2)

Front view appearance of
Vehicle S

Front view appearance of
Vehicle M

Front view appearance of
Vehicle P

Front view appearance of
Vehicle W

Overall width of
Vehicle S

Overall width of
Vehicle M
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Overall width of
Vehicle W
Overall width of
Vehicle P
Overall height of
Vehicle S
Overall height of
Vehicle M
Overall height of
Vehicle P
Overall height of
Vehicle W

Rear view appearance of

Vehicle S

Rear view appearance of

Vehicle M

Rear view appearance of

Vehicle P

Rear view appearance of

Vehicle W
Overall width of
Vehicle S
Overall width of
Vehicle M
Overall width of
Vehicle W
Overall width of
Vehicle P
Overall height of
Vehicle S
Overall height of
Vehicle M
Overall height of
Vehicle P
Overall height of
Vehicle W

Overall exterior

appearance of Vehicle S

Overall exterior
appearance of
Vehicle M

Overall exterior

appearance of Vehicle P

Overall exterior
appearance of
Vehicle W

Rear View Evaluation

Overall Exterior Appearance (All Views)

193
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the same angles and compared while viewing from (a) side view, (b) front view, and
(c) rear view. It should be noted that all the vehicles can also be simultaneously and
dynamically compared by rotating them at the same constant slow speed (e.g., one
revolution per minute) while maintaining the same synchronized viewing angles to
obtain ratings on the overall vehicle exterior appearance comparisons shown in the
last four rows of Table 11.1. In addition, the vehicles can be compared and evaluated
from other viewing angles, such as front quarter view (viewing toward the front from
45° to the x-axis of the vehicle) and rear quarter view (viewing toward the rear from
45° to the x-axis of the vehicle).

The responses provided by each participant to each question are recorded by the
interviewer during each session of the market research clinic. The data obtained for
each question are summarized both over all the participants and by a combination
of characteristics of participants (e.g., gender, age group, education level, brand of
vehicle owned by the participant, stature, and weight) for each vehicle. The data
summaries typically involve determining the distribution of ratings, mean values,
percentages of responses above or below a specified value, number of observations
of certain events (e.g., participant bumped head while entering the vehicle), and a
summary of comments made by the participants.

Statistical analyses are performed using data for each question to determine
whether the responses showed differences due to differences in vehicles (e.g., whether
the ratings of the concept vehicle were higher or lower than the ratings of each of the
reference vehicles) and whether demographic and anthropometric characteristics of
the participants affected their ratings or preferences for the vehicles.

Chapter 22 presents an example of the results of a market research clinic for con-
cept selection (see Tables 22.4 through 22.6).

TYPES OF MARKET RESEARCH CLINICS

Market research clinics can involve evaluations under static or dynamic test condi-
tions, whole vehicle or part vehicle (e.g., systems or subsystems evaluations), or some
combination of hardware or software features. It is always preferable to conduct
evaluations using the whole vehicle under the full set of actual usage conditions
(both static, i.e., when the vehicle is parked, and dynamic, i.e., when the vehicle is
being driven on public roads under natural unrestricted traffic situations). However, a
working property or prototype of the whole vehicle may not be available in the early
stages of the vehicle development. The cost of producing a working prototype is also
very high. Thus, creative approaches are developed to obtain the necessary informa-
tion by using a combination of test properties and evaluation methods.

StaTic VERSUS DyNAmIc CLINICS

When drivable vehicle properties (e.g., a prototype vehicle) are available, dynamic
driving tests are always preferable to static clinics, because during the drives, the
participant can experience a number of vehicle characteristics, such as accelera-
tion, braking, steering feel, gear shifting, wind noise, engine sound, visibility of the
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roadway, and operation of controls and displays. The dynamic clinics are generally
performed during the vehicle validation phase just prior to Job#1 (see Chapter 21).
Driving simulators can also be used to evaluate dynamic aspects of the vehicle if a
high-fidelity driving simulator is available. Many in-vehicle devices that involve con-
trols and displays, such as audio systems and navigation systems, can be evaluated to
study the driver workload and the driver’s ability to perform a number of in-vehicle
tasks safely without large lane deviations (see Bhise [2012] for more information).
In the absence of drivable prototypes and driving simulators, many vehicle sys-
tems can also be evaluated by installing them in other existing vehicles for dynamic
tests. Otherwise, static laboratory tests can be conducted to explore a number of oper-
ational issues with limited validity of results (see Bhise [2012] for more information).

CONCLUDING REMARKS

Concept selection should be conducted by using the data obtained during evaluation
of alternate vehicle concepts along with other existing vehicles. The data should
be obtained by asking representative customers to participate in evaluation studies
conducted in carefully planned market research clinics. The results of the evaluation
should be used to select and improve a vehicle concept. The process of creating many
vehicle concepts, evaluating several concepts, and using the collected data generally
results in developing a superior vehicle design.
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12 Managing Vehicle
Development Programs

INTRODUCTION

Vehicle development programs are large and very complex. The management of
such complex programs requires (a) a high level of understanding of the vehi-
cle development process, (b) information about the vehicle to be developed and
its competitors and customers, (c) corporate needs and resources, organizational
structure and people, and processes for securing and managing resources, includ-
ing teams of professionals and suppliers, and (d) tight control over the program
phases in terms of timings, cost, and trade-offs between product characteristics
and performance.

The success of a vehicle program, just like the performance of a very large
orchestra, requires discipline and coordinated actions of many individuals in the
program teams. The number of an auto manufacturer’s employees involved in a vehi-
cle program varies greatly between vehicle manufacturers and sizes of vehicle pro-
gram. However, in a typical new vehicle development, the involvement of 400-800
technical people in core engineering and design functions is not unusual. Further,
the number of suppliers and their technical personnel assigned to developing their
respective supplied entities varies greatly depending on the size of the program and
the outsourcing policies of the auto manufacturer.

The selection of a program manager who will lead the vehicle program is probably
the most critical decision faced by the senior management of the auto manufacturer.

PROGRAM MANAGER

Vehicle program manager (also called chief program manager or chief program engi-
neer in some automotive companies, or Shusa in Toyota) is a high-level management
position (Womack et al., 1990). The chief program manager generally has the total
responsibility for making all decisions related to the vehicle. In many automotive
companies, the chief program manager reports to an executive director of a specified
vehicle division or a vice president of product development. All design, engineer-
ing, and marketing managers assigned to the vehicle program directly report to the
chief program manager. All communications, product reviews, and decisions on the
program are generally made in the program steering team meetings. In the steering
team meetings, chaired by the chief program manager, all the program activities are
reviewed by their respective chief engineers, the chief designer, and the marketing
manager responsible for the program. Each chief engineer (or manager) similarly
manages activities through various teams and cross-functional teams involved in
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developing various levels of entities (i.e., vehicle, system, subsystem, and component
level) (see Figure 1.3 for team structure).

The chief program manager is responsible for formulating, managing, and car-
rying the vehicle program to completion till the launch of the new products. The
program manager must have working knowledge and experience in project planning,
scheduling, and budgeting. He/she must be a team builder, a coach, a motivator, and
an excellent communicator. He/she must be a big-picture thinker, the integrator of
a lot of technical information, and a quick and forceful decision maker. And he/she
should have outstanding skills as a manager and controller of program timings and
costs.

The basic job duties of the program manager can be described as to

1. Formulate multifunctional product teams with specific roles and responsi-
bilities to the program

2. Plan and manage projects/programs by coordinating product teams and
their activities to meet established program goals, schedules, and budgets at
program gateways

3. Lead program finance and budgeting activities related to product develop-
ment, purchasing services and materials, capital equipment and facilities
expenditures, and so forth

4. Coordinate development, specification, and procurement of first-generation
equipment

5. Manage coordination of supplier base (creating statements of work, quot-
ing, procurement and delivery coordination, evaluation/rating)

6. Provide product-specific support to marketing (through presentations, data-
sheets, customer visits, market research data/customer demographics, for-
mulation of product business and launch plan, and product pricing)

Thus, the program manager must possess the needed skills and experience:

1. Demonstrated success in managing product launches from conception to
manufacturing hand-off

2. Extensive experience in formulating and managing project/program
schedules

3. High proficiency in project management issues and activities

4. Ability to identify and focus team members on tasks critical toward suc-
cessful project completion

5. Demonstrated understanding and utilization of the basic program manage-
ment disciplines, including critical path, design-to-cost, value analysis,
concurrent engineering, and risk management

6. Experience of and exposure to working in automotive product development
and manufacturing operations

7. Experience in implementing quality management systems and risk manage-
ment in product programs

8. Working-level understanding of basic business administration disciplines
such as finance, statistics, economics, marketing, and business strategy
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PROGRAM VERSUS PROJECT MANAGEMENT

The life cycle of a complex product can be managed as a program. The program will
involve the prime responsibilities of designing the right product, producing it, ser-
vicing it during its operating life, and finally, closing the production operations and
disposing of or recycling the products. The entire program is generally divided into
a number of manageable projects, such as (a) developing the product, (b) building the
needed tools and production equipment, (c) building plants and installing equipment
to get ready for production, (d) recruiting and training people to operate the plant,
(e) generating a marketing plan and training dealers to sell and service the product,
and (f) producing vehicles at the required rate.

Thus, a program usually contains many projects. The outputs of projects are used
to create the program outcomes. Thus, a program can be either a large project or a
group of projects. Each project can have a project manager. The project manager’s job
is to ensure that his/her project succeeds. The program manager, on the other hand,
may not spend much effort on the management of individual projects, but is con-
cerned with the aggregate result or the end-state. For example, in an automotive com-
pany, a program may include one project to introduce new products to take advantage
of rising markets in emerging countries and another project to protect against the
downside of falling markets in developed countries. These projects are opposites with
respect to their success conditions, but they fit together in the same program.

Program management thus provides a layer above the management of projects
and focuses on selecting the best group of projects, defining them in terms of their
objectives, and providing an environment in which projects can be run successfully.
Program management also emphasizes the coordinating and prioritizing of resources
across projects, managing interfaces between the projects, and the overall costs and
risks of the program. The program manager should avoid micro-management of the
projects; he should leave the project management to the project managers and con-
centrate on the success of the overall program. Brown (2008) provides additional
information on this topic.

PROGRAM MANAGEMENT FUNCTIONS

The program management functions typically include the following activities:

1. Projects management: (a) coordinating projects through management of a
master plan, (b) status reporting, (c) issues management, and (d) resource
management

2. Performance management: (a) cost measurement, (b) benefits measurement,
and (c) analysis of business data

3. Change management: (a) change facilitation, (b) change communication,
and (c) workforce training and transition

4. Knowledge management: (a) documentation and sharing of lessons learned
from past projects and programs, (b) management of standards and best
practices, (c) outputs of product and process benchmarking, and (d) customer
complaints and feedback data gathering
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The program manager works with other departments to ensure that professionals
with the right combinations of expertise are available to perform the design respon-
sibilities for the systems assigned to the departments. The program manager also
needs to understand the matrix management organizational structure and work with
various functional (or core) departments to ensure that the necessary expertise is
available to professionals assigned to his/her vehicle program.

DEVELOPMENT OF DETAILED PROJECT PLAN

The project development activity requires many inputs from a number of stakehold-
ers and activities associated with the project and other issues that can affect the
activities of the project. The information gathered is used to develop a project plan.
The key project development activities include

—

. Collecting inputs from all stakeholders

2. Creating a common understanding of all the projects

3. Preparing documentation of technical plan, management plan, and systems
engineering management plan (SEMP) (covered in a later section of this
chapter; see Figure 12.3) for each project in the program

4. Supporting the implementation and management of the systems engineer-

ing (SE) process, involving development of requirements; functional analy-

sis and allocation of requirements to systems; interface analysis; balanced

product design; detailed design; designing and building tools and manu-

facturing facilities; conduction verification and validation tests; sales, mar-

keting and service; and finally, retirement of the product and disposal of

facilities.

PROJECT MANAGEMENT

Project management is the discipline of planning, organizing, securing, and manag-
ing resources to bring about the successful completion of the specific project goals
and objectives.

The traditional phased approach involves a sequence of the following six phases
to be completed:

1. Project proposal and pre-project preparations
2. Project initiation

3. Project planning and design

4. Project execution and construction

5. Project monitoring and controlling systems
6. Project closing/termination

Figure 12.1 presents a flow chart of these activities in relation to a project. The
project involved a series of tasks to be performed. It is important that the project
work must be clearly understood, with details of all the tasks to be performed,
their sequence, the resources (people, equipment, and funds) needed, and the time
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FIGURE 12.1 Project management activities.

required. The responsibility for performing each task is generally assigned to one
or more engineering departments depending on the specialized functions that need
to be performed in each task. The corporate knowledge and databases are generally
maintained by various functional departments of the organization.

Not all projects will go through every phase, as some projects may be terminated
before they reach completion. Some projects may not follow structured planning
and/or monitoring stages. Some projects will go through Phases 3—5 multiple times.
Many industries use variations of these project phases.

STEPS IN PROJECT PLANNING

The basic steps involved in planning a project include

1. Develop a work breakdown structure (WBS) (see next section) of all activi-
ties by listing each task in each of the activities. Each task is defined as a
group of all the steps or actions to be completed to accomplish the task.

2. Identify task inputs, outputs, and deliverables.

. Establish task precedence relationships.

4. Determine start and finish time for each task.

(98]
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5. Estimate task duration and resource needs to perform each task. The
resource needs include headcount needs by disciplines/job classifications
(e.g., number of designers, number of engineers, and number of techni-
cians), budget to perform the tasks, and special resources (e.g., software
applications, training, and product test facilities).

6. Display schedule (e.g., a Gantt chart; see next section). Determine critical
path (longest path of planned activities to the end of the project; see next
section for critical path method).

7. Estimate project budget and cash flows (expenses and revenues as functions
of time) (see Chapter 19 for more information).

TOOLS USED IN PROJECT PLANNING

GANTT CHART

A Gantt chart is a type of bar chart (with horizontal bar segments on a time scale)
that illustrates activities in a project or a program schedule. Figure 12.2 illustrates
a Gantt chart of a product program. It provides a visual diagram of all the activities
in the program on a time scale. A Gantt chart illustrates the start and finish dates of
all elements or activities in a project or a program. Some Gantt charts also show the
dependency (i.e., precedence network) relationships between activities. Gantt charts
can be used to show the current schedule status as percentage complete by using
shades of patterns of different densities or colors.

CriticAL PATH METHOD

The critical path method (CPM) is used for scheduling a set of project activities. The
essential technique for using CPM is to construct a model of the project that includes

1. A list of all activities required to complete the project (typically categorized
within a work breakdown structure)

2. The time (duration) of each activity

3. The dependencies (or sequence of completions) between the activities

4. Project beginning and end dates

Using these values, CPM calculates the longest path of planned activities to the
end of the project and the earliest and latest times at which each activity can start and
finish without making the project longer. This process determines which activities
are “critical” (i.e., on the longest time path) and which have “total float” (i.e., can be
delayed without making the project longer). In project management, a critical path
is the sequence of project network activities that add up to the longest overall dura-
tion. This determines the shortest time possible to complete the project. Any delay
to an activity on the critical path directly impacts the planned project completion
date (i.e., there is no float on the critical path). A project can have several parallel
near-critical paths. An additional parallel path through the network with the total
durations shorter than the critical path is called a subcritical or noncritical path.
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FIGURE 12.2  Gantt chart of a product program.

PrOGRAM (OR PROJECT) EVALUATION AND REVIEW TECHNIQUE

The program (or project) evaluation and review technique (PERT) is a model for
project management designed to analyze and represent the tasks involved in com-
pleting a given project. It is commonly used in conjunction with CPM. PERT is a
method for analyzing the tasks involved in completing a given project, especially
the time needed to complete each task, and identifying the minimum time needed to
complete the total project. PERT was developed primarily to simplify the planning
and scheduling of large and complex projects. It is able to incorporate uncertainty by
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making it possible to schedule a project while not knowing precisely the details and
durations of all the activities.

The uncertainty of the completion time of each activity is considered using esti-
mates of optimistic time, most likely time, and pessimistic time for each activity. The
expected time and variance of time for each activity can be computed as follows:

ET, =(OT; +4MT, + PS;)/ 6
ot =((Ps;-oT)/6)

where:

ET,=Expected time of the ith activity in the critical path

OT,=Optimistic time estimate to complete ith activity in the critical path
MT,;=Most likely time estimate of completing ith activity in the critical path
PS,;=Pessimistic time estimate to complete ith activity in the critical path
0,2 =Variance of time to complete ith activity in the critical path

The probability of completion of a project P (T'<k) before a certain date k, that
is, the kth day from the project start date, can be estimated by assuming that the total
time T of the critical path has a normal distribution with its mean equal to the sum of
expected times of all activities (i) and the variance of the total time (5,?) equal to the
sum of variances of task completion times of all activities in the critical path as follows:

P(T <k)=(1/06,2r) jk e'dr

where:

Y =(T-u,) /26,

Hy = ZET
;2= 20,2

i

If the project has more than one critical path, then the probabilities of completion
of each of the paths before a certain date can be computed. The probability of com-
pletion of the project can be computed by multiplying the probabilities of completing
all the critical paths before a certain date (if the paths are independent of each other).

PERT is event oriented rather than start and completion oriented, and is used
more in projects in which time, rather than cost, is the major factor. It is applied
to very large-scale, one-time, complex, nonroutine infrastructure and research and
development projects.
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WORK BREAKDOWN STRUCTURE

WBS is a tool used to define and group discrete work elements of a project in a way
that helps organize and define the total work scope of the project. A WBS element
may involve a task (or a function to be performed) related to the design or production
of a product, processing of data, providing a service, or any combination of tasks. A
WBS also provides the necessary framework for detailed cost estimation and control
along with providing guidance for schedule development and control. Additionally,
WBS is a dynamic tool and can be revised and updated as needed by the project
manager.

The outputs of the WBS are generally shown in a series of block diagrams using
flow charts and tree structures (e.g., with hierarchical levels similar to the decom-
position tree shown in Figure 2.5). Each block represents a task and provides many
task details and parameters (e.g., time required, dates, costs, assigned to). The WBS
typically displays (a) various elements of the project, (b) distribution (or number)
of work elements of the project in different tasks, (c) distribution of the costs or
budgeted amounts between the elements of the project, and (d) subdivision of larger
work elements into smaller elements. Some versions of the WBS may not consider
timings or order of execution of the tasks. (However, many project management soft-
ware applications used in WBS analysis can create Gantt charts and conduct CPM
and PERT analyses.)

PROJECT MANAGEMENT SOFTWARE

Several project management software systems are currently available (e.g., Oracle,
Microsoft Project, and Project Standard 2010, developed and sold by the Microsoft
Corporation [2012]). The software programs are designed to assist a project manager
in developing a plan, assigning resources to tasks, tracking progress, managing the
budget, and analyzing workloads. Microsoft Project allows the creation of color-
enhanced time charts with milestones, tasks, phases, people, and so on, and can
share databases with other applications (e.g., Microsoft Excel). Many of the software
packages allow online sharing of data between project managers, program managers,
and team leaders. Thus, all team members have instant access to the project data and
many features such as input changes, assign tasks, create personalized dashboards
of projects, view calendars, prepare reports, track project issues, create customized
charts and graphs, and assign tasks.

OTHER Tools

Many other tools are available for specialized analyses such as investment analysis,
cost—benefits analyses, expert surveys, simulation models and predictions, risk pro-
file analyses, surcharge calculations, milestone trend analysis, cost trend analysis,
target versus actual comparisons of dates, time used, and costs incurred and head
count. These analyses can facilitate communication of project status and improve the
efficiency and capabilities of project and program managers, especially when these
tools are available online and accessible with extensive databases on existing, past,
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and other similar projects for comparison purposes. The tools also allow managers
to create different types of project timings, budget and progress reports for com-
munications and control of project schedules, cash flows, and problems involving
different types of risks.

SYSTEMS ENGINEERING MANAGEMENT PLAN (SEMP)

A SEMP is a higher-level plan (not very detailed) for managing the SE effort to pro-
duce a final operational product (or a system) from its initial requirements. Just as a
project plan defines how the overall project will be executed, the SEMP defines how
the engineering portion of the project will be executed and controlled. The SEMP
describes how the efforts of system designers, test engineers, and other engineer-
ing and technical disciplines will be integrated, monitored, and controlled during
the complete life cycle of the product. In other words, the SEMP describes what
each team (or department) needs to do and when to achieve the vehicle program
objectives.

Figure 12.3 presents a flow chart illustrating the relationship of the SEMP to proj-
ect work and project management. The SEMP thus uses the information on project
work and specifies all major engineering activities in terms of details such as what
needs to be performed, how, and when.

For a small project, the SEMP might be included as part of the project plan docu-
ment, but for any project or program of greater size or complexity, a separate docu-
ment is recommended. The SEMP provides the communication bridge between the
project management team and the technical teams. It also helps coordinate work
between and within the different technical teams. It establishes the framework to
realize the appropriate work (or tasks to be performed) that meet the entry and suc-
cess criteria of the applicable project phases. The SEMP provides management with
the necessary information for making SE decisions. It focuses on requirements, cas-
cading of the product-level requirements down to lower-level entities, design, devel-
opment (detailed engineering), test, and evaluation. Thus, it addresses the traceability
of stakeholder requirements and provides a plan to ensure that the right product (or
system) will be developed during the entire project.

CoNTENTS OF SEMP

The purpose of this section is to describe the activities and plans that will act as con-
trols on the project’s SE activities. For instance, this section identifies the outputs of
each SE activity, such as documentation, meetings, and reviews. This list of required
outputs will control the activities of the team and thus, will ensure the satisfactory
completion of the activities. Some of these plans may be completely defined in the
SEMP (in the framework or the complete version). For other plans, the SEMP may
only define the requirements for a particular plan. The plan itself is to be prepared
as one of the subsequent SE activities, such as may be the case with a verification
plan or a validation plan. Almost any of the plans described in this section may fall
into either category. It all depends on the complexity of the particular project (or
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FIGURE 12.3 Relationship of the systems engineering management plan (SEMP) to project
work and project management.

program) and the amount of upfront SE that can be done at the time the SEMP is
prepared.

The first set of required activities relates primarily to the successful manage-
ment of the project. These activities are likely to have already been included in the
project/program plan, but they may need to be expanded in the SEMP (USDOT
Federal Highway Administration, 2007). Generally, they are incorporated into the
SEMP, but on occasion, they may be developed as separate documents. The items
that can be included in the SEMP are shown in the following list. The items and their
descriptions, provided by the U.S. Department of Transportation (USDOT Federal
Highway Administration, 2007), were modified to meet the needs of complex prod-
uct development.

1. WBS consists of a list of all tasks to be performed on a project, usually
broken down to the level of individually budgeted items.

2. Task Inputs is a list of all inputs required for each task in the WBS, such
as source requirements documents, drawings, interface descriptions, and
standards.
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10.

11.

12.

13.
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. Task Deliverables is a list of the required deliverables (outputs) of each

task in the WBS, including documents, and product configuration, includ-
ing software and hardware.

. Task Decision Gateways (or Milestones) is a list of critical activities that

must be satisfactorily completed before a task is considered complete. The
important gateway timings usually define the endpoints of each of the criti-
cal activities.

. Reviews and Meetings is a list of all meetings and reviews for each task in

the WBS.

. Task Resources is the identification of resources needed for each task in the

WBS, including, for example, personnel, facilities, and support equipment.

. Task Procurement Plan is a list of the procurement activities associated

with each task of the WBS, including hardware and software procurement
and any contracted or supplier-provided services (e.g., SE services or devel-
opment services).

. Critical Technical Objectives is a summary of the plans for achieving any

critical technical objectives that may require special SE activities. It may be
that a new software algorithm needs to be developed and its performance
verified before it can be used; or a prototyping effort is needed to develop a
user-friendly operator interface; or a number of real-time operating systems
need to be evaluated (verified) before a supplier selection or assembly task
is initiated.

. Systems Engineering Schedule is a schedule of the SE activities that shows

the sequencing and duration of these activities. The schedule should show
tasks (at least to the level of the WBS), deliverables, important meetings and
reviews, and other details (e.g., timings and requirements to be met) needed
to control and direct the project. The SE schedule is an important manage-
ment tool. It is used to measure the progress of the various teams working on
the project and to highlight work areas that need management intervention.
Configuration Management Plan describes the development team’s
approach and methods to manage the configuration of the systems within
the products and processes. It will also describe the change control proce-
dures and management of the system’s baselines as they evolve.

Data Management Plan describes how and which data will be controlled,
the methods of documentation, and where the responsibilities for these pro-
cesses reside. The data should include product design (e.g., computer-aided
design [CAD] models or data), schedules of different events (e.g., reviews,
tests), results of tests, costs, communications, and so forth.

Verification Plan is always required. This plan is written along with the
requirements specifications. However, the part related to tests to be con-
ducted can be written earlier (e.g., included in the systems design stan-
dards). The verification procedures are generally developed by the core
engineering experts, and they define the step-by-step procedures for con-
ducting verification tests.

Validation Plan is required. It ensures that the product being designed is
the right product and will meet all the customer needs.
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The second set of plans can be designed to address specific areas of the SE activi-
ties. They may be included entirely in the SEMP, or the SEMP may give guidance for
their preparation as separate documents. The plans included in the first set listed are
generally universally applicable to any project. On the other hand, some of the plans
included in this second set are required on an as-needed basis. The unique charac-
teristics of a project will dictate their need. For a complex product such an automo-
bile, many of these second-set plans are required items. These items are described
in the following list. The items and their descriptions provided in USDOT Federal
Highway Administration (2007) were modified to meet the needs of complex prod-
uct development.

1. Software Development Plan describes the organizational structure, facili-
ties, tools, and processes to be used to produce the project’s software. It
also describes the plan to produce custom software and procure commer-
cial software products.

2. Hardware Development Plan describes the organizational structure, facili-
ties, tools, and processes to be used to produce the project’s hardware. It
describes the plan to produce custom hardware (if any) and to procure com-
mercial hardware products.

3. Technology Plan (if needed) describes the technical and management pro-
cess for applying new or untried technology. Generally, it addresses perfor-
mance criteria, assessment of multiple technology solutions, and fallback
options to existing technology.

4. Interface Control Plan identifies all important interfaces within and
between systems (within the product and external to the product) and
identifies the responsibilities of the organizations on both sides of the
interfaces.

5. Technical Review Plan identifies the purpose, timing, place, presenters and
attendees, topics, entrance criteria, and exit criteria (resolution of all action
items) for each technical review to be held for the project/program.

6. System Integration Plan defines the sequence of activities that will integrate
various product chunks involving components (software and hardware),
subsystems, and systems of the product. This plan is especially important
if there are many subsystems and systems are designed and/or produced by
different development teams from different organizations (e.g., suppliers).

7. Installation Plan or Deployment Plan describes the sequence in which the
parts of the product are installed (deployed). This plan is especially impor-
tant if there are multiple different installations at multiple sites. A critical
part of the deployment strategy is to create and maintain a viable opera-
tional capability at each site as the deployment progresses.

8. Operations and Maintenance Plan defines the actions to be taken to ensure
that the product remains operational for its expected lifetime. It defines the
maintenance organization and the role of each participant. This plan must
cover both hardware and software maintenance.

9. Training Plan describes the training to be provided for both maintenance
and operation.
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10. Risk Management Plan addresses the processes for identifying, assessing,
mitigating, and monitoring the risks expected or encountered during a proj-
ect’s life cycle. It identifies the roles and responsibilities of all participating
organizations for risk management.

11. Other plans that might be included are, for example, a safety plan, a secu-
rity plan, and a resource management plan.

This second list is extensive and by no means exhaustive. These plans should be
prepared when they are clearly needed. In general, the need for these plans become
more important as the number of stakeholders and systems involved in the project
increases.

The SEMP must be written in close synchronization with the project plan.
Unnecessary duplication between the project plan and the SEMP should be avoided.
However, it is often necessary to put further expansion of the SE efforts into the
SEMP, even if they are already described at a higher level in the project plan.

CHECKLIST FOR CRITICAL INFORMATION

The USDOT Federal Highway Administration (2007) guide also provides a check-
list to ensure that the SEMP includes

1. Technical challenges of the project

2. Description of the processes needed for requirements analysis

3. Description of the design processes and the design analysis steps required
for an optimum design

4. Identification and documentation of any necessary supporting technical
plans, such as a verification, an integration, and a validation plan

5. Description of stakeholder involvement when it is necessary

6. Identification of all the required technical staff and development teams,
and the technical roles to be performed by the system’s owner, project staff,
stakeholders, and development teams

7. Description of the interfaces (or interactions) between the various develop-
ment teams

RoLE OF SYsTEMS ENGINEERS

The role of the systems engineers assigned to the program is essentially to do what
is needed to implement the SE process. A carefully developed SEMP will provide
a clear roadmap for the systems engineers. They should work closely with all other
team members, technical and program planning, to ensure that all basic SE steps are
followed (see Figures 2.1 and 2.3).

The systems engineers will usually play the key role in leading the development
of the product and/or system architecture, defining and allocating requirements,
evaluating design trade-offs, balancing technical risk between systems, defining and
assessing interfaces, and providing oversight of verification and validation activi-
ties. The systems engineers will usually have the prime responsibility for developing
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many of the project documents, including the SEMP, requirements/specification
documents, verification and validation documents, certification packages, and other
technical documentation (NASA, 2007).

SE is about trade-offs and compromises, about generalists rather than specialists.
It is about looking at the “big picture” and ensuring not only that they get the design
right (meet requirements) but that they get the right design. Thus, a system engineer
needs to perform the following tasks:

. Understand customer and program needs

. Obtain required data

. Develop SEMP

. Communicate the SEMP to program teams

. Provide recommendations to program teams on SE tasks

. Assist teams in conducting necessary trade-off analyses

. Continuously communicate with program teams to perform above tasks

B e R R O I S

VALUE OF SYSTEMS ENGINEERING MANAGEMENT PLAN

A carefully developed and well-executed SEMP will enable proper implementation
of SE during the program; that is, all the SE steps, from obtaining customer needs,
to product validation in product development and subsequent steps during the prod-
uct operations and disposal stages, are completed by the program teams in a timely
manner.

The value of the SEMP can be summarized as follows:

1. It will facilitate reducing the risk of schedule and cost overruns and will
increase the likelihood that the SE implementation will meet the user’s
needs.

2. It will engage the right specialists at the right (needed) time (because they
will know what needs to be done) and make sure that the design team
members perform the right tasks (e.g., analyses or tests), thus resulting in
improved stakeholder participation.

3. The product team will be more adaptable, and the developed products and
systems will be resilient and meet customer needs.

4. All entities within the product will be verified for functionality, and thus,
the product should have fewer defects.

5. The experience gained and lessons learned during the implementation of
the SEMP can be used to create improved SEMP documentation for the
next program.

EXAMPLE OF A SYSTEMS ENGINEERING MANAGEMENT PLAN

Table 12.1 presents a high-level SEMP for an automotive product program. The SEMP
plan is organized in 19 steps. The second column of the table presents a brief descrip-
tion of each step. The third and fourth columns present the start and end times from
Job #1 for each step. The fifth column presents the analyses to be performed and
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tools and methods to be used in each step, and the last column presents the teams and
departments responsible for conducting the work planned in the steps. The SEMP thus
identifies details such as what should be conducted, when, using what analyses and
methods, and the organizations responsible for performing the steps. It is assumed that
the professionals responsible for performing each step are experts and more knowl-
edgeable than the systems engineers preparing the SEMP. The SEMP aids in perform-
ing the important tasks of making sure that the right experts are conducting the right
analyses using the right tools and methods at the right time in the program in a coor-
dinated manner. This coordination of the right combination of experts at right time
is very important; otherwise, each organization may just perform its analyses (i.e.,
analyzing and designing the systems for which they are responsible) without coordi-
nating and interfacing design activities related to different interfacing systems. The
coordination typically occurs through many informal and formal meetings between
different design teams to review progress and to resolve problems (e.g., trade-offs
between different attributes and system functions and interferences between different
vehicle systems) and to review designs and seek the approval of higher levels of man-
agement at certain preselected events and gateways in the vehicle program schedule.

COMPLEXITY IN PROGRAM MANAGEMENT

Programs that require separate program management functions, processes, and peo-
ple for their management are inherently more complex than simple programs that
are generally managed by technical persons responsible for product development.
Simple programs do not require additional processes or people to manage the pro-
gram (the number of management tasks are generally small, and the responsibilities
in small teams are shared).

Thus, for the management of complex products, the program management should
undertake the following:

1. Divide the complex product into a manageable number of smaller “chunks”
(note that a chunk can include one or more systems of the product)

2. Create an organization structure with multiple teams (for different systems
or chunks of the product) to manage the complex product program

3. Select team members based on their expertise and capabilities to understand
the “big picture,” that is, the technical issues related to the functioning of the
entire product and the interfaces between and within their assigned chunk(s)

4. Train team members to select and apply tools (covered in this book, and
other tools in various specialized disciplines)

5. Require each team to create requirements for their assigned chunk based on
the customer needs and customer attributes created by the product planning
activity

6. Require each team to provide information to the program control team on
the status of their deliverables according to their WBS

7. Require each team to select and apply necessary tools (covered in Chapters
12 through 16) during the product development phases and report results to
their parent team during design reviews and program management meetings
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TIMINGS IN PROJECT MANAGEMENT

To facilitate timely completion of planned activities, the program management
should include

1. Gateways/milestones (timely targeted decision points) in the program
schedule (see Figure 2.4 and Table 2.1)

2. Reviews by different specialized areas (by attributes, specialized design
and user groups [e.g., technical experts, users, service personnel, and main-
tenance personnel], peer reviews, subsystems reviews, system reviews, and
so forth)

. Definition of work to be completed at each milestone

. Formal approval plan to proceed to the next phases

5. Plan to handle disapprovals or open issues that will involve rework, delays,

and workload balancing problems (overtime costs and/or program slippage)

6. Good communication on the status of program timings (ahead of schedule,

on schedule, or behind schedule) and unresolved problems
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Cost MANAGEMENT

The program management should prepare cost and timing charts to communicate
and control costs and timings. Various types and formats of charts can be used to
control and communicate information on budget levels and comparisons between
budgeted costs and costs incurred and projected costs as functions of time (espe-
cially, cost overruns). Figure 12.4 presents an example of a time chart comparing
cumulative budgeted cash flow with actual expenditure.

CHALLENGES IN PROJECT MANAGEMENT

A hectic pace and staying on top of all relevant internal and external issues or prob-
lems that can affect the project or program pose constant challenges to the pro-
gram management. Examples of internal factors are failures in meeting verification
test requirements, breakdown of critical test equipment, changes in personnel, bad
weather, power outages, and so forth. Examples of external factors are delays caused
by supplier problems, changes in the state of the economy, changes in budgets, new
technological developments that can change program objectives, political problems
in countries affected by the program, and so on.

Thus, program management personnel must be able to handle multiple problems
simultaneously, constantly maintain communication with the lower and higher levels
of team organization, anticipate problems, and be prepared for various possibilities.
Generally, program managers with a technical background and familiarity with the
technical aspects and issues will be able to handle and foresee possible developing
problems more quickly than nontechnically oriented program managers.

Component-level problems during the design stage and failures in some verifi-
cation tests can affect the progress of work on the higher product levels (i.e., risk
of not meeting deliveries of subsystems, systems, and product for verifications and
validations, effect on costs due to redesign, rework, retests, etc.). Therefore, it is
essential that technical problems and the resulting timing and cost problems need
to be tracked and communicated immediately through the higher levels so that the
necessary corrective or precautionary actions can be taken to minimize the program
risks. Progress charts on technical issues, timing, and costs need to be kept up to date
and reviewed through an appropriate reporting structure.

CONCLUDING REMARKS

Project and program management involve a lot of challenges, even in situations
where the path to the desired deliverable seems obvious. The difficulties arise due to
frequent changes in people, technology, and competition. Some examples of sudden
changes are (a) the project may be progressing fine till a key team member suddenly
resigns, (b) a revolutionary new product is about to be introduced into the market, or
(c) a major competitor launches a product almost identical to the manufacturer’s new
product. These situations would force changes in the program. Program complexity
will only increase over time, as the rates of technological innovation are increasing
rapidly. Further, changes in the organizational culture, working environment, and
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economic situation and scarcity of resources can also add substantial challenges in
controlling and successfully completing programs.
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’I 3 Computer-Aided
Technologies

INTRODUCTION

Computers have made profound changes and improvements to almost every process
used in the automobile industry. In this chapter, we will review how computeriza-
tion has affected automotive product development through applications in areas such
as three-dimensional (3-D) product design, simulation, collaboration, visualization,
digital prototyping, databases on decomposition of vehicles to component levels,
requirements, and preparation of forms and electronic reports. These changes have
helped in designing better products by reducing errors, development time, and devel-
opment costs. Some areas of applications include (a) 3-D computer-aided design
(CAD) in modeling and visualization, (b) dimensional measurements, (c) scanning
and milling to create vehicle models, (d) computer-aided engineering (CAE) in engi-
neering analyses, and (e) robots and computer-controlled machinery in various man-
ufacturing and assembly processes. Program management has also benefited greatly
from reduction in the time taken to prepare project and program schedules, budgets,
communications between and within teams, and so on.

COMPUTER-AIDED TECHNOLOGIES

Computer-aided technologies are used to conduct a variety of product planning,
design, engineering, manufacturing, and data management tasks. The technologies
and the acronyms used to the industry are listed here:

. Computer-aided design (CAD)

. Computer-aided architectural design (CAAD)
. Computer-aided design and drafting (CADD)
. Computer-aided engineering (CAE)

. Computer-aided manufacturing (CAM)

. Computer-aided process planning (CAPP)

. Computer-aided quality assurance (CAQ)

. Computer-aided reporting (CAR)

. Computer-aided requirements capture (CAR)
. Computer-aided rule definition (CARD)

. Computer-aided rule execution (CARE)

. Computer-aided software engineering (CASE)
. Computer information system (CIS)

. Computer-integrated manufacturing (CIM)

. Computer numerical controlled (CNC)
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16. Computational fluid dynamics (CFD)

17. Electronic design automation (EDA)

18. Enterprise resource planning (ERP)

19. Finite element analysis (FEA)

20. Knowledge-based engineering (KBE)

21. Manufacturing process management (MPM)
22. Manufacturing process planning (MPP)

23. Material requirements planning (MRP)

24. Manufacturing resource planning (MRP II)
25. Product data management (PDM)

26. Product life-cycle management (PLM)

CLAIMS: ADVANTAGES AND DISADVANTAGES OF COMPUTER-AIDED TECHNOLOGIES

Computer-aided technologies have steadily gained popularity since the 1970s in the
auto industry. In the early 1970s, large X-Y plotters were used with mainframe com-
puters to draw full-size drawings of vehicles. Now, 3-D models of vehicles are gener-
ated by designers and package engineers during the early vehicle conceptualization
phases. Magnified (full-size) images of these models are projected on large screens
for design review during conferences and meetings. These models and their data
are electronically transmitted and shared with all design teams at many locations
within an auto company and its suppliers. The teams use these models and common
databases to perform various engineering analyses and enrich the models and data-
bases by adding detail designs of vehicle systems as they are completed. Computer-
aided technologies have greatly improved the productivity, quality (e.g., reduced data
transfer errors), costs, and timings of vehicle development programs. The claimed
benefits of computerization are

1. Modeling complex shapes easily and quickly (e.g., freeform and parametric-
shaped objects; using a large number of functions and subroutines such as
copy, paste, reflect, and extrude to draw complex objects (Cozzens, 2007)

2. Scanning, digitizing, and modeling of complex 3-D surfaces

3. Precisely manipulating geometry (e.g., by changing parametric data with
different inputs and databases)

4. Reusing engineering data to create variations in designs (e.g., copy, paste,
and modify)

5. Using standard components, subsystems, and systems from libraries in

databases to populate assemblies

. Making product design changes quickly and easily

. Updating designs to reflect changes automatically

8. Integrating electrical, mechanical, thermal, and aerodynamic design and

analyses
9. Creating 3-D prototype parts using 3-D printing machines
10. Creating 3-D wiring layouts by importing electrical schematics
11. Automating cable harness design in the 3-D environment

N
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12. Creating 3-D product design models from schematic drawings/sketches

13. Getting to market faster by reducing rework, reusing data, and facilitating
data sharing and collaboration (using common databases)

14. Improving product design quality and customer satisfaction (reducing
design and manufacturing defects)

15. Reducing warranty claims (saving repair costs)

16. Optimizing product performance for intended environment

17. Reducing manufacturing costs

18. Creating accurate design documentation

19. Evaluating product manufacturability

20. Reducing cost during product design process

21. Creating innovative products (e.g., using iterative design)

22. Reducing physical prototypes to save money (e.g., using computer simula-
tions and prototyping)

23. Reducing overengineering of products (e.g., reducing safety factors, opti-
mizing materials and weight)

24. Saving time with automated cloud-based simulation

25. Making sustainable and economical products

26. Exploring alternative manufacturing processes to lower costs

27. Optimizing material selection for impact (crashworthiness), weight, and cost

28. Identifying hazardous materials usage (reducing exposure to toxic and car-
cinogenic materials)

The disadvantages of computerization are few, but they include

1. Added costs of purchasing and maintaining computers and peripheral
equipment.

2. Software procurement, development, interfacing (i.e., using outputs of one
computer application as inputs to another computer application without
human data manipulation), and maintenance costs.

3. Added costs of information technology staff to continually support com-
puter systems (e.g., for software installations, upgrades, troubleshooting,
user support, training, project planning, and hardware configuration).

4. Computer system security and protection costs (e.g., avoiding data hacking/
theft and system breakdowns).

5. Poorly understood assumptions made in applying software (i.e., improper
use of software applications).

6. Limitations of software applications not considered during analyses.

7. Untrained users of the software making incorrect interpretations of results
(i.e., need to provide additional training as computer systems and/or soft-
ware applications are upgraded).

8. Databases and software applications must be continually updated with the
latest available information/versions; otherwise, decisions based on out-
dated, incomplete, and missing information and/or models may lead to
uncompetitive designs.
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COMPUTER-AIDED DESIGN, ENGINEERING,
AND MANUFACTURING

CAD, CAE, and CAM are interdependent industrial computer application technolo-
gies that have greatly influenced the chain of processes between the initial design
and the final realization of the product. Ongoing refinements in CAD/CAE/CAM
systems continue to save auto manufacturers costs, time, and resources over non-
computerized or older methods. As a consequence, CAD, CAE, and CAM technolo-
gies are responsible for massive gains in both productivity and quality, particularly
since the 1980s. The CAD and CAM methods can be used separately or sequentially,
and in general, CAD is used more commonly than CAM.

CAD primarily involves creating computer models defined by geometrical param-
eters. These models typically appear on a computer monitor as 3-D representations
of a part or a system of parts, which can be readily altered by changing relevant
parameters. CAD systems enable designers to view objects under a wide variety of
representations and to test these objects by simulating real-world conditions (e.g.,
movements of components during operational situations).

CAM picks up where CAD leaves off by using geometrical design data to con-
trol automated manufacturing machinery. CAM systems are associated with CNC
or direct numerical control (DNC) systems. These systems differ from older forms
of numerical control (NC) in that geometrical data is encoded mechanically. Since
both CAD and CAM use computer-based methods for encoding geometrical data, it
is possible for the design and manufacturing processes to be highly integrated. More
information on this topic can be obtained from Encyclopedia of Business (2015) and
Groover (2008).

ComMpPUTER-AIDED ENGINEERING (CAE) METHODS AND VISUALIZATIONS

CAE methods are CAE software applications that are used in solving specialized
engineering analyses, such as structural analysis (e.g., modeling stresses, deflections,
movements, fractures/failures, optimization of component strength and weight),
noise and vibrations analysis, heat transfer/thermal stress analysis, fluid flow and
aerodynamics, optical ray tracing for visual reflection and glare analysis, and map-
ping electromagnetic fields. The outputs of these analyses can be visualized by cre-
ating graphic, color-coded, and/or animated views of states of the systems being
evaluated. For example, deflections/deformations under loads can be illustrated by
physical movements within components, vibrations can be shown in movements in
cyclic patterns within the vibrating components, stress levels can be shown by the
use of color codes, and aerodynamic/fluid flows can be shown in color-coded flow
contours (Peddiraju et al., 2009). The visualization techniques help provide a better
understanding of engineering issues and their magnitudes during the design process.

ProbucTt VisuaLizatioN TooLs

In designing an automotive product, it is essential that the designers and engineers
have a very good understanding of the 3-D space available to create the product. The
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magnitudes of different vehicle dimensions, areas, spaces, proportions and relative
sizes of different components, clearances between components, and interferences
between components that cause assembly and operational problems can be better
understood when physical models (or mock-ups) of the vehicle and various systems
and components are available.

Most currently used CAD tools (e.g., CATIA) allow the development of 3-D mod-
els that can be viewed from various viewing locations (i.e., eye points). Many of the
models allow dynamic animation of movements of various vehicle systems (e.g.,
opening and closing of doors, movements of moving components in vehicle suspen-
sions, and driveline [engine, transmission, drive shafts, and final drive]). Also, many
virtual reality simulators, such as computer-assisted virtual reality environments
(CAVEs) and 3-D goggles and screens, are used to provide a more realistic space
perception of the CAD models, along with computer modeling of environments (e.g.,
roads, vehicles in traffic, vehicle in a show room) and humans (e.g., 3-D driver or
user/occupant manikin interacting with the CAD model of the vehicle). These mod-
els can be used for various purposes, such as to analyze designs during engineering,
to review designs with company management, and to show vehicle designs to poten-
tial customers in market research clinics.

DESIGN TOOLS USED IN SPECIALIZED ENGINEERING ACTIVITIES

CoNcerT DESIGN

A number of different CAD software applications are currently used in the auto
industry to create, visualize, and modify vehicle concepts more quickly and reduce
the need for physical clay models (e.g., using rapid and virtual clay modeling). These
applications also allow (a) better communication and review of ideas and concepts
in the early phases of the vehicle design process with developed two-dimensional
(2-D) sketches and 3-D virtual models, (b) improved collaboration among the design
teams and faster decision making with the ability to visualize and review 3-D designs
in real time, (c) improved process efficiency in developing concepts and sketches,
design surfaces, and visualizing concepts using 2-D sketches or 3-D animation tools,
and (d) reducing or eliminating expensive building of physical properties (e.g., mock-
ups, bucks, and prototypes).

Since CAD models are immediately available for design reviews, many errors in
designs can be caught as the modeling activities progress. All teams and suppliers
can be given access to the CAD model so that they get the latest information imme-
diately and can begin designing and adding designs of entities that they are respon-
sible for developing and interfacing with other entities. Thus, the process of concept
generation moves faster from modeling to decision making with efficient surface
design, visualization, and 3-D concept development.

Some CAD applications used in the industry are (see Car Body Design, 2015)

1. Alias Automotive (Industrial design tools for conceptual design and surface
modeling) (Autodesk, 2015a).
2. AutoCAD (Autodesk, 2015b).
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3. CATIA (computer-aided three-dimensional interactive application) is a
multi-platform CAD/CAM/CAE commercial software suite developed
by Dassault Systemes. The latest releases are CATIA V5 and CATIA V6
(Dassault Systemes, 2015).

4. NX is a CAD/CAM/CAE PLM software suite developed by Siemens PLM
Software. NX is a parametric solid/surface feature-based modeler and is
based on Parasolid geometric modeling kernel (Siemens, 2015).

5. Pro/ENGINEER is software targeted to 3-D product design that offers an
integrated, parametric, 3-D CAD/CAM/CAE solution (PTC creo, 2015).

6. IronCAD (IronCAD, 2015).

CAE versus PHysicAL Tests AND PrRoTOTYPE BuILDS

Building physical products or parts of the products (e.g., systems, subsystems, or
components) and subjecting them to actual laboratory or field tests provides results
that are generally more valid (e.g., representative of actual product) as compared
with conducting one or more CAE evaluations. Advantages of the use of CAE tests
are that they reduce time and costs associated with building physical test properties,
preparing the test equipment, and conducting the required tests. The trend in auto-
motive engineering tests is to conduct extensive CAE analyses first to narrow down
evaluation alternatives (i.e., combinations of test or independent variables involved
in defining the product design) and then, to conduct limited physical tests when the
prototype components, systems, or vehicles are available for physical tests for valida-
tion purposes.

DEesIGN REVIEW MEETINGS

Design review meetings should always be conducted with the use of one or more
product visualization methods such as sketches, drawings, CAD models, or physical
models to ensure that all reviewers understand the product configuration and details
about the problem being reviewed. Without a visualization tool, different reviewers
may think differently about the product and the problem being reviewed. Thus, the
use of product visualization methods during product design review meetings is very
helpful.

VERIFICATION TESTS

Verification tests are conducted to verify that a designed entity performs and meets
its requirements. Tests conducted using CAE methods do not use actual (physical)
entities, but CAE tests can be conducted under many different simulations with
combinations of manufacturing variations or conditions to determine how any given
entity can perform under different possible variations. The advantage of CAE test-
ing is that a large number of verification tests can be conducted within a short
period of time and without the expense of creating test entities, test setups, and test
equipment.
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VALIDATION TESTS

Validation is usually the last test phase before Job #1. The validation is conducted to
ensure that the right product is built for the customers. Thus, the validation testing
should be conducted using customers. Further, since the actual product is available
(i.e., prototype vehicles are available a few months prior to Job #1), CAD methods
are rarely used in this phase.

ADVANTAGES OF CAD

Modeling with CAD systems offers a number of advantages over traditional drafting
methods that use rulers, squares, and compasses. Designs can be altered without eras-
ing and redrawing. CAD systems offer “zoom” features, analogous to a camera lens,
whereby a designer can magnify certain elements of a model to facilitate inspection.
Computer models are typically 3-D and can be rotated about any axis, much as one
could rotate an actual 3-D model in one’s hand, enabling the designer to gain a fuller
sense of the object. CAD systems also lend themselves to modeling cutaway drawings
(sectional views), in which the internal shape of a part is revealed, and to illustrat-
ing the spatial relationships among a system of parts. CAD models can also provide
exploded views showing various components or subsystems involved in an assembly.

To understand CAD, it is important to understand its limitations. CAD systems
have no means of comprehending real-world concepts, such as the nature of the
object being designed or the function that the object will serve. CAD systems func-
tion by their capacity to codify geometrical concepts. Thus, the design process using
CAD involves transferring a designer’s idea into a formal geometrical model. In this
sense, an existing CAD system does not actually design anything, but can provide
tools, shortcuts, and a flexible environment for a designer to work with.

Other limitations to CAD are being addressed by research and development in
the field of expert systems. This field is derived from research into artificial intel-
ligence. One example of an expert system involves incorporating information about
the characteristics of materials, for example, their weight, tensile strength, and flexi-
bility, into the CAD software. When this and other information is included, the CAD
system could “know” what an expert engineer knows when that engineer creates a
design. The system could then mimic the engineer’s thought pattern and actually
“create” a design. Expert systems might involve the implementation of more abstract
principles, such as the nature of gravity and friction or the function and relation of
commonly used parts, such as levers or nuts and bolts. Expert systems might also
change the way data is stored and retrieved in CAD/CAM systems, supplanting the
hierarchical system with one that offers greater flexibility.

Another key area of development in CAD technologies is the simulation of per-
formance. Among the most common types of simulation are testing for response
to stress and modeling the process by which a part might be manufactured or the
dynamic relationships among a system of parts. In stress tests, model surfaces are
shown by a grid or mesh that distorts as the part comes under simulated physical or
thermal stress. Dynamic CAD/CAE tests serve as a complement to or a substitute for
building working prototypes. The ease with which the characteristics of a modeled
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entity can be changed facilitates the development of optimal dynamic efficiencies
in terms of both functioning and manufacturing. Simulation is also used in electri-
cal/electronic design tasks by creating simulated current flows through circuits and
observing the behavior of the electrical systems.

The processes of design and manufacture are, in some senses, conceptually sepa-
rable. Yet, the design process must be undertaken with an understanding of the nature of
the production process. It is necessary, for example, for a designer to know the properties
of the materials with which the part might be built, the various techniques by which the
part might be shaped, and the scale of production that is economically viable. The con-
ceptual overlap between design and manufacture is suggestive of the potential benefits of
CAD and CAM and the reason why they are generally considered together as a system.

CONCLUDING REMARKS

Because of major advantages of computer-assisted technologies, the older, manu-
ally intensive design and physical testing processes have been replaced throughout
the industry. To ensure that the new technologies are properly applied, care must be
taken to understand their limitations.
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4 Vehicle Validation

INTRODUCTION

The term validation plan describes the evaluation tests that should be conducted to
determine whether the vehicle will meet its customer needs and will be accepted
by the customers. The validation tests are carried out at the vehicle level; that is,
the whole vehicle with all of its systems is tested. Often, the tests are conducted
in customer clinics where representative customers are invited and asked to evalu-
ate the vehicle under various different usage conditions (i.e., driving under different
situations and operating/using different vehicle features). Some validation tests are
also conducted using various technical experts and key management personnel as
the evaluators, with the assumption that they represent the most critical customers.

The primary goal of the validation plan is to test the vehicle to assess whether it
will meet all the customer needs. Meeting the customer needs and gaining customer
acceptance are the key outcomes of every vehicle program, because the customers
are the ones who will invest their money and buy the vehicles. If customers find
that the vehicle does not meet their needs, they will most likely purchase a vehicle
produced by another company (e.g., from a competitor). Thus, the management of
the company wants to review the validation test results to ensure that the vehicle
produced will be acceptable to the customers. The validation process essentially also
judges the effectiveness of all the product development and management teams in
creating the right product, and it also provides an opportunity to make minor refine-
ments to the vehicle before the formal production begins.

SCOPE OF VALIDATION TESTING

WHEN Is VALIDATION PERFORMED?

Validation testing is usually conducted a few months prior to Job#l (note: after
Job#1, the assembled production vehicles will be shipped to the dealers for sale). Just
prior to this validation phase, all the engineering tests to verify various components,
subsystems, and systems within the vehicle (i.e., verification tests at various lower
levels of the vehicle entities) are usually completed, and their results show that all
the applicable attribute requirements are met. Thus, the verification tests should not
need to be repeated during the validation phase unless additional confirmations are
needed (e.g., due to late changes).

The underlying goal of the validation tests is to perform the final tests to deter-
mine whether the whole vehicle as “assembled from all the verified systems and
components” will meet the needs of its customers. The latest prototype vehicles built
at the assembly plant are usually used for validation testing. Many of these vehicles
are also used for other tests, such as final durability, performance, and inspection
tests.

231
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Here, the management wants to ensure that the vehicle will meet all its customer
needs and that customers will be highly satisfied before the final approval is given
to release the vehicles for shipment to the dealers. Six or more production prototype
vehicles are typically made available for validation tests. The results of the valida-
tion tests are used to make minor changes to the vehicles (usually at the assembly
plant). The results also help marketing and sales personnel to fine-tune their market-
ing plans and prepare dealer information to check and fix any late-discovered issues
with the vehicles prior to customer delivery.

WHOLE-VEHICLE TESTS

The validation testing should include objective and subjective tests. The objective
tests are generally performed using physical measurement devices (e.g., accelerom-
eters, timers, distance measuring devices, force transducers, temperature sensors,
and sound level meters) and onboard data recorders, as compared with the subjective
tests, which involve judgments of evaluators (typically, customers and/or experts)
using various psychophysical measurement methods such as rating on a scale, cat-
egorization (acceptable/unacceptable, like/dislike), and paired comparisons (e.g.,
same as a given reference, better or worse than the reference).
The types of objective and subjective tests and the purposes of the tests are

1. Objective Tests

a. Dynamic destructive tests: crash tests to demonstrate compliance to
Federal Motor Vehicle Safety Standards (FMVSS) 200 series require-
ments (front, side, rear impact, and rollover) and FMVSS 300 series
(fuel integrity) requirements (NHTSA, 2015)

b. Dynamic nondestructive tests: (i) powertrain performance (power,
acceleration, sound, and thermal evaluations), (ii) fuel economy and
emission tests, (iii) noise and vibration evaluation dynamic tests on dif-
ferent roads at different speeds, (iv) braking and handling, (v) aero-
dynamic drag tests, (vi) climate control functionality, and (vii) driver
behavioral observations during driving and operating controls and
using displays (e.g., time taken to perform tasks)

c. Static tests: (i) fuel economy and emission tests of whole vehicle on a
dynamometer, (ii) wind tunnel tests for aerodynamic drag and air/water
leakage, and (iii) electromagnetic interference

2. Subjective Tests

a. Dynamic tests: in these tests, customers, experts, and management per-
sonnel are asked to drive the vehicles and provide their responses (e.g.,
ratings and judgments) on the following vehicle characteristics: (i) per-
formance (includes perception of acceleration and time to reach a given
speed), handling (perception of how the vehicle handles on the roadway
during different maneuvers [e.g., double lane changes, curves on a ser-
pentine course], including steering feel), braking (including brake feel),
and occupant comfort (i.e., comfort felt by the occupants while sitting in
the seats experiencing the ride, and thermal comfort due to the climate
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control), (ii) noise, vibrations, harshness (NVH), squeaks, and rattles (i.e.,
various sounds and vibrations experienced during driving), (iii) package
and ergonomics evaluations (judgments of experts and customers on var-
ious vehicle package and vehicle usage—related considerations [e.g., ease/
difficulty ratings] during driving), (iv) vehicle visibility and lighting (e.g.,
field of view, visual obstructions, visibility distances, headlamp beam
pattern perception studies using customers), and (vi) overall impression
on characteristics such as “fun to drive,” “much better than competitor
X,” or “I would recommend it to a friend” (using customers).

b. Static evaluations of customer perception in areas such as (i) styling and
appearance (exterior and interior), (ii) craftsmanship—fit, finish, color/
texture harmony, sound and tactile feel, perception of interior materi-
als, (iii) functionality of interior components, and (iv) ease in service
and maintenance considerations.

In performing the tests, issues such as (a) what is being measured and how it is
measured (equipment and procedures), (b) who evaluates (e.g., a selected sample of
customers, an average customer, a very demanding customer, or an expert in a spe-
cialized field such as vehicle dynamics or ergonomics) are important considerations.
Such considerations are usually discussed with the vehicle program manager and/or
senior company management, and their approval is sought before the validation test
program is initiated. In addition, whether any additional late models of competitors’
vehicles should be included for comparisons is also decided by the program manager.

It is also important to realize that computer-aided engineering (CAE) methods
should not be considered as part of the validation testing, as they are based on tests
using computer models of the vehicle. The CAE methods are used for verification
tests because physical hardware and complete vehicles (early prototypes or produc-
tion vehicles) are not available during the early engineering phases. The actual pro-
duction vehicles produced just prior to Job# 1should be used for validation testing.

METHODS USED FOR EVALUATION

All the methods that are generally used in the validation evaluations are shown in
Table 14.1. The methods to be used depend on the vehicle attribute and its subattrib-
utes to be included in the validation plan. Table 14.1 includes all vehicle attributes and
their major subattributes. The validation evaluation methods are based on customer
responses, measurement of dimensions, expert reviews, field tests, crash tests, engi-
neering requirements (using methods specified in engineering standards of the auto
company, FMVSS, Society of Automotive Engineers (SAE) standards), and so forth.

Many of the important methods used in validation evaluations are briefly
described and explained in the following subsections.

CUSTOMER RATINGS

Overall, about 80—150 subjects (at each market research test site) are asked to rate
the vehicle and compare it with its competitors on a number of preselected vehicle
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TABLE 14.1

Type of Methods Used for Validation of Attributes

Vehicle Attribute
Package

Ergonomics

Subattribute

Seating package (driver
and passengers)

Entry/exit

Luggage/cargo package

Fields of
view—visibility

Powertrain package

Suspensions and tires
package

Other mechanical
package

Locations—Ilayout of
controls, displays,
handles, service points,
and so on

Hand and foot reach

Visibility and
obscurations

Subattribute
Requirements/Sources

Accommodation
percentiles and interior
dimensions. SAE J
1516, J1517, J4004.

Head/torso, knee, thigh,
foot space
requirements. Distances
from SgRP.

Luggage volume
requirements. Floor
height to ground.

Wiper/defroster zones,
mirror fields, pillar
obscuration.

Engine, transmission,
and drivetrain
envelopes.

Suspension and tire
envelopes.

Space requirements for
fuel tank, electrical,
lighting, climate control
systems, and so on.
FMVSS 108
requirements.

SAE J1138. Ergonomic
requirements.

SAE J287. SAE J1516
and J4004.

FMVSS 111, SAE
J1050, J902,903.

Evaluation
Method(s)

Interior coordinate
measurements.
Customer ratings on
package dimensions.

Interior coordinate
measurements.
Customer ratings on
entry/exit ease.

Interior coordinate
measurements.
Customer ratings on
storage space.

Interior coordinate
measurements.
Customer ratings on
direct and indirect
fields and
obscurations.

Interior coordinate
measurements. Drive
tests on clearances.

Interior coordinate
measurements. Drive
tests on clearances.

Interior coordinate
measurements.

Interior coordinate
measurements.
Reach and grasp
evaluations during
operations.

Interior coordinate
measurements.
Customer ratings in
drive clinics.

Interior coordinate
measurements.
Customer ratings in
drive clinics.
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TABLE 14.1 (CONTINUED)
Type of Methods Used for Validation of Attributes

Subattribute Evaluation
Vehicle Attribute Subattribute Requirements/Sources Method(s)

Safety

Styling/appearance

Thermal and
aerodynamics

Operability

Front impact

Side impact

Rear impact

Roof crush

Sensors, belts, and
airbags

Other safety features

Exterior—shape,

proportions, and so on.

Interior—I/P =
Instrument Panel,
Console, trim, and so
on.

Luggage/cargo/storage

Underhood appearance

Color/texture mastering

Craftsmanship

Aerodynamics

Ergonomic guidelines,
SAE J1139.

FMVSS 204, 208, 212,
and 219 requirements.

FMVSS 214
requirements.

FMVSS 301 and 303
requirements.

Deformation
requirements.

Anchorage and dummy
tests.

FMVSS 108, SAE
lighting standards.

Exterior design
guidelines.

Interior design
guidelines.

Customer requirements.

Design guidelines.

Color and texture
masters.

Craftsmanship
guidelines.

Aero forces, coefficient
of drag, and noise
requirements.

Ergonomics scorecard
based on ergonomics
engineer"s and
customer drive
clinics.

Sled and crash tests
with crash dummies.

Sled and crash tests
with crash dummies.

Sled and crash tests
with crash dummies.

Laboratory tests.

Laboratory
evaluations and
measurements.
Customer belt fit
comfort evaluations.

Photometric and
durability tests.

Exterior surface
measurements.
Customer ratings.

Interior surface
measurements.
Customer ratings in
market research tests.

Customer ratings.

Customer ratings.

Expert judgments in
matching colors and
surface finishes.
Customer ratings on
craftsmanship.

Expert and customer
ratings.
Measurements of
mating edges,
surfaces, and surface
finish.

Wind tunnel and field
testing.

(continued)
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TABLE 14.1(CONTINUED)
Type of Methods Used for Validation of Attributes

Vehicle Attribute

Performance and
drivability

Vehicle Dynamics

Noise, vibrations,
and harshness
(NVH)

Interior climate
comfort

Weight

Subattribute

Thermal management
Water management

Performance feel

Fuel economy

Long-range capabilities

Drivability

Manual shifting

Ride

Steering and handling

Braking

Road NVH

Powertrain NVH

Wind noise

Electrical/mechanical

Brake NVH

Squeaks and rattles

Pass by noise

Heater performance

Air-conditioning
performance

Water ingestion

Body

Subattribute

Requirements/Sources

Temperature guidelines.

Leak test requirements.

0-60 mph time.
Engineering
requirements.

EPA/NHTSA
requirements.

Engineering
requirements.

Engineering
requirements.

Engineering
requirements.

Engineering
requirements.

Engineering
requirements.

FMVSS 105
requirements.

Engineering
requirements.

Engineering
requirements.
Engineering
requirements.
Engineering
requirements.
Engineering
requirements.
Engineering
requirements.

Engineering
requirements.
Engineering
requirements.
Engineering
requirements.
Engineering
requirements.

Design assumptions.

Evaluation
Method(s)

Static and drive tests.

Water and air leak
tests.

Experts and customer
ratings.

EPA test procedures.

Field tests.

Field tests.

Experts and customer
ratings.

Experts and customer
ratings.

Experts and customer
ratings.

Field tests.

Sound measurements.
Field tests.

Sound measurements.
Field tests.

Sound measurements.
Field tests.

Field tests.

Field tests using
experts.

Field tests using
experts. Customer
ratings.

Sound measurements.
Field tests.

Field tests. Customer
ratings.

Field tests. Customer
ratings.

Field tests.

Weight measurements.
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TABLE 14.1 (CONTINUED)
Type of Methods Used for Validation of Attributes

Subattribute Evaluation
Vehicle Attribute Subattribute Requirements/Sources Method(s)

Security

Emissions

Communications
and entertainment

Cost

Customer life cycle

Product/process
compatibility

Chassis
Powertrain
Climate control
Electrical
Vehicle theft

Contents/component theft
Personal security

Tailpipe emissions
Vapor emissions
Onboard diagnostics
Communication with
outside sources
Communications within
the vehicle
Entertainment
Cost to the customer
Cost to the company
Purchase and service
experience
Operating experience
Life-stage changes
System upgrading
Disposal/recyclability
Reusability
Commonality
Carryover

Complexity

Tooling/plant life cycle

Note: 1/P, instrument panel.

Design assumptions.
Design assumptions.
Design assumptions.
Design assumptions.
Engineering
requirements.

Engineering requirements.

Engineering
requirements.
EPA requirements.

EPA requirements.
EPA requirements.

Transmission
requirements.
Transmission
requirements.
Transmission
requirements.
Product planning
assumptions.
Product planning
assumptions.

Marketing assumptions.

Marketing assumptions.
Marketing assumptions.
Marketing assumptions.

Recycling requirements.

Reusability requirements.

Commonality guidelines.

Tooling budget.

Manufacturing budget.

Weight measurements.
Weight measurements.
Weight measurements.
Weight measurements.

Expert evaluations.

Expert evaluations.
Expert evaluations.

Dynamometer and
field tests.

Dynamometer and
field tests.

Dynamometer and
field tests.

Data transmission
tests.

Data transmission
tests.

Data transmission
tests.

Cost prediction
programs.

Cost prediction
programs.

Historic data and
customer feedback.

Customer feedback.

Customer feedback.

Customer feedback.

Material tracking.

Field data.

Analysis of
component database.

Analysis of
component database.

Analysis of
component database.

Manufacturing strategy. and Analysis of plant tooling

budget.

database.
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characteristics associated with the vehicle attributes (see Table 14.1). The vehicle can
be rated in static evaluations (e.g., for evaluations of exterior and interior appearance,
interior package and spaciousness) and driving field tests. Field tests are typically
conducted for ride, comfort, handling, acceleration, braking, and ergonomic evalua-
tion of various systems (e.g., audio, navigation, climate control, and headlamp beam
patterns).

ExPERT REVIEWS

Generally, customers are asked to provide judgments on vehicles used for validation
evaluations. However, customers are not very good at finding minor faults in the
vehicle. Therefore, trained experts can be asked to detect a range of vehicle faults
(from “barely detectable” to “very noticeable”) that are not easily detected by the
customers. The experts are generally very knowledgeable about what the customer
wants, and they can also easily detect problems in the vehicles related to their area
of expertise. For example, a noise and vibration expert can easily discern vibrations
in suspension components that most customers will not notice in a short test drive.
Further, customers can be very biased, and may only find faults with the vehicle
based on their previous experience, whereas, the experts can cover a range of issues
within their area of expertise. Thus, experts are employed to evaluate problems in
the following areas:

. Drivability, that is, acceleration, ride, steering, handling, and braking

. Gear-shift feel and jerkiness during shifting

. Noise and vibrations that can occur in various vehicle systems

. Fuel economy and tailpipe emissions

. Craftsmanship, that is, fit, finish, harmony or match in color and textures of
components

O I S O R S

CoMPANY EMPLOYEES AND MANAGEMENT PERSONNEL

The company employees and management personnel are also asked to evaluate the
vehicles. The company employees, because of their extensive experience with the
existing products, can provide useful information by participating in subjective eval-
uations. However, they may be biased, as they can be unduly harsh or lenient in their
evaluations. Selection of employees who are not associated with the vehicle program
can be a quick source of evaluators. Further, in many situations before the vehicle
introduction, it is beneficial to ask only company employees to participate in the
vehicle evaluation exercises, so that information about the upcoming products can
be shielded from public exposure.

LABORATORY AND CONTROLLED FIELD TESTS

Whole-vehicle tests without the use of subjects (customers and experts) and using
test equipment in static and dynamic conditions in laboratory or special test setups
are conducted for the following purposes:
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1. Dimensional measurements for verification of ride height and ground clear-
ances, approach, departure and break-over angles, cargo volume, and so
forth

2. Powertrain and fuel economy (using dynamometers)

. Crash tests for front, side, and rear impact, roof crush, and fuel integrity

4. Field of view measurements (e.g., measurement of daylight openings, mir-
ror field, detection fields of blind area sensors)

(98]

SOME EXAMPLES OF VALIDATION TESTS AND TEST DETAILS

This section provides some detail on the validation tests for evaluation of the vehicle
and its systems for the following seven vehicle attributes: (1) vehicle performance, (2)
comfort, (3) noise, vibrations, and harshness, (4) crash safety, (5) styling and appear-
ance, (6) packaging and ergonomics, and (7) electrical and electronics. It should be
noted that the actual validation test programs undertaken will vary greatly between
different manufacturers and also between different vehicle programs of any given
manufacturer. The details provided in this section are intended to provide a brief
overview covering only a few important areas within the seven selected attributes.

VEHICLE PERFORMANCE

1. Vehicle Dynamics and Handling: The vehicle-level validation of vehicle
dynamics and handling characteristics typically involves drive tests. Expert
drivers are involved in a number of tests related to vehicle body motions
under a variety of acceleration, deceleration, and steering maneuvers
involving maximum lateral accelerations in handling courses involving
curves with different radii, quick lane changes, and so forth. Objective mea-
surements of stopping distances (e.g., braking from 60 to 0 mph) and time
traces of velocity, accelerations (lateral and longitudinal), heading angle,
and vehicle location are recorded. The customers are also asked to drive
the vehicles on test courses involving a number of maneuvers. At the end of
each test, the customers are asked to complete a questionnaire with ratings
using 10-point scales about their perception of various vehicle handling
considerations such as acceleration capability and vehicle lift, steering feel
and sensitivity, brake pedal feel and braking effort, feel of suspension, stiff-
ness and body motions (e.g., cornering stability, roll control, dive-in (i.e.,
braking pitch), and maneuverability (e.g., during parking, cornering, and
brake-in-a-turn).

2. Powertrain Performance: Certification of the engine performance involves
measurement of engine output, for example, horsepower and torque pro-
duced at different engine speeds (revolutions per minute) using a number
of standard procedures (e.g., SAE J1349 and J2723 specify procedures to be
used by the vehicle manufacturer to certify the net power and torque ratings
of production engines [SAE, 2015]). These validation procedures are objec-
tive, and the customers are not involved in the evaluations. However, because
performance feel is an important customer-desired attribute, additional
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customer-based tests are performed to validate the engine and powertrain
performance. A number of subjects are invited to test drive the vehicle
along with competitors’ vehicles on a predetermined test route that includes
selected road and traffic conditions. The subject is asked to fill out a ques-
tionnaire regarding the performance of the vehicle with respect to its engine
response and drivetrain capabilities. The rating procedure typically includes
the use of a preselected set of scales to evaluate vehicle performance under
different city and highway driving situations involving accelerating and
decelerating maneuvers (e.g., passing, merging, decelerating at an intersec-
tion, hill climbing, and trailer towing). Expert drivers are also involved in
whole-vehicle acceleration (i.e., powertrain pickup, wide open throttle 0-60
mph acceleration time), sound and shift feel characteristics, and so forth.

. Fuel Economy: Fuel economy is an important attribute, because it affects

recurring fuel expenses and government regulations. The validation plan
involves in-house laboratory testing on dynamometers as well as road tests
for a number of test vehicles using a number of different drivers to esti-
mate the actual fuel economy of the vehicle. Certification of this attribute
also involves independent government agencies (e.g., the Environmental
Protection Agency [EPA]).

To test the fuel economy, the test vehicles are placed in a dynamometer
and run by a trained operator. While on the dynamometer, the vehicles
will be run using preselected speed—distance profiles that simulate city and
highway driving. The profiles include set distances, speeds, and starts and
stops (for city driving). Each test vehicle is subjected to the same profiles
during testing. During the test, a hose is connected to the exhaust pipe
to capture and measure the amount of substances (emissions) produced
throughout the test. The test data can then be compared with similar data
obtained for other benchmarked vehicles.

COMFORT

The following subattributes of the comfort attribute can be evaluated as follows:

1. Interior Comfort: A set of subjects who will be the potential users of the

vehicle are invited to participate in the vehicle evaluation tests. The subjects
are asked to drive the test vehicle on a preselected route and given precise
instructions on tasks to perform and the test route to follow. The subjects
are also asked to drive other benchmarked vehicles using the same proce-
dure in a random order. All the vehicle identification markings, logos, and
badges should be removed (or covered) during the tests to avoid any pre-
conceived biases about different brands and models of vehicles. The sub-
jects are given a questionnaire consisting of various questions related to the
interior comfort, including the seating comfort, to be rated using specified
scales for each question. The gathered data are analyzed, and the calculated
values of performance measures are used to compare the vehicles. Some
examples of the questions for interior comfort evaluations are
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a. How comfortable is the driver’s seat? Provide an overall comfort rating
using the 10-point scale, where 10 equals very comfortable and 1 equals
very uncomfortable.

b. How comfortable is the thigh support provided by the seat? Provide a
comfort rating using the 10-point scale.

c. While riding as a passenger, provide an overall comfort rating for the
rear passenger seat using the 10-point scale.

2. Interior Climate/Environment Comfort: Each test subject is first asked to
drive a test vehicle on a preselected route and then asked to rate the overall
comfort provided by the interior climate. Some of the questions that can be
included in the evaluation are
a. Rate the cooling (or heating) capability of the climate control unit using

the 10-point scale, where 10 equals very comfortable and 1 equals very
uncomfortable.
Rate the ability to control air flow rate on the 10-point scale.

c. Rate the interior noise level at the current preselected speed (e.g., 70
mph) using the 10-point scale, where 10 equals very low noise level and
1 equals very high, discomforting noise level.

3. Ride Comfort: In this evaluation, a test subject riding the test vehicle in a
specified seating position (as a driver and/or a passenger) is asked to provide
ratings on ride comfort on preselected roads (with different road surface
roughness) and speeds at preselected points during the trip. Some examples
of the questions are
a. Rate the overall comfort while riding in this vehicle using the 10-point

scale, where 10 equals very comfortable ride and 1 equals very uncom-
fortable ride.
Is the ride very smooth, about right, or too hard?

c. While driving over this road segment, how noticeable are the road

bumps—not at all noticeable, somewhat noticeable, or very noticeable?

Noisg, VIBRATION, AND HARSHNESS

There are three subattributes of NVH that are generally evaluated during the valida-
tion phase:

1. BIW NVH: The body-in-white (BIW) of the vehicle should be tested for the
range of frequencies expected during driving. The BIW is tested on a test-
ing machine where it is subjected to external excitations, and its NVH levels
are measured from different seating locations.

2. Powertrain NVH: The noise and vibrations created by the powertrain and
within the powertrain by external forces are measured by a testing machine.
The simulator in the testing machine simulates the external forces experi-
enced by the vehicle chassis from various sources (e.g., road surface rough-
ness), and the test equipment measures the NVH levels in the engine and
driveline components. The NVH levels should be lower than the target
value set by the vehicle attribute requirements.
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3. Other sources of NVH: Generally, there are a number of parts in a vehicle

that are bolted, spot welded, or even joined using snap fits. These parts
should not produce any squeaky noise (usually generated by rubbing of
adjacent moving components) or any kind of rattling noise (generally cre-
ated by loose or moving components) throughout the operation of the vehi-
cle. These sources of NVH are tested using standard company procedures
(under predefined input conditions related to road surfaces, wind gusts,
powertrain, braking system operation, and so forth). The resulting NVH
outputs in the vehicle must meet the subattribute requirements, which are
typically based on customer perception and acceptance of the annoyance
and/or discomfort caused by the NVH-related issues.

Customer drive tests involve ratings of the acceptability of vibrations and noise felt
by the driver and passengers through vehicle suspensions, body structure, powertrain,
seats, steering system and steering wheel, pedals, and braking system (e.g., brake
roughness felt on the brake pedal) while driving on different roadways and at different
speeds. The 10-point rating scale used for comfort (from lack of NVH) measurements
can be defined as 10 equals no noticeable NVH and 1 equals very annoying NVH.

CRASH SAFETY

The safety requirements are specified in the FMVSS, and thus, compliance with the

applicable FMVSS is mandatory (NHTSA, 2015). This attribute can be divided into

the following subattributes:

1. Frontal Impact: The vehicle should pass the frontal crash tests specified

in the FMVSS 208 (NHTSA, 2015). The full frontal fixed barrier crash
test is an example of the tests mentioned in the standard. It is also called
the rigid barrier test, which represents a vehicle-to-vehicle full frontal
engagement crash with each vehicle moving at the same impact velocity.
The test is intended to represent most real-world crashes (both vehicle-to-
vehicle and vehicle-to-fixed object) with significant frontal engagement in
a perpendicular impact direction. For FMVSS 208, the impact velocity is
0-48 km/h (0 to 30 mph), and the barrier rebound velocity, while varying
somewhat from car to car, typically ranges up to 10% of the impact velocity
for a change in velocity of up to 53 km/h. The head injury impact (HIC)
in meeting the frontal crash test is 1000. The occupant chest decelerat-
ing requirement is 60 G, and chest deflection should be less than 76 mm
(3 in). In addition, there should not be any protrusions or sharp broken parts
that may be dangerous or even fatal to the occupants. FMVSS 212 requires
that during front impact, at least 50% of the perimeter of the windshield
must be retained. The steering column rearward displacement specified in
FMVSS 204 should be less than 127 mm (5 in). Other tests include the
oblique impact test (impact at a 30° angle with the object), the fuel system
(fuel integrity/spillage) requirements in FMVSS 301, and the generic sled
test in FM'VSS 208.
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2. Side Impact: This test evaluates the outcome of a crash of two vehicles in
a “T shape” event-direction of crash. For the side-impact test, a 1000 kg
mass collides with the side of the vehicle at a speed of 53 km/h. The passing
criterion is that occupants should not incur any major injury risks to cru-
cial body parts. The FMVSS 214 requires meeting many requirements on
thoracic trauma index (TTI), pelvic acceleration, structural integrity, door
opening, crush displacement and resistance force, and so forth (NHTSA,
2015).

3. Rear Impact: All the tests of frontal impact are performed on the rear body
of the car. The requirements in FMVSS 223 and FMVSS 224 should be met
(NHTSA, 2015). In addition, FMVSS 301 fuel integrity requirements must
be met.

4. Vehicle Roof Crush: Here, the vehicle is tested for its safety in the event of
vehicle rollover. The pillars of the vehicle are tested for their ability to hold
up the roof (by maintaining the required headroom [survival space] within
the required roof intrusion deformation limit) and to support themselves in
a dynamic impact. FMVSS 216 requires that the vehicle’s roof structure
must withstand, in the specified test, from 1.5 times the vehicle’s unloaded
weight to 3.0 times the vehicle’s unloaded weight. The requirements in
FMVSS 201, 208, and 216 should be met (NHTSA, 2015).

STYLING AND APPEARANCE

The vehicle styling should be evaluated by considering its exterior and interior
appearance subattributes as follows:

1. Exterior Styling: A set of subjects (representing the customer characteris-
tics) are invited to rate the proposed vehicle alongside the competitors’ vehi-
cles. They are asked to rate the vehicle from various views (e.g., side, front,
and rear). The evaluation setup and procedure are described in Chapter 11.

2. Interior Styling: For interior evaluations, the test subjects are led individu-
ally by an interviewer and asked to sit in different seat locations and to
provide ratings on a number of interior characteristics, such as the overall
styling of the vehicle interior, the shape, appearance, finish and touch feel
of the interior panels, and the color and texture of the interior materials.

PACKAGING AND ERGONOMICS

The vehicle package and ergonomics attribute can be evaluated by considering the
following areas:

1. Occupant Space: A set of representative subjects are invited to evaluate the
vehicle interior package and give their comments on the spaciousness of the
interior package. The feeling of spaciousness can be evaluated by asking
questions related to space around the occupants, such as headroom, shoul-
der room, hip room, legroom, and space during entry/exit. The subjects are
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asked a number of questions on the various rooms (spaces) using question-

n

aires (see Table 22.4 and Chapters 11 and 22).

. Field of View: The field of view issues can be better evaluated by ask-

ing subjects to drive the vehicle under different road and traffic conditions.
The locations and sizes of the obscurations caused by the pillars and fields
of view available from the window openings and the inside and outside
mirrors are evaluated. Some examples of the questions for the ergonomics
evaluations using 10-point rating scales are

a.

.S

a
b
n

Rate the size of the obscuration caused by the left A-pillar and the left
outside mirror, where 10 equals very acceptable (small) obscuration
and 1 equals very large and unacceptable obscuration.

Rate the size of the field of view provided by the left outside mirror,
where 10 equals very acceptable mirror field and 1 equals very unac-
ceptable mirror field.

Rate the size of the field of view provided by the inside mirror, where
10 equals very acceptable mirror field and 1 equals very unacceptable
mirror field.

torage and Cargo Space: Cargo space in the trunk can be measured using
standard test devised from a daily life scenario, such as the number of
ags or boxes (of certain dimensions) it can accommodate. For proper engi-
eering evaluation, the volume of the cargo space in liters or cubic meters

can be measured using a coordinate measuring machine. The internal stor-
age areas for items such as cups, coins, cell phones, and sunglasses can be
evaluated by asking the subjects to store the items and rate their sizes and
ease of storing. The storage spaces can also be evaluated by subjects using

d

a.

b.

irection magnitude rating scales as follows:

Is the storage space of the glove box generous, about right, or
insufficient?

Are the storage spaces in the instrument panel shelf generous, about
right, or insufficient?

Is the number of cup holders accessible from the front row seats more
than needed, about right, or too few?

. Ease of Entry and Exit: The subjects can be asked to get in and out of the

vehicle and to provide ratings on a number of questions related to locations
and size of items such as doors, seating reference point (SgRP) locations,
rocker panel, seat, and steering wheel (see Chapter 20 for more details). In
addition, a special group of subjects with varied anthropometric character-
istics, such as tall males, short females, and obese and mature people, can

b

e selected for the evaluations. The subjects can also be observed while

entering and exiting to determine problems encountered during entry and
exit (e.g., bumped head on the roof rail, hit foot on the rocker panel, dif-

fi

culty in moving the driver’s right thigh under the steering wheel). Some of

the questions asked during the evaluations are

a.

How easy is it for you to enter the vehicle? Please provide your rating
using the 10-point rating scale, where 10 equals very easy and 1 equals
very difficult to enter the vehicle.
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b. Rate the adequacy of the knee space during entering the vehicle using
the 10-point scale, where 10 equals generous knee space and 1 equals
too little knee space.

c. How is the height of the top side of the rocker panel? Is it too high, about
right, or too low?

d. Is it easy to reach the inside door handle and close the door? Rate the
door handle location using the 10-point scale, where 10 equals very
acceptable location and 1 equals very unacceptable location.

5. Locations of Major Controls and Items: The controls and displays within a
vehicle are designed considering a number of ergonomic design guidelines.
The guidelines used by ergonomics engineers are described in detail by
Bhise (2012). During validation, the subjects can be asked to use the con-
trols and displays while driving. After each use of a control or a display,
the subject can be asked to rate ease of use. In addition, the subjects can be
asked to report any problems encountered during use, such as difficulty in
reading labels or understanding how to operate a control. Some examples of
the questions for the ergonomics evaluations are
a. Are the controls easy to use? Provide your rating using the 10-point rat-

ing scale, where 10 equals very easy to use and 1 equals very difficult
to use.

b. Are the displays easy to read and use? Provide your rating using the
10-point scale, where 10 equals very easy to read and 1 equals very dif-
ficult to read.

c. Can the steering wheel and seat be adjusted to your preferred driving
position? Yes or no.

ELecTRICAL AND ELECTRONICS

The electrical system tests are performed to ensure that all electrical features are
working normally under combinations of electrical loads by various vehicle systems
in different road and environmental driving conditions. In addition, data loggers (for
recording of data on circuit operations and fault/error detection) are installed on test
vehicles to monitor the operation of all electrical and electronic equipment during all
driving conditions. Using established measurement and calibration protocols, inter-
nal electronic control unit (ECU) signals can also be recorded. Logging periods may
vary from a few hours to several days according to standards and procedures set by
the vehicle manufacturers.

CONCLUDING REMARKS

Validation is the last important phase prior to the vehicle being sold to the custom-
ers. The vehicle validation tests must be carefully planned to ensure that they allow
evaluation of the vehicle in areas that are important to the customers in satisfying
their vehicle use needs. The vehicles are used under varied driving and environ-
mental conditions by different users for a variety of trips. Therefore, the vehicle
validation procedures must cover all important customer needs under all foreseeable
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vehicle usage situations and conditions to ensure customer satisfaction. The results
of the vehicle validation evaluations provide information on how the product will
be perceived by its customers. The information is used to further improve product
acceptance by proposing refinements in (a) vehicle design issues (only minor product
changes can be considered at this late stage), (b) vehicle assembly processes and
procedures, (c) dealership training, and (d) marketing and sales plans.
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’I 5 Creating a Brochure and
a Website for the Vehicle

INTRODUCTION

A vehicle brochure is typically about a 10—15-page printed booklet, which customers
generally pick up at a vehicle dealership or at an auto show to take home and study
the characteristics of the vehicle at a leisurely pace. Vehicle brochures are also avail-
able on most of the manufacturers’ websites for browsing and downloading. The
brochures serve the important function of providing necessary information about
the products to help potential customers to make their decisions about their future
vehicle purchases.

The vehicle manufacturer’s website typically contains information on all vehi-
cles and their models sold under the manufacturer’s brand name. Thus, the website
is like a virtual show room where different vehicle models can be compared, and
details (technical, operational, colors, trim materials, and prices) about the avail-
ability and combinations of features can be reviewed. The website can also provide
more information than the brochure by enabling search into deeper levels of menus.
The website also has the advantage of including videos and animations that provide
both visual and auditory (e.g., voice, engine sound, background music) information
dynamically.

If created early during the concept development phase, the vehicle brochure can
also serve as an important tool for the vehicle designers and product development
engineers to understand the importance of the characteristics and features of differ-
ent models (or options) of the proposed vehicle.

WHY CREATE A VEHICLE BROCHURE?

The purpose of creating a brochure for the vehicle is to provide information about
the important characteristics, capabilities, and features of different models offered
by the manufacturer to its prospective customers.

The brochure should include the following information:

1. Photographs and drawings to show exterior and interior views of the vehicle
and its features, and illustrations of important capabilities of the vehicle and
its models

. Models available and standard features included in each model

. Descriptions of vehicle features and their availability in different models

. Vehicle exterior and interior dimensions

. Capabilities and capacities (e.g., load-carrying capacity, acceleration and
braking capabilities, engine type, size and outputs, fuel consumption)

|G I SNOS I \ )
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6. Exterior and interior colors and interior materials offered
. Key selling points (or vehicle characteristics very important to the
customers)

8. Optional packages and features offered in each model of the vehicle

9. Technical superiority—related considerations (e.g., major engineering
accomplishments; comparisons with leading competitors showing how the
vehicle differs from other vehicles; characteristics of engines, transmis-
sions, and suspensions; body construction and materials)

~

The vehicle data contained in the brochures are also included in the webpages of
most vehicles in their manufacturers’ websites. The websites also provide download-
able files of the brochures and videos illustrating various views and features of the
vehicle.

Creating a brochure for a proposed vehicle during the early stages of the prod-
uct development process is also a useful exercise for the vehicle development team.
It forces the team members to think about many characteristics and features that
should be incorporated into the vehicle. It also forces the marketing, design, and
engineering team members to brainstorm about its customer preferences and satis-
faction issues.

VEHICLE WEBSITE VERSUS BROCHURE

With the widespread availability of the Internet, most consumers find that they can
obtain the information they need more quickly by accessing the vehicle manufac-
turer’s website. The website has many advantages over the traditional brochure:

1. The website generally includes information on all vehicles and their models
sold by the manufacturer, as compared with the brochure, which typically
provides information on the selected vehicle and its models.

2. The website can also provide a side-by-side comparison of many selected
vehicles.

3. The website can show 360" easy-to-adjust views of the vehicle exterior and
interior in customer-selected colors and trim combinations from customer-
selected viewing angles.

4. The website can provide more information through videos via dynamic pre-
sentation of visual and auditory modes.

5. With interactive menus, the website can provide the required information
on many vehicle features quickly and in greater detail.

6. The information provided in the websites can be easily and quickly updated
at much lower cost as compared with reprinting new brochures with updated
information.

7. The information displayed on the website can be easily shared with others
by sending them the webpage address.

8. The information transmission costs are very low as compared with the costs
associated with printing and distribution of the brochures.

9. A vehicle brochure can be obtained by downloading from the website.
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10. The customer can build a vehicle on the website by selecting a vehicle
model, packages, and features, and get information on the estimated price
(monthly installments for purchase or lease with different down payments
and installment payment options).

11. The websites of most manufacturers also allow customers to browse through
the vehicle inventories of dealers at locations in the vicinity of the zip code
provided by the customer.

The advantages of the brochure over the website are

1. A printed brochure can be viewed without the use of the Internet and an
accessing device (e.g., a computer, a smartphone, or a tablet).

2. A brochure is a physical object and can therefore be taken and made avail-
able anywhere. It is visible under most lighting conditions, indoors or
outdoors.

3. Brochures can be printed in different styles, colors, and formats on varied
sizes and types of paper to provide the perception of luxury, as compared
with the website, which transmits virtual images of vehicle characteristics
that are limited by the capabilities of the display screen (e.g., screen resolu-
tion, color, and brightness).

CONTENTS OF THE BROCHURE

VEHICLE MODELS, PACKAGES, AND THEIR FEATURES

Types of Model and Optional Packages of Features

The brochure provides information on all available vehicle models, features, and
options. A vehicle is generally marketed by creating different models with different
levels of standard and optional features. The models can differ by variations in body-
style (e.g., two-door sedan, four-door sedan, five-door hatchback) and/or variation
in combinations of available powertrains (e.g., a base engine with a manual trans-
mission or automatic transmission, or one or more higher-power and more sophis-
ticated engines, each with a manual transmission or an automatic transmission).
More expensive (or luxury) models also have more standard features with increasing
levels of technology and more sophisticated options. The vehicles are thus designed
with different models, packages of options that are offered with certain models, and
optional features.

Vehicle Models

Manufacturers create different models of a vehicle (e.g., S, SE, SEL, Titanium,
Limited, and Platinum in Ford cars; LX, Sport, EX, EX-L, and Touring in Honda
cars). Each of the models is produced with a specified set of standard and optional
packages of features. The vehicle brochures and websites generally provide charts
(as tables or in other equivalent formats) showing combinations of standard features,
optional packages, and optional features included in each vehicle model.
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Standard Features

Standard features are the features that are included in a specified vehicle model.
Thus, the vehicle model comes with the standard features as the minimum set of
features. The standard features may be grouped into a number of categories, such as
mechanical, exterior, interior, and safety. Any other features that can be added by
the original equipment manufacturer (OEM) are ordered as optional features. Many
optional features are grouped in packages (called optional packages). The optional
packages can have different content depending on the manufacturer and its models.

Optional Features

These features may be included in certain packages (as standard packaged features)
and can also be added at an extra price in addition to the price of the vehicle model
with the standard features. The optional features may vary depending on vehicle
brand and model. Some examples of optional features are optional engines, type of
transmission (manual or automatic), sunroof/panoramic roof, and navigation system.

Many manufacturers bundle several optional features in packages (or groups) to
reduce the number of combinations of optional features. Some examples of optional
packages are light group, technology group, convenience group, comfort group, and
driver assistance group. Thus, the vehicle brochure must contain information on
combinations of models, packages, and optional features that can be ordered, includ-
ing the ordering code numbers.

Vehicle Packages

The vehicle features are packaged in different optional packages for convenience in
selecting different options. The concept of offering different packages also reduces
the complexity of assembling vehicles with different combinations of features
ordered by the customers. Some examples of packages are

1. Value group: Includes air-conditioning, power mirrors, power door locks
and windows, and remote keyless entry

2. Premium group: Includes leather trimmed seats, heated front seats, heated
steering wheel, dual zone automatic temperature control, remote start, and
universal garage door opener

3. Popular equipment group: Includes leather-wrapped steering wheel, speed
control, steering wheel-mounted audio controls, front passenger in-seat
storage, remote start, overhead console, illuminated visor/vanity mirrors,
front seatback map pockets, 12 V auxiliary power outlet, illuminated front
cup holders, electronic vehicle information center, trip computer, and tire-
pressure monitoring display

4. Technology group: Includes keyless entry, push-button start, remote prox-
imity entry, blind spot monitoring system, rear cross-path detection, rain-
sensitive windshield wipers, parking assist system, and intrusion alarm

5. Premium audio group: Includes high-definition multi-speaker audio sys-
tem, touch screen controls, display for rear view camera in the center stack,
USB port, and secure digital (SD) card slot
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Exterior and Interior Colors and Materials

Each model can be ordered with an exterior color from a group of colors assigned
to each vehicle model. (Note that some vehicles may be sold with two colors; i.e.,
there is a two-tone option for certain models.) The interior colors and materials (e.g.,
for seats, instrument panel, and trim parts) can also be selected to go with certain
exterior colors. Thus, information on which colors and materials can be ordered in
which combination of models and packages should also be provided in the vehicle
brochure.

Thus, each vehicle can be ordered with a unique combination of model, package,
optional features, exterior color, interior color, and interior materials. The number of
combinations can be very large, and to reduce the complexity of creating different
components in different optional features and packages, manufacturers purposely
limit (i.e., restrict) the configurations in which the vehicle can be ordered.

PicTURE GALLERIES

Many pictures of exterior and interior views and features of the vehicle from selected
viewing locations are presented in the vehicle brochures and on websites. In addi-
tion, the selection of available exterior and interior colors and interior materials of
seats, instrument panel, and trim parts is also included. The website of the vehicle
allows dynamic presentations with and without audio clips via inclusion of videos
and 360° viewers of key vehicle areas and features.

VEHICLE PRICE

The brochures of the vehicles typically do not include price information. The web-
sites of most vehicle manufacturers do provide prices of each vehicle model with
standard features. (Note: changes in vehicle prices can be easily adjusted on the
websites.) Nowadays, many vehicle websites allow the reader to access and browse
vehicle inventory data of dealers located in different parts of the country by entering
the zip code and then selecting model year, vehicle name, and model. The dealer
inventory data provide detailed information of standard and optional features of
vehicles in the dealer inventory including pictures of their window stickers which
also contain prices.

EXAMPLES OF BROCHURE CONTENTS

To provide a better insight into the usefulness of creating a vehicle brochure during
the early part of the vehicle development process, the author asked graduate students
taking the AE 500 course (“Automobile: An Integrated System”) to create a brochure
for a “target” vehicle that they would like to develop for introduction into the market
as a 2020 model year vehicle (see Appendix V). Several outputs from a project cre-
ated to design a 2020 model year mid-size sports utility vehicle (SUV) are illustrated
in this section.
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VEHICLE DIMENSIONS: EXTERIOR AND INTERIOR

A vehicle brochure should provide a few important exterior and interior dimensions of
the target vehicle. The vehicle dimensions provide a better understanding of the size
of the vehicle in terms of its key exterior and interior dimensions. The dimensional
data can also be used by the reader for comparison with dimensions of other vehicles.

Table 15.1 provides an example of important exterior and interior dimensions of a
mid-size SUV. (Note: These dimensions are described and illustrated in Chapter 20.)

PowerTRAIN AND FUEL ECONOMY

The brochure should include information on available combinations of engines and
transmissions. It was proposed to equip the target vehicle with the following three
powertrains:

1. 2.0 L four-cylinder engine with six-speed automatic transmission (standard
powertrain)

2. 2.7L V6 engine with eight-speed automatic transmission (optional powertrain)

3. 3.5 L V8 engine with five-speed manual transmission (optional powertrain)

Fuel economy numbers in miles per gallon and emissions in grams of CO, (equiv-
alent) per mile should be provided for each vehicle model and engine—transmission

TABLE 15.1
Exterior and Interior Dimensions of a Mid-Size SUV

Vehicle Dimensions Target SUV Dimensions

Exterior Dimensions

Overall length (in) 179.2
Overall width (except mirrors) (in) 73.4
Overall width (including side view mirrors) (in) 84.1
Overall height (in) 65.2
Wheelbase (in) 105.9
Front tread width (in) 62.4
Rear tread width (in) 62.5
Interior Dimensions
Headroom—front (in) 39.6
Headroom—rear (in) 38.7
Legroom—ifront (in) 42.8
Legroom—rear (in) 36.8
Hip room—front (in) 54.4
Hip room—rear (in) 52.8
Shoulder room—front (in) 56.0
Shoulder room-rear (in) 55.3

Curb weight (Ib) 3791
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combination for city driving, highway driving, and combined city and highway
driving cycles according to the U.S. Environmental Protection Agency (EPA)
requirements.

KEeY VEHICLE ATTRIBUTES

Key attributes are the attributes of the vehicle that its customers consider to be the
most important to provide the characteristics that are essential for using and pur-
chasing the vehicle. These key attributes provide the vehicle with the characteristics
that cause it to fit their market segment in terms of its body-style, size, class, perfor-
mance, and level of luxury.

For example, a sports car must have two doors, very low overall height, high
engine power, and precise and stiffer suspension. On the other hand, an SUV must
have a command seating position (provides ample visibility over the hood and side
windows), high seating reference point (to allow easy entry/exit), two or three rows
of seating, and a large storage space in the rear with a higher floor height (at slightly
below the standing knuckle height of a shorter female customer) with a hatchback
door.

The vehicle brochure should be designed to emphasis such key attributes of the
vehicle.

SAFETY FEATURES

Safety is an important vehicle attribute. Customers expect the vehicle to be safe
for use in all possible foreseeable situations and environments. The vehicle bro-
chure should emphasize features that prevent the driver from getting involved in an
accident (called the crash-avoidance characteristics of the vehicle) and reduce the
severity of injury in the case of unavoidable accident situations (called the crashwor-
thiness characteristics of the vehicle).

Safety characteristics can be also categorized into passive and active. Passive
safety features are vehicle features (or mechanisms) that reduce the driver’s chances
of getting involved in a crash and reducing severity in the case of an accident without
the driver taking any action related to the unsafe situation. Thus, the driver is con-
sidered to be “passive” in such situations. With “active” safety features, the driver is
alerted to the impending safety situation, is typically required to use the feature, and
must be engaged in making a decision and performing an action to avoid getting into
the unsafe situation. Examples of passive safety systems are air bags and automatic
braking systems. Blind area sensing systems, rear view cameras, and lane-departure
warning systems are examples of active safety systems.

SpeciAL FEATURE CATEGORIES

Product development teams are typically asked to prepare lists of engineering details
(such as values of relevant vehicle dimensions and capabilities of vehicle features) to
help the company’s marketing department prepare a vehicle brochure for prospective
customers.
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For example, to understand the importance of vehicle features to customers, dur-
ing the project work for the author’s automotive systems engineering class, the stu-
dents were asked to prepare three separate features lists for the vehicles they were
asked to design. The three lists were defined and categorized as follows: (a) items
that would create a “Wow” impression among prospective customers (i.e., the cus-
tomers have not seen such features in vehicles of the market segment of your tar-
get vehicle), (b) items that would be considered to be absolutely important for the
customers (i.e., “Must Have” for their buying decision), and (c) items that would be
on the customers’ “Nice to Have” list. It should be noted that these three catego-
ries of features also relate to three types of features, namely, customer “delighters”
(or Wows), “dis-satisfiers” (if not provided), and “satisfiers” (to provide more of),
included in the Kano model of quality (Yang and El-Haik, 2003).

Table 15.2 presents examples of such lists of features included in the student
projects.

TABLE 15.2
Three Types of Features Expected in 2020 Model Year Vehicles
Market
Segment “Wow” Features Must Have Features Nice to Have Features
Mid-size High fuel economy Reversing camera view in Eight-speed transmission
SUv (29/38 mpg city/ the center stack display
highway)
Very large driving range Fold-flat rear seats Lane-departure warning
on full gas tank (over and assist system
600 miles)
Very spacious interior Power liftgate Adaptive cruise control

(large headroom,
shoulder room, and

legroom)

Very large cargo Stability and traction Panoramic moon-roof
compartment (over 36 control
cu. ft.)

Advanced front lighting USB and AUX audio inputs ~ Sports handling
system (self-leveling,
bi-xenon)

Entry-luxury Adaptive suspension and ~ Memory seating options for ~ Large storage spaces

mid-size car super handling user comfort

performance

Navigation system with Active safety features, for Panoramic moon-roof
weather and traffic example, lane-departure
inputs assist

Automatic driver body Traction control system for 360 degree view camera
comfort reconfigurable snow driving
seats

Customizable body Programmable emergency Messaging seats

styling accessories calling for help
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Smart headlighting with
GPS map data inputs

Superior craftsmanship,
soft leather and wood trim
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Internet access and
automatic travel advisories

Full-size 10-speed transmission 150,000 miles durability Comfortable seats and ride
pickup truck
4.1 L V6 Diesel DI, twin
turbo, and cylinder

deactivated engine

Five-star safety rating Large storage spaces

Autonomous driving Spacious interior—Ilarge Large mirrors

capability headroom, shoulder room,

and legroom

Lifestyle integration
features

Superior off-road
performance

Long (12,000 mile) oil
change intervals
Best in class fuel

Smartphone/device/ Easy to enter and egress

economy (21/29 mpg) infotainment integration

Note: GPS, global positioning system.

“Wow” Features

These are features of the vehicle that the customer in the class and market segment
of the vehicle has not expected, but is pleasantly surprised and delighted to see in
the vehicle. Such features are new and generally only available in high-end vehicles.

“Must Have” Features

These are features that customers clearly consider to be very desirable and useful.
If these features are not available in the vehicle, the customer most likely will not
purchase the vehicle, and will look at buying other competitors’ vehicles that have
these features.

“Nice to Have” Features

These features are considered by the customer to be desired but not absolutely essen-
tial in making his/her buying decision. The presence of more features in this category
will make the vehicle more attractive to the customer.

CONCLUDING REMARKS

The vehicle brochure and website are important tools for connecting the new automo-
tive product with prospective customers. They generate an impression of the vehicle
in terms of degree of advances in vehicle design, styling, level of luxury, availability
of features, and vehicle capabilities. The creation of a brochure or a website during
the early phases of a vehicle development program is also an excellent exercise for
the design team, helping them to understand many models, features, and options
needed in marketing the vehicle.

REFERENCE

Yang, K. and B. El-Haik. 2003. Design for Six Sigma. New York: McGraw-Hill. ISBN
0071412085.



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com/

Section 1]

Tools Used in the Automotive
Design Process



Taylor & Francis
Taylor & Francis Group

http://taylorandfrancis.com


http://taylorandfrancis.com/

6 Tool Box for Automotive
Product Development

INTRODUCTION

This chapter is intended to provide an overview of a number of tools used in vari-
ous phases of the vehicle development process. The tools provide information in the
form of data or their presentation to visualize and understand certain situations. The
inputs to the tools are generally obtained from previously collected data, assump-
tions, or data obtained from prior analysis conducted internally within the tool. The
data are mostly analyzed to determine relationships between certain independent
variables or to predict the effects of certain variables on a dependent (or response)
variable used to make decisions (see Chapter 17).

The tools (techniques or methods) can be organized in many different ways. The
tools can be categorized as (a) general-purpose tools and (b) special-purpose tools.
Generic (or general-purpose) tools provide some basic capabilities that are used to
conduct analyses of common or similar processes, whereas there are a number of
specialized tools used for analyzing problems in specialized disciplines.

Software applications for collecting, organizing, recording/storing, and display-
ing, and data manipulation tools such as spreadsheets, database management, data
plotting tools, project management, and computer-aided design (CAD) tools for visu-
alization of products and processes are examples of general-purpose tools. These
tools are used by engineers, designers, and specialists in many disciplines.

Many specialized engineering disciplines or application areas require special-
purpose tools, such as computer-aided engineering (CAE) tools, which can be
further classified into areas such as computational fluid dynamics (CFD) tools for
aerodynamics and fluid flow analysis, thermodynamics tools for heat transfer analy-
sis, power load evaluation for electrical architectural design, and finite element anal-
ysis for structural design.

Measurement and test equipment primarily used in engineering verification of
entities (i.e., vehicle systems and their lower-level subsystems down to component
level) also involves many specialized tools. For example, many measurement and
recording tools require specialized hardware, that is, coordinate (or dimensional)
measurement machines (CMM) and sensors to convert changes in physical char-
acteristics into analog or digital signals (e.g., photocells, motion sensors, acceler-
ometers, temperature sensors, and pressure sensors). Other examples of specialized
tools or test equipment used in specialized laboratory and/or field tests are engine
dynamometers, vibration testing machines, gas emissions analyzers, crash test dum-
mies, crash testing sleds, and wind tunnels.

Tools used in manufacturing and assembly operations also involve much special-
ized equipment, and they are not covered here, as the focus of this chapter is on the

259
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tools used during the early engineering phases related to the left side of the systems
engineering “V” model (see Figure 2.2).

The systems engineering management plan (SEMP) will generally include a
schedule of tasks to be performed and tools to be used to meet the objectives of the
vehicle program and requirements for the vehicle(s) developed in the program. The
SEMP is covered in Chapter 12.

TOOLS USED DURING VEHICLE DEVELOPMENT PHASES

This section presents an overview of important tools used in the vehicle develop-
ment process. The tools are presented in the order typically used in the sequence of
applications in the vehicle development process.

SPREADSHEETS

Spreadsheets, such as those created by Microsoft Excel, are probably the most com-
monly used tools to display and summarize tabular or matrix formatted data. All
product planning, scheduling, engineering, and financial activities use spreadsheets.
The spreadsheets allow data to be organized in columns and rows and enable the
computation of a number of mathematical and statistical functions. The data plot-
ting functions further enable the data to be displayed using various types of charts:
scatter diagrams, line charts, bar charts, pie charts, 3-D charts, spider charts, and so
forth. Many of the tools presented in this chapter can be easily implemented by the
use of a spreadsheet. Some examples of application areas of the spreadsheet are (a)
benchmarking table (see Table 4.1), (b) requirements table (see Table 9.1), (c) inter-
face matrix (see Table 8.1), (d) failure modes and effects analysis (see Table 18.6),
(e) decision analysis table (see Table 17.4), (f) Pugh diagram (see Table 17.5), and (g)
financial analysis (see Table 19.2).

DESIGN STANDARDS AND GUIDELINES

The teams involved in designing a vehicle and its systems must gather and famil-
iarize themselves with all available design standards and the design requirements
and design guidelines on vehicle attributes and associated vehicle systems. Most
systems design standards and guidelines are generally documented and maintained
by the attribute engineering and/or functional engineering offices of the vehicle
manufacturers. These standards usually refer to other applicable standards, such
as those developed by government agencies, professional societies (e.g., Society of
Automotive Engineers [SAE] standards and recommended practices [SAE, 2009]),
automotive suppliers, and other industries. The standards include rationale, back-
ground information, terminology, design and performance requirements, test pro-
cedures, and guidelines (for design and/or installation) to achieve the required level
of performance. They also include tips (or issues to consider) on avoiding many
past mistakes from lessons learned. The Federal Motor Vehicle Safety Standards
(FMVSS) are available from the National Highway Traffic Safety Administration
(NHTSA 2015). The fuel economy and emissions requirements are available from
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the Environmental Protection Agency (EPA) and NHTSA (2012), and the SAE stan-
dards are available in SAE (2009) (also see Chapter 3).

Probuct PLANNING ToOLS

The important tools used during the early stages of product planning include (1)
benchmarking and breakthrough, (2) Pugh diagram, (3) quality function deploy-
ment, (4) failure modes and effects analysis, and (5) other product development tools
such as a business plan, program status charts, and CAD.

Benchmarking

Benchmarking is probably the most commonly used and popular tool to understand
design and construction issues within various automotive systems. During the early
phases of design of any system and its subsystems, benchmarking is generally used
to study and compare similar systems used in many existing vehicles, including those
produced by leading competitors. Benchmarking provides a quicker understanding
into the strengths and weaknesses of different designs and helps identify good design
features that should be included and refined, and poor features and mistakes to avoid
(e.g., especially when used in conjunction with the Pugh diagram, covered in the next
section). Chapter 4 presents the benchmarking technique in more detail.

Pugh Diagram
The Pugh diagram is a tabular formatted tool consisting of a matrix of product attri-
butes (or characteristics) and alternate product concepts along with a benchmark
(reference) product called the datum. The diagram helps to undertake a structured
concept selection process and is generally created by a multidisciplinary team to
converge on a superior product concept. The process involves creation of the matrix
by inputs from all the team members. The rows of the matrix consist of product
attributes based on the customer needs, and the columns represent different alternate
product concepts.

The evaluations of each product concept on each attribute are made with respect
to the datum. The process uses classification metrics of “same as the datum” (S),
“better than the datum” (+), or “worse than the datum” (—). The scores for each prod-
uct concept are obtained by simply adding the number of plus and minus signs in
each column. The product concept with the highest net score (the “sum of plus signs”
minus the “sum of minus signs”) is considered to be the preferred product con-
cept. Several iterations are employed to improve product superiority by combining
the best features of highly ranked concepts on each attribute till a superior concept
emerges and becomes the new benchmark. Chapter 4 presents more information and
examples of Pugh diagrams.

Quality Function Deployment (QFD)

Quality Function Deployment (QFD) is a technique used to understand customer
needs (voice of the customer) and to transform customer needs into engineering char-
acteristics of products or processes in terms of functional or design requirements. It
relates “what” (what are the customer needs) to “how” (how should engineers design
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to meet the customer needs) and “how much” (magnitude of design variables, i.e.,
their target values), and also provides competitive benchmarking information—all
in one diagram. QFD was originally developed by Dr Yoji Akao of Japan in 1966
(Akao, 1991). QFD is used in a wide variety of applications and is considered a key
tool in the design for six sigma (DFSS) process. It is also known as the “House of
Quality” because the correlations matrix drawn on the top of the QFD matrix dia-
gram resembles the roof of a house. Chapter 18 presents more detail of QFD and an
example.

Failure Modes and Effects Analysis

The failure modes and effects analysis (FMEA) method was initially developed in
the 1960s as a systems safety analysis tool. It was used in the early days of defense
and aerospace systems design to ensure that the product (e.g., an aircraft, a space-
ship, or a missile) was designed to minimize the probabilities of all failures. The
failures are discovered by brainstorming and evaluating all possible causes lead-
ing to failures that could possibly occur. The resulting list of failures is prioritized,
and corrective actions are developed. For more than 20 years, the method has been
routinely used by product design and process design engineers to reduce the risk of
failures in the designs of products and processes used in the production, operation,
and maintenance of various systems used in many industries (e.g., automotive, avia-
tion, utilities, and construction). FMEA conducted by product design engineers is
typically referred to as DFMEA (where D stands for design), and FMEA conducted
by process designers is referred to as PFMEA (where P stands for process).

FMEA is a proactive and qualitative tool used by quality, safety, and product/
process engineers to improve reliability (i.e., to eliminate failures, thus improving
quality and customer satisfaction). The development of a FMEA involves the follow-
ing basic tasks: (a) identify possible failure modes and failure mechanisms, (b) deter-
mine the effects or consequences that the failures may have on the product and/
or process performance, (c) determine methods of detecting the identified failure
modes, (d) determine possible means of prevention, and (e) develop an action plan
to reduce the risks due to the identified failures. It is very effective when performed
early in the product or process development by experienced multifunctional team
members as a team exercise. Chapter 18 presents more details on FMEA and an
example.

CAD AND PackacGING Tools

Computer graphics tools are used in the design studios for 3-D modeling (e.g., sur-
facing [surface representation]) and visualization. (See Chapters 10 and 13 for more
information on CAD tools and applications.) Studio outputs are also used to create
physical models or bucks using surface scanning and digitizing machines, plotting
devices, and milling machines (i.e., for milling clay or wood).

The packaging engineering and analysis work also includes the use of CAD tools
as well as other tools such as virtual reality (VR) simulations using digital vehicle
models (i.e., virtual vehicle builds) and digital human models (e.g., the Jack model).
A human simulation system originally developed at the University of Pennsylvania



Tool Box for Automotive Product Development 263

in the 1980s and 1990s (Badler et al., 1993). VR tools are also used for applications
such as evaluations of vehicle assembly problems (e.g., interferences, insufficient
clearances) and other ergonomic considerations such as reach distances, allowable
weights that can be lifted and carried, and steps required in assembly tasks. In addi-
tion, driving simulators and programmable vehicle bucks are used in ergonomic
evaluations (Bhise, 2012).

ENGINEERING ANALYsIS TooOLS

A vast number of CAE tools are used in many design, engineering, and manufactur-
ing areas in the automotive industry. Their use has enabled automakers to reduce
product development costs and time while improving the safety, weight, comfort,
and durability of the vehicles. Examples of such applications are (a) finite element
analysis (FEA) for structural analysis, (b) occupant impact analyses, (c) vehicle
dynamics and suspension system analyses, (d) aerodynamic and thermodynamic
analyses, (e) electrical load and electronic data transfer analyses, (f) field of view
and visibility analyses, and (g) optical analyses (e.g., headlamp beam pattern design
and night visibility analyses. In addition, systems engineers use database and man-
agement tools for requirements management (e.g., traceability, functional alloca-
tion, systems interfacing, and cascading), verification, and validation for attribute
management.

The predictive capability of CAE tools has progressed to the point where much of
the design verification is now done by using computer simulations rather than physi-
cal prototype testing. However, physical testing is still used, especially in the final
verification and validation of vehicles and their subsystems, because the CAE tools
cannot predict effects of all variables in complex assemblies (e.g., due to manufac-
turing variations such as unpredictable warping, stretching, and thinning of materi-
als). Chapter 13 presents more information on CAE tools.

Quaury Tools

Seven new tools and seven traditional tools are the basic quality tools in the total
quality management (TQM) field. The seven traditional tools are (1) Pareto chart,
(2) cause-and-effect diagram, (3) check sheet, (4) histogram, (5) scatter diagram,
(6) stratification chart, and (7) control chart. The seven new tools are (1) relations
diagram, (2) affinity diagram, (3) systematic diagram, (4) matrix diagram, (5) matrix
data analysis, (6) process decision program chart (PDPC), and (7) arrow diagram.
The above tools, along with experimental design are used in six sigma projects to
solve quality problems in the auto industry (see Bhise [2014] for more information
and examples of these tools).

HumAN Factors AND ERGONOMIcs Tools

Human factors engineers use a number of tools during the vehicle development pro-
cess. The tools are used for the following purposes: (a) to obtain information about
characteristics, capabilities, and limitations of populations of users, (b) to apply the
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collected information to design the products, and (c) to evaluate the products during
different phases of the product programs. The goal of the human factors engineer is
to ensure that the product is designed such that most individuals in its intended user
population are able to use the product easily, comfortably, and safely.

The human factors methods can be categorized as follows:

. Databases on human characteristics and capabilities
. Anthropometric and biomechanical human models

. Checklists and score cards

. Task analysis

. Human performance evaluation models

. Laboratory, simulator, and field studies

. Human performance measurement methods

e R R O I S

More information and examples of these tools are available in Bhise (2012).

SAFETY ENGINEERING TOOLS

Safety engineers use a variety of tools to solve various safety problems, ranging from
identifying hazards inherent in a product to analyzing accidents occurring during
product use and monitoring safety performance during the product life cycle. Hazard
identification and risk reduction involve tools such as hazard analysis, FMEA, and
fault tree analysis. These tools help in reducing potential occurrences of accidents
during product use. More information and examples of these tools are available in
Bhise (2014).

MEASUREMENT TooOLS

CMMs are used to check and verify the dimensions and locations of various compo-
nents in physical properties (e.g., bucks, prototypes, and other competitive vehicles
included for benchmarking) used during the product development process. Scanners
are used to digitize surfaces initially developed on clay models. The digitized data
can be used to create dies for producing parts using sheet metal stamping, hydro-
forming, die casting, forging, and casting processes.

PROGRAM/PROJECT MANAGEMENT TOOLS

A number of tools are used for project management. Chapter 12 describes the fol-
lowing tools used to perform project management functions: (1) Gantt chart, (2) criti-
cal path method (CPM), (3) program (or project) evaluation and review technique
(PERT), (4) work breakdown structure (WBS), (5) project management software
(e.g., Oracle, Microsoft Project, and Project Pro for Office 365, developed and sold by
the Microsoft Corporation [Microsoft, 2016]), and (6) other tools. Many other tools
are available for specialized analyses, such as investment analysis, cost—benefits
analyses, expert surveys, simulation models and predictions, risk profile analyses,
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surcharge calculations, milestone trend analysis, cost trend analysis, target versus
actual comparisons of dates, time used, and costs incurred and head count.

FINANCIAL ANALYSIS TooLS

Many different software applications are available to perform product life cycle cost-
ing and to create various reports (e.g., by systems, program phases, and months;
comparisons with budgeted costs). Many of the applications are integrated with other
functions such as management information systems, product planning, and supply-
chain management. The software systems are used for production scheduling, com-
ponent ordering, inventory control, product control, shop floor management, cost
accounting, and so forth. Some examples of such software systems are manufactur-
ing resource planning (MRP) and enterprise resource planning (ERP). The software
systems are available from a number of developers (e.g., SAP, Oracle, Microsoft,
EPICOR, and Sage). Chapter 19 provides additional information on financial analy-
sis and provides examples.

MARKET RESEARCH TooLS

The marketing research department will use a number of tools, such as personal
interviews, focus group sessions, and mail and telephone surveys to obtain data on
customer needs, product evaluations, complaints, and satisfaction. These tools are
covered in Chapter 11 and by Zikmund and Babin (2009).

CONCLUDING REMARKS

Many specialized tools are being used to conduct the necessary analyses during the
vehicle development process. The tools must be used at the right time, and the out-
puts of the analyses should be reviewed and discussed at various design and program
review meetings to ensure that proper trade-offs between different attributes are
made to meet the vehicle requirements. The schedule and the details of the analyses
and evaluation process are specified in the SEMP (see Chapter 12).
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7 Decision-Making Tools

INTRODUCTION

Decisions are made throughout the life cycle of a vehicle program. Decisions are
also made during each phase and at each milestone of a vehicle development pro-
gram when the management decides whether to proceed to the next phase, make
changes to the vehicle being designed, or even scrap the program.

Early decisions are related to the type of vehicle to be designed, requirements to
be selected for the vehicle, and its characteristics (e.g., 0—60 mph acceleration time).
Later, the decisions are related to the number of systems in the vehicle, their func-
tions, and how the systems should be configured and packaged within the vehicle
space. Early decisions have a major impact on the overall costs and timings of the
program, because the later decisions depend on the design-specific parameters and
their values selected in the earlier phases of the program. For example, powertrain
type, size, its location in the vehicle space (e.g., front-wheel drive or rear-wheel
drive), and the technologies to be implemented in the new powertrain will affect
decisions related to the design of its other systems (e.g., fuel system, cooling system,
space available to package suspensions).

After the vehicle is introduced into the market, customer feedback is received.
The reasons for customer dissatisfaction need to be understood, and the manufac-
turer needs to decide whether to make any changes. In some situations, the decisions
may involve recalling the vehicle and further deciding on how and when to fix any
defects in the vehicle. After the vehicle has been marketed for an extended period of
time, additional decisions need to be made on what vehicle characteristics should be
revised, how to revise them, and when to revise them.

Decisions are made whenever alternatives exist and the best, that is, the most
desired alternative needs to be selected. The selected alternative should result in
reduced risks and increased benefits. Many different criteria can be used in selecting
one or more alternatives. Systems engineering involves decision making, such as
what needs to be done, when, how, and how much, and taking into account the trade-
offs between possible design considerations.

In a decision-making situation, the decision maker (e.g., engineer, designer, or
program manager) is faced with the task of deciding on an acceptable alternative
among several possible available alternatives. The decision maker also needs to con-
sider possible future outcomes (i.e., what will happen in the future) and the costs
and benefits (called the payoffs) associated with each combination of an alternative
and an outcome. Further, each possible outcome may or may not occur in the future.

All these decisions involve risks. For example, adding more features (or capabili-
ties) than the customers want and over-designing will waste resources. Conversely,
failure to incorporate any customer-desired major changes and under-designing the
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product will result in loss of sales or even degrade the reputation of the manufacturer
and its brand image in the marketplace.

This chapter covers various decision-making approaches and models and also
provides an understanding of the issues related to risks and methods to analyze the
risks.

AN AUTOMAKER’S DECISION-MAKING PROBLEM: AN EXAMPLE

Let us assume that a large automaker currently produces about a million vehicles
annually in various sizes and body-styles. One of the major decisions that the auto-
maker wants to make is to decide on the type of vehicle program to undertake to
maintain its profitability. Table 17.1 presents 12 possible alternative programs to
replace its existing products that the automaker can consider. For example, the first
alternative, shown in the first row of Table 17.1, is to consider the vehicle program

TABLE 17.1
Alternative Vehicle Programs Considered during Program Selection Decision
Making

Profit Annual Total 5 Profit as
Vehicle  Vehicle  Selling per Sales Year % of
Program Type Price  Vehicle Volume Volume Total Profit Total Revenue  Revenue
P1 Small “B”  $17,000 $300 50,000 250,000 $75,000,000 $4,250,000,000 1.8
size car
P2 Small “C”  $19,000 $450 120,000 600,000 $270,000,000 $11,400,000,000 2.4
size car
P3 Mid-size  $22,000 $1,500 120,000 600,000 $900,000,000 $13,200,000,000 6.8
“C/D” size
car
P4 Large “D”  $26,000 $2,000 60,000 300,000 $600,000,000 $7,800,000,000 7.7
size car
P5 Small “C”  $21,000 $700 70,000 350,000 $245,000,000 $7,350,000,000 33
size SUV
P6 Mid-size ~ $32,000 $3,000 100,000 500,000  $1,500,000,000  $16,000,000,000 9.4
SUvV
P7 Large $50,000 $8,000 25,000 125,000  $1,000,000,000 $6,250,000,000 16.0
SUvV
P8 Small $20,000 $1,000 60,000 300,000 $300,000,000 $6,000,000,000 5.0
pickup
P9 Large $28,000 $5,000 150,000 750,000  $3,750,000,000  $21,000,000,000 17.9
pickup
P10 Mid-size ~ $30,000  $9,000 35,000 175,000  $1,575,000,000 $5,250,000,000 30.0
luxury car
P11 Large $45,000 $14,000 20,000 100,000  $1,400,000,000 $4,500,000,000 31.1
luxury car
P12 High- $80,000 $30,000 2,000 10,000 $300,000,000 $800,000,000 375
performer
sports car

Sum --> 812,000 4,060,000 $11,915,000,000 $103,800,000,000 1

—_

5
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P1, which involves making a small “B” size car (such as a Ford Fiesta) with a sell-
ing price of about $17,000, expecting to generate about $4.25 billion revenue by
selling 250,000 vehicles over the next 5 years and make $75.0 million profit. Other
alternatives to be considered are programs P2 to P12 with different body-styles (see
Table 17.1).

The problem of selecting a vehicle program needs consideration of many issues.
If the corporate goal is to maximize profits, then the total profit column shows that
program P9, to produce 750,000 large pickup trucks over 5 years, has the potential
to produce the maximum profit of $3.75 billion. The $3.75 billion profit amounts
to 17.9% of the total revenue generated by the program. On the other hand, if the
goal is to maximize the profits as a percentage of total revenue generated by a vehi-
cle program, then program P12, to produce a high-performer sports car, is the best
alternative, as its profits amount to 37.5% of the revenue generated by the program.
The profit per vehicle column is also worth looking at, as it shows that the high-
performer sports car can generate a net profit of $30,000 per vehicle as compared
with only $300 for a “B” size car in program P1. Further, one needs to have reliable
estimates of the sales volume needed (e.g., total 5 year sales volume) to make the
profits shown in the table. Here we can assume that the selling price minus profit per
vehicle represents the cost per vehicle, which should include per vehicle costs due to
(a) product development, (b) purchasing parts from the suppliers, (c) manufacturing
and assembly operations of the auto manufacturer, and (d) vehicle marketing. These
costs estimation issues are covered in Chapter 19.

The decision to select a program will also depend on the sales rate of current
products, new products introduced by other vehicle manufacturers in each market
segment, future trends in design, technologies, and government regulations, and so
forth. Changing economic and political conditions in the markets also affect future
sales volumes and add uncertainty and risks to the revenue generation.

This example provides some insight into the complexity associated with select-
ing and undertaking a vehicle program, the ability to sell the new vehicles at the
projected sales volumes, and the risks associated with creating a successful product
that customers will want.

DECISION MAKING IN PRODUCT DESIGN

Key Decisions IN ProbucT Lire CycLE

Some key decisions made in a product program typically involve

1. Program Kick-Off: The top management of the organization decides that a
new product (or revisions to an existing product) should be developed and a
program should be kicked off to develop the product.

2. Program Confirmation: The top management confirms the decision to select
a product concept for detailed engineering based on (a) additional informa-
tion obtained from the design team’s presentation of the created product
concepts, (b) market research results, (c) a review of the latest trends in new
technologies and design, and (d) the competitors’ capabilities. Additional
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decisions are also made to allocate budget and dates for the product intro-
duction into the selected markets.

. Product Concept Freeze: Management decides that the selected product

concept is sufficiently developed (i.e., all design and engineering managers
feel confident that the product can be produced [i.e., it is feasible] within
the planned budget and schedule). Thus, the concept will be frozen (i.e.,
no major changes will be made), and succeeding program activities will be
continued.

. Engineering Sign-Off: All key managers of engineering activities sign a

document stating that the product “as designed” will meet all applicable
requirements with a high probability (e.g., 90%).

. Production Release: All product testing (verification and validation tests)

is completed, and the product is determined to be ready for the market. The
product is released for production; that is, the factories begin production of
units for sale.

. Periodic Reviews: Periodic (monthly, quarterly, or annual) reviews of the

product sales, customer satisfaction, and comparisons with data from the
competitors’ products are conducted to decide whether any changes in
the product volume or product characteristics are needed.

. Product Discontinuation and Replacement: Based on the market data and

the customer feedback, the management decides to terminate the produc-
tion of the product on a certain date and requests the marketing department
to plan for future product(s) or model(s) for its replacement.

TRADE-OFFs DURING DESIGN STAGES

Teams involved in designing any product need to make a number of decisions involv-
ing trade-offs between a number of conflicting design considerations (e.g., product
characteristics and attributes). Some examples of trade-off considerations in design-
ing passenger cars are

1. Space for Vehicle Systems versus Space for Occupants: The space within

the vehicle is occupied by various vehicle systems and their components,
and space is used to accommodate occupants in the passenger compartment
and other items in the trunk (or cargo areas). To provide more space for the
occupants (interior passenger space), the space occupied by vehicle sys-
tems (e.g., vehicle body structure sections, engine, chassis and suspension
components, and fuel tank) needs to be reduced. Thus, a vehicle designer
can make trade-offs by designing more compact vehicle systems to allow
more space for the occupants. This trade-off is commonly referred to in the
auto industry as “Machine Minimum and Man Maximum” (i.e., minimiz-
ing the space for mechanical components and maximizing the space for the
occupants).

. Vehicle Performance versus Fuel Economy: A vehicle with a high perfor-

mance (i.e., acceleration capability, commonly measured by the minimum
time required for accelerating from 0 to 60 mph [called the 0-to-60 time in
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seconds]), requires higher engine power, which in turn reduces fuel econ-
omy (measured in miles per gallon of gasoline consumed).

3. Vehicle Performance versus Vehicle Weight: This trade-off is commonly
referred to by considering the horsepower-to-weight ratio. Any increase in
vehicle weight will reduce the acceleration capability of a vehicle with the
same engine power.

4. Ride Comfort versus Handling: Better-riding cars require softer suspen-
sions, which generally reduce the handling (maneuvering) capability of the
vehicle.

5. Lightweight Materials versus Cost: Lightweight materials (e.g., aluminum,
magnesium, high-strength steels, and carbon-fiber materials) can reduce
vehicle weight. However, these lightweight materials are more costly than
the commonly used sheet steel (mild steel) material.

6. High Raked Windshield versus Costs: Windshields with a higher rake angle
(more sloping windshields; see Figure 17.1) can reduce aerodynamic drag,
increase fuel economy, and provide a sleeker, more aecrodynamic appear-
ance than conventionally styled vehicles with a more upright windshield.
The high raked windshields are longer (see Figure 17.1, where L, >L,)
than more conventional low raked windshields. The longer length (L) also
requires a larger windshield and thicker glass, longer wipers, a more power-
ful wiper motor, a higher-capacity windshield defroster, and higher-capacity
air-conditioning (due to higher heat/sun load on the larger windshield). The
thicker glass also reduces the light transmission of the windshield, which
in turn, reduces driver visibility. The thicker glass also increases vehicle
weight, which in turn, can reduce fuel economy. Higher raked windshields
can thus increase vehicle costs.

High raked Conventional
windshield windshield

="

FIGURE 17.1  Comparison of conventional versus high raked windshield. (Note: The con-
ventional windshield has L, length. The higher raked windshield has L, length.)
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WHAT IS INVOLVED IN DECISION MAKING?

ALTERNATIVES, OUTCOMES, PAYOFFS, AND Risks

Systems engineering involves decision making, such as what needs to be done,
when, how, and how much, and taking into account the trade-offs between pos-
sible design considerations. In a decision-making situation, the decision maker
(e.g., engineer, designer, or program manager) is faced with the task of decid-
ing on an acceptable alternative among several possible alternatives. The deci-
sion maker also needs to consider possible future outcomes (i.e., what possible
events will happen in the future) and the costs or benefits (called the payoffs)
associated with each combination of an alternative and an outcome. Further, each
possible outcome may or may not occur in the future. There are many different
decision principles to determine a desired or an acceptable alternative (Blanchard
and Fabrycky, 2011). The decision problems and the principles that can be applied
will now be described.
Let us assume the following:

A, =ith alternative where i=1,2, ..., m

O, =jth outcome where j=1,2, ..., n

P; =the probability that jth outcome will occur where j=1,2, ..., n

E; =evaluation measure (positive for benefit [profit] and negative for cost
[loss]) associated with the ith alternative and the jth outcome

The decision evaluation matrix associated with this problem is presented in
Table 17.2. Many principles can be used to select a desired alternative. The principles
are described in the following subsections.

TABLE 17.2
Decision Evaluation Matrix
Alternative Probabilities of Outcomes

P, P, P, . . P,

Outcomes

Ol 02 03 On
A 1 El 1 E12 E13 . . El n
AZ E21 E22 E23 . . E2n
A? E3| E%Z E33 . . EBH
A, E,, E,, E,; E,,
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MAaxIMUM EXPECTED VALUE PRINCIPLE

One commonly used principle to select an alternative is based on the maximum
expected value. The expected value of the ith alternative, A; = {E, }, can be computed

as 2 [P; X E;].

Ifj the expected value is negative, that is, a loss, it can be regarded as a risk.
Consideration of risks is important during decision making. In general, a prudent
decision maker will strive to reduce risks in selecting alternatives and during the
program management. The risk-related issues are covered in a later section of this
chapter (see Figure 17.5).

Thus, under this principle, the decision maker will select the alternative with
the maximum expected value, which is defined as max {E;} fori=1, 2, ..., m. The
maximum expected value is equivalent to minimum risk.

The selection of the alternative and the application of the above principle are
illustrated in the following example.

Let us assume that an automotive manufacturer wants to select a powertrain for its
new small vehicle. The manufacturer is considering the following five alternatives:

A, =Design a new small car using a state-of-the-art gasoline powertrain.

A, =Do not design a new small car—continue with the present model with
minimum modifications.

A, =Design a new small car with an electric powertrain.

A, =Design a new small car with a turbo-diesel powertrain.

As=Design a small car with all three (gasoline, diesel, and electric) pow-
ertrain options.

Six possible outcomes assumed by the manufacturer are

O, =Economy does not change, oil prices remain low, and the battery technol-
ogy does not improve.

0, =Economy improves by 5%, oil prices remain low, and the battery technol-
ogy does not improve.

O, =Economy degrades by 5%, oil prices increase by 30%, and the battery
technology does not improve.

0O, =Economy does not change, oil prices remain low, and the battery technol-
ogy improves by 50%.

O5 =Economy improves by 5%, oil prices remain low, and the battery technol-
ogy improves by 50%.

O¢=Economy degrades by 5%, oil prices increase by 30%, and the battery
technology improves by 50%.

The evaluation measures (estimated total net profit over the 5 years of sale, in dol-
lars) associated with the combinations of the five alternatives and the six outcomes
are provided in Table 17.3. The table also provides probabilities for each of the out-
comes assumed by the manufacturer.
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TABLE 17.3
Data for Powertrain Selection Decision Problem

Alternatives Probability of Outcome

0.2 0.15 0.1 0.2 0.3

Outcomes

0, 0, 0, o, 0
A, $4,000,000,000  $5,000,000,000  $2,000,000,000  $3,000,000,000  $4,500,000,000
A, $2,000,000,000  $2,500,000,000 $1,500,000,000 $1,750,000,000  $2,000,000,000
A, —-$50,000,000  $300,000,000 $25,000,000 $100,000,000 $400,000,000
A, $200,000,000  $250,000,000 $150,000,000 $200,000,000  —$100,000,000
As $3,500,000,000 $4,500,000,000 $2,250,000,000 $3,750,000,000 $5,500,000,000
Note:

0, = Economy does not change, oil prices remain low, and the battery technology does not improve.
0, = Economy improves by 5%, oil prices remain low, and the battery technology does not improve.

en
$1,750,000,000
$1,200,000,000
$600,000,000
~$250,000,000
$2,000,000,000

O; = Economy degrades by 5%, oil prices increase by 30%, and the battery technology does not improve.

0, = Economy does not change, oil prices remain low, and the battery technology improves by 50%.
Os = Economy improves by 5%, oil prices remain low, and the battery technology improves by 50%.

O, = Economy degrades by 5%, oil prices increase by 30%, and the battery technology improves by 50%.

A, = Design a new small car using state-of-the-art gasoline powertrain.

A, = Do not design a new small car—continue with the present model with minimum modifications.
A, = Design a new small car with an electric powertrain.

A, = Design a new small car with a turbo-diesel powertrain.

Ag = Design a small car with all three (gasoline, diesel, and electric) powertrain options.

The following computation illustrates the computation of the expected value of A,:

Expected value of A, = {El} = (0.2 x 4,000,000, 000) + (0.15 % 5,000,000, 000)

+(0.1x2,000,000,000) +(0.2x3,000,000,000)

+(0.3x4,500,000,000) +(0.05%1,750,000,000)

=$3,787,500,000

The expected values of A, A; A, and A5 are $1,935,000,000, $207,500,000,
$90,000,000, and $4,100,000,000, respectively. Thus, the alternative A5 has the
maximum expected value of $4,100,000,000 among the five alternatives, and it will
be selected under the maximum expected value principle (see the column labeled

“Expected Value Principle” in Table 17.4).

OTHER PRINCIPLES IN SELECTING ALTERNATIVES

Six additional principles that can be used to select an alternative are described in

this section.
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1. Aspiration Level: The principle of aspiration level is based on the assump-
tion that the decision maker needs to meet a certain aspiration (or desired)
level, such as a minimum acceptable profit level or a maximum amount of
tolerable loss. If we assume that the decision maker in this example (Table
17.3) wants to make at least $4,000,000,000 profit, then he or she would
consider alternatives A; and A (because these two alternatives include the
outcomes with payoff of $4,000,000,000 or more). On the other hand, if he
or she does not want to incur any loss, he or she would not consider alter-
natives A; and A, (as these two alternatives can incur a loss in at least one
outcome).

2. Most Probable Future: The decision maker may decide based on the most
likely outcome (which has the highest probability of occurrence). In our
example (Table 17.3), the outcome O; has the highest probability (0.3) of
occurrence. Under this situation (outcome Os), the selection of alternative
A will provide the maximum profit of $5,500,000,000.

3. Laplace Principle: The Laplace principle assumes that the decision maker
does not have any information on the probability of occurrences of any of
the outcomes, and thus, he or she assumes that all the outcomes are equally
likely. In our example, under this principle, all the occurrence probabilities
will be equal to 1/6. Thus, the decision maker can simply take the average
value of all E i for each alternative (i.e., over each i) and select the alternative
with the maximum profit. In our example above, under this principle, the
decision maker would select alternative A5 with the maximum average profit
of $3,583,333,333 (see the column labeled “Laplace Principle” in Table 17.4).

4. Maximin Principle: This principle is based on the “Extremely Pessimistic
View” of the decision maker (i.e., that nature will do its worst under every
alternative). Therefore, the decision maker will select the alternative that
maximizes the value of the proceed (profit) among the minimum values
of all alternatives (i.e., the decision maker will reduce his or her loss by
selecting the alternative with the lowest loss [or selecting the alternative
with the highest profit among the minimum values]). The profit (R;) in the
ith alternative can be defined as

R; =max{ min E }
i Jj :

Table 17.4 shows that under this principle, the decision maker will select alterna-
tive A5, which has the highest value ($2,000,000,000) among the lowest possible
values of the evaluation measure among all the alternatives (see the column labeled
“Maximin Principle” in Table 17.4).

5. Maxmax Principle: This principle is based on the “Extremely Optimistic
View” (think about the best possible) of the decision maker. The decision
maker will select the alternative that maximizes the maximum values in
each alternative, that is, taking the maximum of the maximum values in
each alternative. The profit (R,) in the ith alternative can be defined as
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R; =max{ max E;; }
i j

Table 17.4 shows that under this principle, the decision maker will select
alternative A5, which has the highest value ($5,500,000,000) among the
highest possible values of the evaluation measure among all the alternatives
(see the column labeled “Maxmax Principle” in Table 17.4).

6. Hurwicz Principle: This principle is based on a compromise between opti-
mism (Maxmax principle) and pessimism (Maxmin principle). The profit
(R;) in the ith alternative is computed based on the selection of value of
index of optimism (o) as follows:

R; = o [max (max E;)]+ (1 — ) [ max (rnjin E;))]
1 J i

where o =index of optimism, which can vary as follows: 0 <o <1
Note: a=1 indicates that the decision maker is extremely optimistic; o =0
indicates that the decision maker is extremely pessimistic.

The value of R; should be computed for each alternative using this formula, and
the alternative with the maximum value of R; should be selected.

The last column of Table 17.4 illustrates that for a=0.5, alternative A5 will be
selected, because it has the highest value ($3,750,000,000) in the last column when
the values are computed using this expression for R;.

Thus, observing the alternatives selected in each of the principles described,
alternative A, is the best alternative, as it was selected under all the principles.

In real situations, it is possible that different alternatives may be selected using
different principles. In that case, the decision maker will need to use all the results
to guide his or her decision process and will make the final decision based on a few
key principles that he or she believes (maybe from gut feel) to be the most appropri-
ate for the situation.

DATA GATHERING FOR DECISION MAKING

Decision makers need information to help decide on all the values of the basic
parameters (e.g., the variables covered in the previous section, such as number of
alternatives, possible outcomes, probabilities of the outcomes, and costs or benefits
associated with each alternative in each outcome) of the problem. Without the avail-
ability of reliable information, the decisions made by the decision maker might not
be very useful or could even be very misleading. Further, care must be taken in
selecting the decision maker to ensure that he or she is not biased and does not have
any misconceptions or preconceived notions related to the product concepts, tech-
nologies considered in the concepts, customer expectations, and so forth.

Many techniques are available to gather information and display the information
in a format that will help the decision maker to understand the problem. An overview
of the tools is provided by Bhise (2014).
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IMPORTANCE OF TiMELY DECISIONS

In real decision-making situations, the estimates of numbers such as those shown in
Table 17.3 will vary with time. Thus, it is possible that different alternatives will turn
out to be the best at different points in time. However, since vehicle development is
a long and complex process, once the decision about the basic product configuration
is made, for example, to make the base vehicle a front-wheel-drive vehicle, all other
subsequent decisions will be based on this early decision. If this early decision is
changed (e.g., to make it a rear-wheel-drive vehicle) at a later point in the program, a
lot of design work may need modifications. Modifications to the vehicle program are
time consuming and costly. The decision maker thus needs to be very careful and to
consider many possible scenarios (alternatives) and outcomes in making early deci-
sions to avoid costly changes in the later phases of the vehicle program.

ROBUSTNESS EVALUATION THROUGH SENSITIVITY ANALYSIS

Another important consideration in decision making is to ensure that the selected
decision is robust; that is, it will be relatively insensitive to changes in the input
assumptions (e.g., the assumed values in Table 17.2). A good decision maker should
conduct sensitivity analyses by changing the values of different inputs (e.g., by +
10% or 20%) under different possible combinations and redoing the computations to
determine whether the selected decision is robust (i.e., it will not change). A Monte
Carlo simulation approach (whereby simulated iterations are defined by random val-
ues of parameters from their input distributions) can be used here to determine the
percentage of simulations in which the selected decision does not change.

MULTI-ATTRIBUTE DECISION MODELS

Many decision situations include consideration of many (or multiple) attributes and
their levels. Thus, in selecting an alternative, combinations of all attributes and their
levels must be considered. Three techniques—the Pugh diagram, weighted attributes
ratings, and analytical hierarchy method—allow consideration of multiple attributes.
These three techniques are described in this section.

PuGH DIAGRAM

The Pugh diagram is a simple but effective tool for understanding how many attri-
butes can be used to study the comparison between different products (or product
concepts) to select the best product. The tool can also help in improving the selected
product in additional iterations of comparisons. (Note that the Pugh diagram was
introduced earlier in Table 4.4 and Chapter 16.)

The Pugh diagram is a tabular formatted tool consisting of a matrix of product
attributes (or characteristics) and alternate product concepts along with a benchmark
(reference) product called the datum. The diagram helps to undertake a structured con-
cept selection process and is generally applied by a multidisciplinary team to converge
on a superior product concept. The process involves creation of the matrix using inputs
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from all the team members. The rows of the matrix consist of product attributes based
on customer needs, and the columns represent different alternate product concepts.

The evaluations of each product concept on each attribute are made with respect
to the datum. The process uses classification metrics of “same as the datum” (S),
“better than the datum” (+), or “worse than the datum” (). The scores for each
product concept are obtained by simply adding the number of plus and minus signs
in each column. The product concept with the highest total score (“sum of plus”
signs minus “sum of minus” signs) is considered to be the preferred product concept.
Several iterations are employed to improve the preferred product concept by combin-
ing the best features of highly ranked concepts for each attribute till an acceptable
concept emerges and becomes the new benchmark.

Table 17.5 presents a Pugh diagram created to develop a new concept (target vehi-
cle) for a 2020 model of the Jeep Cherokee (mid-size sports utility vehicle [SUV])
by comparison with three 2015 model year SUVs. The table shows how each vehicle
compares with the 2015 Jeep Cherokee vehicle (used as the datum) for each vehicle
attribute. (Note that +, S, and — symbols, respectively, indicate that the vehicle in
the column is better, the same as, or worse than the datum). The sum of number of
attributes receiving a + sign minus the sum of attributes receiving a — sign provides

TABLE 17.5
Pugh Diagram for Evaluating a New Mid-Size SUV Concept

2015 Jeep 2015 Ford

2020 Jeep Cherokee Escape 2015 Honda
Cherokee (Trailhawk) 4WD CRYV (Touring
Vehicle Attribute (Target) (Datum) Titanium) AWD)
Durability + S +
Off-road capability + - -
Fuel economy + + +
Noise, vibrations and harshness S + +
Handling and dynamics S S +
Towing capacity S S -
Ride comfort (on road) - S S
Ease of maintenance and + S S
modification
Cost S - -
Weight + + +
Safety S S +
Aesthetics + S S
Aero/thermal S + +
Sum of + 6 3 7
Sum of — 1 2 3
Sum of S 6 8 3
Total score 5 1 4
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a total score, which is a measure of improvement in each vehicle over the datum
vehicle. Thus, the 2020 Jeep Cherokee received a total score of 5, which is higher
than the corresponding scores of the other two benchmarked vehicles.

It should be noted that this Pugh diagram was created with the assumption that
all vehicle attributes are equally important to the customer. Hence, scores of sum of
plus signs and sum of minus signs were simply obtained by adding the number of
attributes in which the vehicle corresponding to a column was better or worse than
the datum. However, in reality, some attributes may be more important to custom-
ers than other attributes. Thus, the analysis can be modified to take into account
different importance weights for each attribute. The weighted Pugh analysis will be
covered in the next subsection.

WEIGHTED PUGH ANALYSIS

There are many different methods for including importance weights for each attri-
bute. Table 17.6 shows a modified Pugh diagram for this problem. Here, an addi-
tional column for importance rating is included in the Pugh diagram. The importance
weighting is based on a 10-point scale in which a rating of 10 is assigned as most

TABLE 17.6
Weighted Pugh Diagram

2015 Jeep 2015 Ford

2020 Jeep Cherokee Escape 2015 Honda
Importance  Cherokee (Trailhawk) (4WD CRYV (Touring
Vehicle Attribute Rating (Target) (Datum) Titanium) AWD)
Durability 10 1 0 1
Off-road capability 1 -1 -1
Fuel economy 8 1 1 1
Noise, vibrations and 0 1 1
harshness
Handling and 8 0 0 1
dynamics
Towing capacity 3 0 0 -1
Ride comfort (on 6 -1 0 0
road)
Ease of maintenance 6 1 0 0

and modification

Cost 8 0 -1 -1
Weight 5 1 1 1
Safety 9 0 0 1
Aesthetics 7 1 0 0
Aero/thermal 4 0 1 1

Weighted sum 37 10 34
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important and a rating of 1 is assigned as least important. The +, S, and — signs in each
column (except the datum) are replaced by 1, 0, and —1 weights, respectively. The final
score, called the weighted sum, is computed for each column by adding the sums of
importance rating multiplied by the 1, 0, or —1 score in the column for each vehicle.

A comparison of weighted sum values for the three vehicles shows that the 2020
Jeep Cherokee received the highest score of 37, and the 2015 Ford Escape received
the lowest score of 10. The design team will study the numbers and find further
opportunities to improve the weighted score for the new vehicle.

WEIGHTED ToTAL SCORE FOR CONCEPT SELECTION

During the product development process, the decision makers (e.g., usually top man-
agement) are faced with the decision to select a concept and proceed with its detailed
design and engineering work. The selection is complicated, because the product
concepts need to be evaluated by considering many attributes of the product. The
attributes are generally developed from the customer needs, obtained from exten-
sive interactions with the customers (e.g., by conducting market surveys or from
customer feedback). The customers can also be asked to provide importance ratings
(or weights) for each of the attributes. The weights can also be developed by using
the analytical hierarchy process, covered in the next section. The customers (or the
design team members) can also be asked to rate each product concept on each attri-
bute. All this information can then be used to determine the total weighted score
of each product concept. The product concepts can be compared based on the total
weighted score, and the concept with the highest total score can be selected.

The computation of the total weighted score (7;) of the jth product concept is
described by the following mathematical expression:

n
T; = E Wil
i=1
where:

T, =total weighted score of jth product concept considering all the n attributes
Note:i=1,2,...,n

=weight of ith product attribute

R; =ratings of concept C; on ith attribute

Table 17.7 provides an example of this weighting scheme. Each product concept
is defined as C, where j = 1 to 4, and each product attribute is defined as A;, where
i =110 5. The ratings (R;) are provided using a 10-point scale, where 1=poor and
10 =excellent. The attribute weights (w;) were obtained by using a 5-point scale,
where 1=not important and 5=very important. The total weight score (7', = 119) of
concept C, was the highest, and concept C; (T;=92) scored the lowest. Thus, the
product concept C, can be selected for further development, or the ratings data can
be used to come up with further modifications of the product concepts. New ratings
can be obtained after the modifications to iterate the above procedure till an accept-
able product concept is achieved.
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TABLE 17.7

lllustration of Total Weighted Score of Product Concepts
Based on Attribute Weights and Ratings of Product
Concepts by Attributes

Attribute
Attribute weight (w;) Product Concepts
C, C, C, C,
A 5 10 8 5 7
A, 3 5 8 9 4
A, 5 7 4 5 7
A, 1 5 8 3 6
As 2 7 9 6 8
Total weighted score T, T, T, T,
119 110 92 104

This method is used in quality function deployment (QFD) (to compute absolute
importance scores of functional specifications), and it can be considered as a modi-
fied scoring method for the Pugh diagram. The QFD tool is described in Chapter 18.

The following section describes the procedure for application of a technique
called the analytical hierarchy method. The technique is used to extract the judg-
ments of experts in decision-making situations.

ANALYTICAL HIERARCHY METHOD

The analytical hierarchy method (also called the analytical hierarchy process [AHP])
is a simple technique to determine the relative preference (or relative importance) of
different alternatives. It is based on subjective judgments made by one or more decision
makers. Each decision maker is assumed to be an expert in the problem area and is free
from any biases. The method is described by Satty (1980) and Bhise (2012).

The decision maker’s task is further simplified by paired comparisons of the
alternatives. For example, if there are n possible alternatives, then there will be
n(n — 1)/2 possible pairs of alternatives. The decision maker is given (or shown) each
pair separately and is asked to select the better (or preferred, or more important) of
the two alternatives and assign a relative importance rating (weight) to the selected
alternative based on a preselected criterion (or a product attribute). The preference
ratings are then used to compute the relative weights of each of the alternatives. The
alternative with the highest weight is selected as the most preferable alternative.

In this method, the products (or alternatives) are compared in pairs. The better
product in each pair is also rated in terms of the strength of the attribute (used for
evaluation) it possesses in relation to the strength of the same attribute in the other
product in the pair. The strength of the attribute is expressed using a ratio scale. The
scale (or the weight) value of 1 is used to denote equal strength of the attribute in
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both the products in the pair, and the scale value of 9 is used to indicate extreme or
absolute strength of the attribute in the better product. The product with the weaker
strength is assigned the inverse of the scale value of the better product. The following
example will illustrate this rating procedure.

Let us assume that there are two products, M and L, in a pair, and the attribute to
compare the products is “exterior styling.” The scale values assigned to the products
using the ratio scale would be as follows:

1. If product M is considered to be “absolutely better styled” as compared with
product L, then the weight of M preferred over L will be 9, and the weight
of L preferred over M will be 1/9.

2. If product M is “very strongly better styled” as compared with product
L, then the weight of M preferred over L will be 7, and the weight of L
preferred over M will be 1/7.

3. If product M is “strongly better styled” as compared with product L, then
the weight of M preferred over L will be 5, and the weight of L preferred
over M will be 1/5.

4. If product M is “moderately better styled” as compared with product L,
then the weight of M preferred over L will be 3, and the weight of L pre-
ferred over M will be 1/3.

5. If product M is “equally styled” as compared with product L, then the
weight of M preferred over L will be 1, and the weight of L preferred over
M will also be 1.

Satty (1980) described the nine-point scale with the following adjectives to indi-
cate the level of preference (or importance) for comparing the two items in each pair:

1=Equal preference

2=Weak preference

3 =Moderate preference

4=Moderate plus preference

5=Strong preference

6=Strong plus preference

7 = Very strong or demonstrated preference
8=Very, very strong preference

9 = Extreme or absolute preference

From the viewpoint of making the scales more understandable and easier to
apply, usually only the odd-numbered scale values (shown in bold case in the list) are
described and presented to the subjects. To allow the subjects to decide on the weight,
the author found that the scale presented in Figure 17.2 works very well. Here, the
subject will be asked to put an “X”” mark on the scale on the left side if product M is
preferable over product L. The higher numbers on the scale indicate higher prefer-
ence. If both products are equally preferred, then the subject will be asked to place the
“X” mark at the mid-point of the scale with value equal to 1. If product L is preferred
over product M, then the subject will use the right side of the scale.
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Both
M absolutely equally L absolutely
preferred preferred preferred
| | |
M | T ' : 1 : 1 1 L
9 7 5 3 1 3 5 7 9

FIGURE 17.2  Scale used to indicate strength of the preference when comparing two prod-
ucts (M and L).

TABLE 17.8
Matrix of Paired Comparison Responses
for One Evaluator

M P W J L T
M 1 173 3/1 1/9 173 1/1
P 3/1 1 3/1 1/5 173 2/1
w 173 173 1 177 173 2/1
J 9/1 5/1 71 1 3/1 71
L 3/1 3/1 3/1 173 1 3/1
T 171 172 172 177 173 1

Note: The value in a cell (of Table 17.8) indicates the
preference ratio for comparing the product in a
row with the product in a column corresponding
to the cell.

Let us assume that we have to compare six products, M, P, W, J, L, and T, using
the analytical hierarchy method. A subject will be asked to compare the products
in pairs. The 15 possible pairs of the six products will be presented to the subject,
one pair at a time, in a random order. (Note: for n=6, n(n — 1)/2=15.) The subject
will be given a preselected attribute (e.g., exterior styling) and asked to provide the
strength of preference ratings for the preferred product in each of the 15 pairs using
scales such as the one presented in Figure 17.2. The data obtained from the 15 pairs
will then be converted into a matrix of paired comparison responses, as shown in
Table 17.8. Each cell of the matrix indicates the ratio of preference weight of the
product in the row over the product in the column. Thus, the ratio 1/3 in the first row
and second column indicates that the product in the column (P) was “moderately
preferred” (i.e., considered to have moderately better exterior styling=rating weight
of 3) over the product in the row (M).

To compute the relative weights of preference of the products, the fractional val-
ues in Table 17.8 are first converted into decimal numbers, as shown in the left-side
matrix in Table 17.9. All the six values in each row are then multiplied together and
entered in the column labeled “Row Product” in Table 17.9. The geometric mean of
each row product is computed. It should be noted that the geometric mean of the prod-
uct of n numbers is the (1/n)th root of the product (e.g., the 1/6th root of 0.03703 is
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TABLE 17.9
Computation of Normalized Weights of the Products
Geometric | Normalized
Row product] .
M P W J L T mean weight

M| 1.0000 0.3333 3.0000 | 0.1111 0.3333 1.0000 0.03703 0.57734 0.06698
P 3.0000 1.0000 3.0000 | 0.2000 | 0.3333 2.0000 1.19988 1.03084 0.11960
W 0.3333 0.3333 1.0000 | 0.1429 0.3333 2.0000 0.01058 0.46853 0.05436
] 9.0000 5.0000 7.0000 1.0000 3.0000 [ 7.0000 6615.00000 4.33266 0.50267
L 3.0000 3.0000 3.0000 0.3333 1.0000 3.0000 26.99730 1.73202 0.20095
T | _1.0000 [ 0.5000 | 0.5000 | 0.1429 | 0.3333 1.0000 0.01190 0.47784 0.05544

Sum ----- > 8.619231538 1.00000

0.57734. Note: 0.57734°=0.03703). All the six geometric means in the column labeled
“Geometric Mean” are then summed. The sum, as shown in Table 17.9, is 8.6192. Each
of the geometric means is then divided by their sum (8.6192) to obtain the normalized
weight of the products (see last column of Table 17.9). It should be noted that due to the
normalization, the sum of the normalized weights over all the products is 1.0.

The normalized weights (also called the normalized preference values) are plot-
ted in Figure 17.3. The figure, thus, shows that the most preferred product (based on
the attribute “exterior styling”) was J (with its normalized weight of 0.50267), and
the least preferred product was W (with its normalized weight of 0.05436).

This example was based on data obtained from one subject. If more subjects are
available, then the normalized weights for each subject can be obtained by using the
same procedure, and the average weight of each product can be obtained by averag-
ing over the normalized weights of all the subjects for each product.

0.6 -

Normalized preference value

Products

FIGURE 17.3  Normalized preference values of the six products.
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AHP APPLICATION FOR MULTI-ATTRIBUTE DECISION MAKING

AHP can also be applied when multiple attributes are used to select an alternative.
The problem of selecting an alternative is solved in three steps:

1. Obtain weights of each of the attributes using AHP

2. Obtain weights of each of the alternatives for each of the attributes using AHP

3. Obtain weights for alternatives from the weights obtained in the above two
steps.

The procedure is described in this section. The alternatives and attributes are first
defined as follows:

Alternatives {A;} =A, A,,...... ,A, Thus, i ranges from 1 to n.

Attributes {T;} =T, T, ..., T, Thus, j ranges from 1 to m.

Step 1: Weighting of attributes

In this step, weights of each attribute (7)) are determined using AHP. Assume
that wy, w,, ..., w,, are weights of attributes, where 0 < w; < 1 and

Step 2: Weighting of alternatives based on each attribute separately
Assume that v, is the weight of the ith alternative on the jth attribute, such that

n

zvij =1

i=1

for each ith alternative and 0 <v; < 1.

The values of v;; for each combination of i and j are determined by conducting
m separate applications of AHPs (i.e., for each attribute separately).

Step 3: Determine weights of alternatives from weightings obtained from
Steps 1 and 2

Assume that the weight of the ith alternative is a;, then

ExAmMPLE: MULTIATTRIBUTE WEIGHTING

Let us assume that a decision maker wants to select the best vehicle among a set of
four vehicles produced by different manufacturer in a market segment. The vehicles are
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identified as H, T, E, and R. Five attributes to be considered in the selection are (a) qual-
ity (overall quality by considering vehicle exterior and interior surface characteristics
and features), (b) price (manufacturer’s suggested retail price of the vehicle), (c) styling
(exterior styling and appearance of the vehicle), (d) comfort (seating, ride, and interior
climate-related comfort), and (e) service (service experience provided by the dealer).
The AHP method was used in the evaluation process using the following scale:

9=Extremely or absolutely important (or preferred)
7=Very strongly important (or preferred)
5=Strongly important (or preferred)

3=Moderately important (or preferred)

1=Equally important (or preferred)

Step 1: These five attributes were compared to obtain their importance weights
by asking a decision maker to make paired comparisons between the five attributes.
The resulting matrix is shown in Table 17.10. Table 17.11 presents the calculations
and weightings of the five attributes.

Step 2: The four vehicles are first rated for each attribute separately. Table 17.12
presents the ratings matrix (on the left side) and the calculations for obtaining normal-
ized weights (on the right side) for each vehicle for the five attributes consecutively.

Step 3: The final normalized weights for each product are computed by summing
the multiplications of weight of each vehicle for each attribute (computed in Step 2)

TABLE 17.10
Matrix of Paired Comparison Ratings of the Five Attributes

Quality Price Styling Comfort Service
Quality 171 1/1 5/1 5/1 1/1
Price 1/1 1/1 2/1 2/1 5/
Styling 15 12 /1 3/1 /1
Comfort 1/5 1/2 1/3 1/1 2/1
Service 1/1 1/5 1/1 172 1/1

TABLE 17.11
Weightings of the Five Attributes

Row Geometric |Normalized

Quality Price Styling  Comfort  Service product mean weight
Quality 1.000 1.000 5.000 5.000 1.000 25.0000 1.9037 0.3326
Price 1.000 1.000 2.000 2.000 5.000 20.0000 1.8206 0.3181
Styling 0.200 0.500 1.000 3.000 1.000 0.3000 0.7860 0.1373
Comfort 0.200 0.500 0.333 1.000 2.000 0.0666 0.5817 0.1016
Service 1.000 0.200 1.000 0.500 1.000 0.1000 0.6310 0.1103

Sum--> 5.7229 1.000
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TABLE 17.12

Step 2 Calculations to Obtain Weights for Vehicles for Each Attribute

1 Quality

Importance of criterion in row over criterion in column

H T E R
H 1.000 1.000 5.000 3.000
T 1.000 1.000 5.000 3.000
E 0.200 0.200 1.000 0.500
R 0.333 0.333 2.000 1.000
2 Price

Importance of criterion in row over criterion in column

H T E R
H 1.000 1.000 5.000 3.000
T 1.000 1.000 5.000 3.000
E 0.200 0.200 1.000 0.500
R 0.333 0.333 2.000 1.000
3 Styling

Importance of criterion in row over criterion in column

H T E R
H 1.000 2.000 1.000 1.000
T 0.500 1.000 2.000 3.000
E 1.000 0.200 1.000 0.500
R 1.000 0.333 2.000 1.000
4 Comfort

Importance of criterion in row over criterion in column

H T E R
H 1.000 1.000 0.500 1.000
T 1.000 1.000 0.500 2.000
E 2.000 2.000 1.000 2.000
R 1.000 0.500 0.500 1.000
5 Service

Importance of criterion in row over criterion in column

H T E R
H 1.000 1.000 5.000 8.000
T 1.000 1.000 5.000 3.000
E 0.200 0.200 1.000 0.500
R 0.125 0.333 2.000 1.000

Row Geometric | Normalized
product mean weight
15.0000 1.9680 0.3937
15.0000 1.9680 0.3937
0.0200 0.3761 0.0752
0.2222 0.6866 0.1374
Sum --> 4.9986 1.0000
Row Geometric | Normalized
product mean weight
15.0000 1.9680 0.3937
15.0000 1.9680 0.3937
0.0200 0.3761 0.0752
0.2222 0.6866 0.1374
Sum --> 4.9986 1.0000
Row Geometric | Normalized
product mean weight
2.0000 1.1892 0.2995
3.0000 1.3161 0.3314
0.1000 0.5623 0.1416
0.6667 0.9036 0.2275
Sum --> 3.9712 1.0000
Row Geometric | Normalized
product mean weight
0.5000 0.8409 0.1988
1.0000 1.0000 0.2364
8.0000 1.6818 0.3976
0.2500 0.7071 0.1672
Sum --> 4.2298 1.0000
Row Geometric | Normalized
product mean weight
40.0000 2.5149 0.4660
15.0000 1.9680 0.3647
0.0200 0.3761 0.0697
0.0833 0.5373 0.0996
Sum --> 5.3962 1.0000
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TABLE 17.13
Calculations of Final Weights

j=1  j=2  j=3 j=4 j=5
Attributes --> Quality Price  Styling Comfort Service Final
Normalized Weights of Attributes-->  0.3326 0.3181 0.1373 0.1016 0.1103 Weights

Normalized weights of vehiclesby H  0.3937  0.3937 0.2995  0.1988 0.4660  0.3689

attributes T 03937 03937 0.3314  0.2364 0.3647  0.3660

E 0.0752 0.0752 0.1416  0.3976 0.0697  0.1165

R 0.1374 0.1374 0.2275  0.1672 0.0996  0.1486

Sum--> 1.0000  1.0000  1.0000 1.0000 1.0000 1.0000

by the normalized weight of the attribute (computed in Step 1). Table 17.13 presents
the final weights of products obtained from the calculations in Step 3. For example,
the final weight of vehicle H was computed as follows:

(0.3937x0.3326) +(0.3937x0.3181) +(0.2995x 0.1373) +(0.1988 x 0.1016)

+(0.4660x0.1103) = 0.3689

Figure 17.4 presents a bar chart showing the final weights of the four products. It
shows that vehicles H and T are rated higher than vehicles E and R. Thus, consider-
ing the five attributes, the final weights show that vehicle H is the best and vehicle T
is very close to it. Vehicle E was the worst vehicle.

INFORMATIONAL NEEDS IN DECISION MAKING

The key to making good decisions is to ensure that the decision makers have suf-
ficient information and good understanding of issues related to the alternatives, out-
comes, trade-offs, and payoffs associated with the decision situation. Therefore, it is
important to select decision makers carefully and to make sure that the individuals
are familiar with the products and their uses.

In most product evaluation situations, customers who have used similar products
(i.e., similar to those that they currently own) are asked to provide their ratings on
each product (or alternative) used in the evaluation. On the other hand, the use of
experts who are very familiar with the product and have extensive knowledge about
the product can be very discriminating (much more so than even the most familiar
customers) and can provide unbiased evaluations.

Experts generally have additional information obtained through other methods,
such as (a) benchmarking other products, (b) literature surveys, (c) exercising avail-
able analytical models (e.g., models to predict the performance of products under
different situations) and using the information obtained from the model outputs/
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FIGURE 17.4  Final weights of the four products.

results, and (c) conducting experiments (see Chapters 16 and 21 on more methods
and issues in the product evaluation area).

Exercising available models (e.g., product performance evaluation models and
computer-aided engineering [CAE] methods) under various “what if”” scenarios (i.e.,
conducting sensitivity analyses) can also provide more insights into the variability
(or robustness) in the performance of the products and thus can prepare the decision
maker to make more informed decisions. Design reviews with different groups and
experts representing different disciplines can also generate information on strengths
and weaknesses of the product (or product concept) being reviewed.

RISKS IN PRODUCT DEVELOPMENT AND PRODUCT USES

Product programs involve many risks. All important decisions in business and life
involve some level of risk. A risk is considered to be present when an undesired event
(which generally incurs substantial loss) is probable (i.e., likely to occur with some
level of probability). Risks are possible anytime during or after the product devel-
opment process. If the decision maker takes too little risk by over-designing (e.g.,
using too high a safety factor), the product will be more costly, and the extra cost
most likely will be wasted. On the other hand, if the decision maker takes too much
risk by under-designing (e.g., the product will have insufficient strength or use cheap
low-quality materials), then the program will be too costly due to high costs resulting
from product failures and/or rejections by the customers. Product failures can cause
accidents, which can incur additional costs due to the occurrence of (a) injuries, (b)
property damage, (c) loss of income, (d) interruptions or delays in work situations, (¢)
product litigation, and so forth.
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DeriNITION OF Risk AND Types OF Risks IN PRobuCT DEVELOPMENT

A risk is generally associated with the occurrence of an undesired event, such as a

financial loss and/or an injury resulting from a product-related failure. The risk can

be measured in terms of the magnitude of the consequence due to the occurrence of

an undesired event. The consequence due to a risk can be measured by costs associ-

ated with customer dissatisfaction, loss due to product defects or resulting accidents,

loss due to interruption of work, loss of revenue, loss of reputation, and so forth.
The risk is generally assessed by consideration of the following variables:

1. Probability of occurrence of the undesired event
2. Consequence (or severity) of the undesired event (e.g., amount of loss or
severity of injuries)
. Probability of detection of the undesired event before or when it occurs
4. Preparedness of the risk-fighting unit (e.g., fire department, emergency
response units, and police) that can attempt to contain the severity of the
loss or injury

[98]

The risks during the product development process can be categorized as follows:

1. Technical Risk: This type of risk occurs due to one or more technical problems
with the design of the product. For example, a design flaw may be discovered
during testing of an early production component. Such a problem may prevent
the product from achieving the required technical capability or performance.
To eliminate the technical problem or the flaw, additional analyses, engineer-
ing changes (with or without changes in technology to be implemented), and
additional testing may be needed. These additional tasks usually result in an
increase in the costs and delays in the schedule. Adoption of new technologies
before adequate developmental work often leads to serious delays (e.g., prob-
lems in developing carbon-fiber components, manufacturing problems with
lightweight materials to improve fuel consumption in automotive products).

2. Cost Risk: This risk is associated with cost overruns due to technical prob-
lems, changes in management decisions, changes in supplier capabilities,
delays due to unforeseen situations, and so forth. The risk also may be
due to under-budgeting caused by assuming optimistic estimates or under-
estimation of required tasks, time, and costs (e.g., not providing sufficient
allowance for rework).

3. Schedule Risk: This risk is related to not being able to meet the schedule
due to delays for a number of possible reasons (e.g., parts not delivered on
time by suppliers, late changes made in the design due to failures uncovered
in testing, or planned schedule too optimistic).

4. Programmatic Risk: This risk is associated with the product development
program (e.g., being over budget, delayed, modified, or even cancelled due to
a number of reasons). Since most complex products have many components
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that are made and supplied by various suppliers, selection of suppliers with
unproven or low technical capabilities often leads to program delays, lower
quality, and cost overruns.

These four categories of risks are generally interrelated; that is, a risk in any one of
the categories also affects the associated risks in other categories. The risks also cause
backward cascading effects from problems in the work completed in the early phases
but discovered in the later phases. These problems affect progress in the succeeding
phases due to factors such as redesign, rework, retests, delays, and cost overruns.

Types of Risks DURING ProbucTt UsE

The risks after the product has been introduced into the market and used by end-
users can be categorized as

1. Loss of User Confidence in the Product: The end-users may be afraid to use
a product because of a defect in the product. The defect may be caused by a
design or manufacturing defect or some “hidden danger” that can cause an
undesired event (e.g., sudden loss of control, a fire or explosion, an accident,
or exposure to toxic substances).

2. Loss in Future Sales: The likelihood of an undesired event can cause loss
in the reputation of the producer and thus can affect future sales.

3. Excessive Repair or Recall Costs: The producer will need to fix the product
problems by repairing under warranty or by initiating a product recall.

4. Product Litigation Costs: The costs of defending the product in product
liability cases and costs related to settlements before the court trials or pay-
ments of penalties, fines, and so forth.

RISK ANALYSIS

A risk analysis can be defined as a decision-making exercise conducted to deter-
mine the next course of action after a potential undesired event has been iden-
tified and the magnitude of the consequence of the undesired event has been
estimated. The risk analysis is usually preceded by risk identification and risk
assessment phases. The phase of identification of the undesired event can be
termed the risk identification phase, and the phase of estimation of the mag-
nitude of the consequence due to the undesired event can be termed the risk
assessment phase.

Some commonly used methods for risk identification, risk assessment, and risk
analysis are listed here.

1. Risk Identification Methods: Brainstorming, interviewing experts, haz-
ard analysis, failure modes and effects analysis (FMEA; see Chapter 18),
checklists, and historic data (e.g., past records of product defects, warranty
problems, customer complaints) (see Bhise, 2014).
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2. Risk Assessment Methods: Estimation of probability (or frequency) of
occurrence of undesired events, magnitude of the consequence (or sever-
ity) of the undesired event, and probability of detection of the undesired
event by brainstorming, interviewing experts, safety analysis (e.g., fault tree
analysis [see Bhise, 2014] and FMEA), and historic data (e.g., costs of past
product failures).

3. Risk Analysis Methods: Risk matrix, risk priority number (RPN), nomo-
graphs, existing design and performance standards, and specialized risk
models (Floyd et al., 2006).

Risk MATRIX

The risk matrix involves simply creating a matrix with combinations of relevant
variables associated with the degree of risk due to the undesired outcomes. A risk
matrix is a simple graphical tool. It provides a process for combining (a) the prob-
ability of occurrence of an undesired event (usually an estimate) and (b) the conse-
quence if the undesired event occurred (usually cost estimates in dollars).

The risk (in dollars) can be computed as

Risk($) = [Probability of occurrence] X [Consequence of the undesired event($)]

A simplified form of this relationship between the probability of occurrence and
the magnitude of the consequence can be presented in a matrix format. Figure 17.5
presents an example of a risk matrix. The cells of the matrix represent different risk
levels, increasing from low risk in the lower left corner of the matrix to high risk in
the top right corner of the matrix. The risk matrix thus allows for a quick assessment
of the risk level after the occurrence probability and the magnitude of the conse-
quence due to an undesired event have been estimated.

Risk PriorRITY NUMBER

RPN is another method used to assess the level of risk. It is based on multiplication
of three ratings: (a) severity, (b) occurrence, and (c) detection. This method is used in
FMEA, which is presented in Chapter 18. Examples of rating scales used for sever-
ity, occurrence, and detection are presented in Tables 18.3 through 18.5, respectively.
Different definitions of the rating scales are generally used by different companies,
industries, and government agencies.

Nomographs are also used as an alternate method for estimating the RPN. An
example of a nomograph is provided by Bhise (2014).

Other methods, such as modeling and simulations, are used to facilitate deci-
sion making. Exercising models under different assumptions (conducting sensitivity
analysis) can provide a good understanding of the underlying variables and their
effects on risks and subsequent decisions. Analyses under a range of possibilities
with different levels of optimistic and pessimistic assumptions are also useful to
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FIGURE 17.5 An example of a risk matrix. (Source: Redrawn from Federal Highway
Administration, Systems Engineering Guidebook for ITS, 2015. www.fhwa.dot.gov/cadiv/
segb/views/document/sections/section3/3_9_4.cfm.)

estimate the limits of risks. Historic data and judgments of experts can also play a
major role in the decision making.

PROBLEMS IN RISk MEASUREMENTS

Assessing the risks to users/customers involves identifying the hazards and assessing
the potential consequences and the occurrence probability of such consequences.
Identification of hazards is particularly difficult when both the potential customers
and product uses (i.e., how different users will use a given product under a variety of
situations) are difficult to predict. Products involving new technologies are also dif-
ficult to evaluate, because failure data are generally very scarce. It is especially hard
to predict the risks during the early stages of product development when the product
concept is also not fully developed.

Problems in risk measurements occur due to many reasons. Most problems occur
due to (a) lack of data on different types of hazards and risks, (b) subjectivity involved
in identification and quantification of the data, and (c) differences in assumptions
made during the design phases about how the customers or users will use the product
versus the actual uses of the product. The risk assessment models used in this area are
therefore not precise. But they can be used as guides, along with the recommendations
of multiple experts and discussions between the decision makers and the experts.
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Subjective assessments of the three component areas (occurrence, severity, and
detection) are also difficult and subject to a number of questions, such as: Who would
collect the data and conduct evaluations? Should the evaluations be conducted by
experts, product safety advisory boards, or teams or individuals involved in the
design process? Further, the level of understanding and awareness of risks varies
considerably between different evaluators. Costs are another problem in collecting
failure-related data, as product tests are generally costly, and funds for undertaking
costly data collection studies are usually limited.

There are trade-offs in the application of risk assessment methods between the
consistency in the data, the level of detail related to the outcomes, and the time and
resources (particularly human and financial) required for the analyses. Apparently
simple methodologies may contain implicit weightings that may not be appropri-
ate for every product being assessed. Judgments may be intuitive, based on implicit
assumptions, especially in relation to the boundaries between categories (or ratings).
Taken together, these factors can result in a high degree of subjectivity in risk assess-
ment, although the subjectivity can be reduced by the extent of guidance provided
to the assessors in applying the various scales and ratings. In general, the potential
for inconsistency in the results will be directly related to the level of subjectivity
involved in the risk measurement process.

IMPORTANCE OF EARLY DECISIONS DURING
PRODUCT DEVELOPMENT

“Designing right the first time” is very important, as reworking any product design
in the later phases is always very time consuming and costly. Early in the product
development, key decisions are generally made on what technologies to use and how
the product should be configured. Any changes to these early assumptions in the
later stages of product development can increase costs substantially, because such
changes may require throwing away much of the early design work (and even some
hardware development work) and redoing all the analyses with a different set of
assumptions and requirements.

The involvement of specialists from all key technical areas is a very important
aspect of the systems engineering process, as it ensures that all possible technologies
and design configurations are considered as possible alternatives before converging
on one or a few alternatives. The subsequent decisions are dependent on the selected
technologies and design configurations.

CONCLUDING COMMENTS

This chapter covered several basic models and issues in decision making. Decision
making in the real world involves consideration of many issues (both internal and
external to the organization), many variables and their effects, and likelihoods of
outcomes and associated costs that cannot be well quantified for reasons such as
missing facts, uncertainties over the readiness of new technologies, unknown future
developments, and the global economy. Many complex models (involving varied
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levels of complexity and using many independent variables) can be created to ana-
lyze the effects of many risk-related variables. The models can be exercised under
different sets of assumptions (conducting sensitivity analysis) to get a good under-
standing of the effects of decisions on product performance and associated risks.
However, a good decision maker will also inject some subjectivity based on his/
her intuition or judgment to make the final decisions. The decisions are never final
but can be revisited once new and more reliable information is available. However,
later changes in the decisions made earlier in the program generally result in cost
increases due to resulting rework.
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’I 8 Product Planning Tools

INTRODUCTION

The function of product planning department is to plan the development of the
“right” product. The characteristics of the “right” product must be identified and
described in terms of vehicle parameters and features to be included in the new vehi-
cle. The information should be communicated and presented to the senior company
management to obtain their approval to undertake more detailed work in planning
the vehicle program and developing the vehicle concept.

The steps involved in vehicle product planning include (a) attending auto shows,
nonautomotive product shows (e.g., other consumer product shows), technology
shows, exhibitions, and conferences to search for new product ideas and applica-
tions of new technologies and concepts, (b) keeping abreast of changes in the gov-
ernment regulations that would apply to future vehicle programs, (c) benchmarking
recent vehicles and vehicle concepts introduced by leading competitors all around
the globe, (d) studying available information on future product plans of your com-
pany as well as those of your leading competitors, (e) studying market trends, and
(f) developing product plans for future vehicle products. It should be noted that all
specialized engineering offices (e.g., body engineering, powertrain engineering, and
electrical and electronics engineering) also continuously search for trends in design
and technologies, new features, new materials, and new manufacturing processes.
The information obtained is discussed in advanced product planning and technolo-
gies meetings with the heads of the engineering, design, and marketing offices.

The primary tools involved in the early stages of product planning include (1)
benchmarking and breakthrough, (2) Pugh diagram, (3) timing charts and gateways,
(4) quality function deployment (QFD), (5) failure modes and effects analysis, and
(6) other product development tools such as business plan and computer-aided design
(CAD).

Benchmarking is used to compare currently available competitors’ products with
the manufacturer’s current product concepts to understand the “gaps” between the
product concepts and the benchmarked products. The knowledge gained can be used
to incorporate some of the best ideas learned from the competitors. Breakthrough
methodology enables large improvements in product designs to be achieved by
thinking beyond the present product design and production capabilities. The Pugh
diagram is used to select and improve a product concept by using a number of
product attributes to compare various alternate product concepts with a reference
called the datum. Timing charts and gateways allow us to plan and communicate
schedules for various tasks to be accomplished by all people involved in the vehicle
program.

QFD is used to translate the customer needs into engineering functional speci-
fications and to determine the engineering product specifications that are critical

297
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to customer satisfaction. The failure modes and effects analysis method is used
to improve the reliability and safety of the product by tabulating its failure modes
and their effects on other entities within the product and prioritizing the uncovered
product problems by the application of a risk priority number assessment method.
Business plan and CAD are used in communication of the program and product
information within the design, engineering, and program management activities.

The following sections of this chapter describe and provide examples of these
tools.

BENCHMARKING AND BREAKTHROUGH

Benchmarking and breakthrough methods are generally used during the very early
stages of a product development program. From the information gathered during the
benchmarking exercises, the product designers can realize the “gaps” between the
characteristics and capabilities of the products of their competitors and their own
new product concepts, whereas the breakthrough approach forces the design teams
to look beyond the existing products and technologies and thus think about develop-
ing a totally new product or features and achieve huge improvements over the exist-
ing product designs.

BENCHMARKING

Benchmarking is a process of measuring products, services, or practices against the
toughest competitors or those companies recognized as the industry leaders. Thus,
it is a search for the industry’s best products or practices that can lead to superior
performance.

A multifunctional team within the product development community is usually
selected to perform the product benchmarking activities. The benchmarking exer-
cise typically starts with identifying the toughest competitors (e.g., very successful
and recognized brands as the industry leaders) and their products (models) that serve
similar customer needs to the manufacturer’s proposed product. The selected com-
petitor products are used to compare against the target product. The target product
is the product considered by the manufacturer to be its future product (or an existing
model of the future product). The team gathers all important competitive products
and information about the products and compare the competitors’ products with
their target product through a set of evaluations (e.g., measurements of product char-
acteristics; tearing down the products into their lower-level entities for close exami-
nation; and evaluations by experts for the study of performance, capabilities, unique
features, materials and manufacturing processes used by the competitors, estimates
of costs to produce the benchmarked products, and so forth.

The information gathered from the comparative evaluations is usually very
detailed. However, the depth of evaluations included in benchmarking can vary
between problem applications and companies. For example, the benchmarking of an
automotive disc brake may involve comparisons based on part dimensions, weights,
materials used, surface characteristics, strength characteristics, heat dissipation
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characteristics, processes needed for its production, estimated production costs,
features that would be “liked very much” by the customers, features that may be
“hated” by the customers, features that would create a “Wow” reaction among the
team members and potential customers, special performance tests such as part tem-
peratures during severe braking torque applications, brake “squealing” sound, and
so on. In addition, digital pictures and videos can be taken to help visualize differ-
ences in the benchmarked products and their components.

The gathered information is generally summarized in a tabular format, with prod-
uct characteristics listed as rows and different benchmarked products represented in
columns. Chapter 4 provides more information on benchmarking. Tables 4.1 to 4.4
present examples of benchmarking of vehicle characteristics. Figure 4.1 presents an
example of photo-benchmarking of vehicles. Similar benchmarking exercises are
also conducted at system, subsystem, and component level by various specialized
engineering activities.

BREAKTHROUGH

The breakthrough approach involves throwing away all the existing product designs
(and processes) and brainstorming to develop a totally new design, to obtain huge
potential gains in terms of performance improvements, costs, and added customer
satisfaction. Breakthrough designs typically require radically new thought dimen-
sions and lead to the adoption of new technologies. Thus, the implementation of a
breakthrough design creates new problems in systems integration and management.
Some examples of breakthrough product designs and comparison of benchmarking
versus breakthrough are provided in Chapter 4.

PUGH DIAGRAM

The Pugh diagram is a tabular formatted tool consisting of a matrix of product attri-
butes (or characteristics) and alternate product concepts along with a benchmark
(reference) product called the datum. The diagram helps to conduct a structured
concept selection process and is generally created by a multidisciplinary team to
converge on a superior product concept. The process involves creation of the matrix
by inputs from all the team members. The rows of the matrix consist of product
attributes based on customer needs, and the columns represent different alternate
product concepts.

The evaluations of each product concept for each attribute are made with respect
to the datum. The process uses classification metrics of “same as the datum” (S),
“better than the datum” (+), or “worse than the datum” (). The scores for each
product concept are obtained by simply adding the number of plus and minus signs
in each column. The product concept with the highest total score (“sum of pluses”
minus “sum of minuses”) is considered to be the preferred product concept. Several
iterations are employed to improve product superiority by combining the best fea-
tures of highly ranked concepts till a superior concept emerges and becomes the new
benchmark.
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AN EXaMPLE OF PUGH DIAGRAM APPLICATION

An automotive powertrain engineer wanted to determine whether the performance
of a transient turbo-charged gasoline engine could be improved over the gasoline
turbo direct injection (GTDI) methodology by employing the following three con-
cepts: (a) Concept #1: an electric turbo-boost (e-Turbo), (b) Concept #2: a hybrid
turbo using an electric motor assist in parallel with the turbo operated by the exhaust
gases, or (c) Concept #3: use of electrical compressor only (Black, 2011). The engi-
neer created a Pugh diagram to compare these three technologies with the GDTI
as the datum. Table 18.1 presents the Pugh diagram. The product attributes used to
compare the three technologies are presented in the second column from the left.
The four right-hand columns represent product concepts #1, #2, #3, and the datum
as the last column.

All the three product concepts improve the “performance” attribute (Attribute
#4) as compared with the datum by eliminating the turbo-lag (a transient condition
during quick accelerations). This is shown by the + signs in all the three product con-
cepts (columns) of the row corresponding to Attribute #4. However, they introduce
additional negatives into the system due to additional cost (Attribute #2), Weight
(Attribute #10), noise (Attribute #11), electrical and electronics (Attribute #9), prod-
uct process compatibility (Attribute #13), and life-cycle durability (Attribute #1). The

TABLE 18.1
Pugh Diagram for Product Concept Selection
Customer-based Product Product Product
Attribute No. Product Attribute Concept #1  Concept #2  Concept #3 Datum
1 Life-cycle durability - - -
2 Cost - - -
3 Package and - + +
ergonomics
4 Performance + + +
5 Fuel economy S + S
6 Safety/security - - -
7 Vehicle dynamics + + +
8 Emissions + + +
9 Electrical and - - -
electronics
10 Weight - - -
11 Noise, vibrations, and - — -
harshness
12 Styling and appearance S S S
13 Product process - - -
complexity
Sum of pluses 3 5 4
Sum of minuses 8 7 7

Total score -5 -2 -3
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bottom row of total scores (“sum of pluses” minus “sum of minuses”) shows that
none of the three product concepts was better than the datum, since the total scores
of all were negative. Concept #2 (Hybrid Turbo) is the least negative based on the net
score. Life-cycle durability, cost, safety/security, electrical and electronics, weight,
and noise, vibrations, and harshness (NVH) are all additional problem issues with
Concept #2 compared with the datum (traditional turbo [GTDI]). In this analysis, all
the product attributes were considered to have equal weight; that is, the number of
plus and minus signs was simply added to obtain the total score.

The section entitled “Weighted Total Score for Concept Selection” in Chapter 17
illustrated a method of using different weights for the attributes. This method was
also used here, as follows. Table 18.2 presents the problem using importance weight-
ing for each of the product attributes. The importance of each product attribute was
rated using a 10-point scale, where 10=most important and 1=Ileast important (see

TABLE 18.2
Pugh Analysis with Ratings

Preference Ratings Using -5 to +5
Scale Compared with the Datum

Customer- Product Product Product
based Product Importance  Importance Concept Concept  Concept
Attribute Rating Weight #1 #2 #3 Datum
Customer 5 0.06 -3 -3 -3
life-cycle
durability
Cost 10 0.11 -3 -5 -5
Package and 3 0.03 -3 3 3
ergonomics
Performance 10 0.11 5 5 5
Fuel economy 10 0.11 0 5 0
Safety/security 10 0.11 -3 -3 -3
Vehicle 8 0.09 5 5 5
dynamics
Emissions 3 0.03 5 5 5
Electrical and 5 0.06 -3 -5 -5
electronics
Weight 5 0.06 -3 -5 -5
Noise, 9 0.10 -3 -5 -5
vibrations, and
harshness
Styling and 1 0.01 0 0 0
appearance
Product process 10 0.11 -1 -3 -4
complexity
Sum or 89 1.00 -0.52 -0.63 -1.30

weighted sum
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column with heading “Importance Rating” in Table 18.2). The importance scores
were converted to “Importance Weight” (by dividing the importance rating of each
attribute by the sum of the all the importance ratings). The importance weights are
shown in the column to the right side of the importance rating column. Each product
concept was evaluated with respect to the datum (the current product GTDI system)
for each attribute by using another 10-point scale ranging from -5 to+5. Here, a +5
score indicates that a given product concept is very much better than the datum, and
a =5 score indicates that the product concept is very much inferior to the datum.
The sum of the weighted scores of each product concept was obtained by summing
the multiplied values of importance weight and product rating over the entire set
of product attributes. The weighted sums of the three product concepts are —0.52,
—0.63, and —1.30 (see last line of Table 13.3). Concept #1 had the largest value of the
weight sum (-0.53). Thus, Concept #1 (e-turbo) emerged as the winner among the
three concepts. However, it is still worse than the datum. If fuel economy becomes
more important in the future, then this concept has the potential to be implemented.
The adoption of a 42 V electrical system in the future could aid in the implementa-
tion of the concept.

The benefit of the hybrid turbo is that it enables a completely independent intake
and exhaust, permitting many modes of operation, including additional fuel savings.
This also helps eliminate some of the air intake system routing and packaging issues.
The penalties in the trade-offs are due to (a) higher electrical load to drive the elec-
tric motor—driven compressor, (b) poor reliability and durability of the electrically
driven compressor, (c) added complexity due to extra parts, and (d) additional costs
of extra hardware.

Additional examples of Pugh diagrams are provided in Chapters 17, 23, 24,
and 25.

TIMING CHARTS AND GATEWAYS

Timing charts and gateways (milestones) are probably the most important product
planning tools after the decision on the type of vehicle to be developed is made. The
timing chart provides dates and durations of various phases of the vehicle program.
The timings are developed after inputs (on time required to perform various tasks)
from all the major product design and engineering activities have been incorporated
into the concurrent engineering plan to ensure that many of the design and engineer-
ing activities can be performed in parallel to reduce the overall program duration.
Figure 1.2 shows a Gantt chart of a vehicle program, and Figure 2.4 provides a time
chart showing various gateways (called milestones or decision points. See Table 2.1
for definitions of gateways). The timings of all major program phases and gateways
are defined and reviewed with all major engineering activities to ensure that all the
required tasks that need to be performed in each program phase can be accom-
modated. The timing charts are then used to plan manpower needs and budgets for
all activities of the vehicle program. Chapter 12 provides a more detailed descrip-
tion of various program management activities and tools used to manage the vehicle
program. The financial analyses used by program planning and management are
described in Chapter 19.
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QUALITY FUNCTION DEPLOYMENT

Quality function deployment (QFD) is a technique used to understand customer
needs (voice of the customer) and transform the customer needs into engineering
characteristics of a product (or a process) in terms of functional or design require-
ments. It relates “what” (what are the customer needs) to “how” (how should engi-
neers design to meet the customer needs) and “how much” (magnitude of design
variables, i.e., their target values), and also provides competitive benchmarking
information—all in one diagram. QFD was originally developed by Dr Yoji Akao
of Japan in 1966 (Akao, 1991). QFD is applied in a wide variety of applications and
is considered a key tool in design for six sigma (DFSS) projects. It is also known as
the “House of Quality,” because the correlations matrix drawn on the top of the QFD
matrix diagram resembles the roof of a house.

Figure 18.1 illustrates the basic structure (or regions) of the QFD. The contents of
each region of the QFD are described in the following list. (Note: An example of a
completed QFD chart is presented in the next section [Figure 18.3].)

1. Customer Needs (What): The needs of the customers, as expressed by
“what the customer wants in the product,” are listed sequentially in the rows
of this leftmost region. Each customer need should be described using the
customer’s words (as the customer would describe it in his/her own words,
e.g., give me a vehicle that would last for a long time, vehicle that looks
good, vehicle that works flawlessly, energy efficient, fun to drive). The list
of customer needs should be sorted into different categories, and duplicated
needs (even with different wordings) should be removed. The categorized
needs should be organized in a hierarchical order, such as primary needs,
secondary needs (within each primary need), and tertiary needs (within
each secondary need). The ith customer need (tertiary) is defined as C,.
(Note: the mathematical definitions of all the QFD variables are described
later in this section.)

2. Importance Ratings: This column provides importance ratings for each
of the customer needs. The importance rating column is provided to the
right of the customer needs column. The importance ratings (or weights)
can be obtained using a number of different weighting techniques (e.g.,
rating scales, analytical hierarchical process). However, a 10-point rat-
ing scale is commonly used, where 10 =extremely important and 1 =not
at all important. The importance rating for the ith customer need is
defined as W,.

3. Functional Specifications (How): The functional specifications are created
by the engineers involved in the product development to define how the
product (or the entity for which the QFD is prepared) “should function”
or “should be designed to meet its customer requirements.” The functional
specifications describe “How” the engineers will address the customer
needs. Thus, these specifications should be described using technical terms
and variables that are used and selected by the engineers, such as functions
to be performed, types of mechanisms, materials, dimensions, strengths
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(capabilities), manufacturing processes, and test requirements. Here, the
engineer should list each functional (or engineering) specification in a
separate column. The functional specification columns are provided to the
right of the importance ratings column. The jth functional specification is

defined as F;.
Correlationship
Matrix: strength and
direction of relationships
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FIGURE 18.1  Structure of a QFD diagram showing its regions and contents.
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The functional specifications should cover engineering considerations,
methods, or variables that need to be considered during the product devel-
opment. Some examples of the variables used for the functional specifica-
tions are engineering requirements that must be met (e.g., maximum force
in a specified direction and number of cycles of force applications), type
of construction (e.g., welded vs. assembled using fasteners, material to be
considered to make the entity [e.g., steel, high-strength steel, aluminum,
carbon fiber]), type of production process to be used (e.g., extrusion Vvs.
cast), locations (e.g., installation locations expected by the customers for
operation and service), physical space (e.g., envelope size, volume) needed
for the specified entity, product characteristics (e.g., maximum achievable
acceleration), capacity or capabilities of the entity, durability (e.g., works
without a failure for 100,000 cycles under specified conditions), and so
forth.

4. Relationship Matrix: The relationship matrix is formed by customer needs
as its rows and functional specifications as its columns. Each cell of the
matrix represents the strength of relationship between the customer need
and the functional specification defining the cell. Weights of 9, 3, or 1 are
commonly used to define a strong, medium, or weak relationship, respec-
tively. The following coded symbols are used to illustrate the strengths of
relationships: two concentric circles (for 9=strong), one open circle (for
3=medium), and a triangle (for 1 =weak). A cell is left blank when no rela-
tionship exists between the customer need and the functional specification
defining the cell. The relationship in a cell of the relationship matrix is
defined as R;; (i.e., relationship between ith customer need and jth func-
tional specification).

5. Desired Direction of Functional Specification: This row (placed above
the functional specifications row) shows an up-arrow, a down-arrow, or a
0 (zero) to indicate the desired direction of the value of each engineering
specification (defined in the column). The up-arrow indicates that a higher
value is desirable. The down-arrow indicates that a lower value is desirable.
Zero indicates that the functional specification is not dependent on either
an increase or a decrease in its value. Thus, a quick visual scan of this row
gives graphic information on whether the desired values of the functional
specifications included in different columns need to be larger or smaller or
are not dependent on their values.

6. Correlation Matrix (Roof): The correlation matrix is formed by the relation-
ships between combinations of any two engineering specifications defined
by the cells of the matrix. The direction and strength of the relationship are
indicated in the cell by a positive or a negative number (defined as 1) in the
cell. Coded symbols are also used to indicate the direction and strength of
the relationships. Only half of the matrix above the diagonal is shown as the
roof of the QFD chart (see the roof in Figure 18.1).

7. Absolute Importance Ratings of Functional Specifications: The absolute
importance rating of each functional specification (defined as A;) is com-
puted by summing weighted relationships between customer needs and
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the functional specification. The weighting of relationships is based on the
importance rating (W;) of each customer need and the strength of the rela-
tionships (R;;$). The expression for computation of values of A; is given later
in this section. The absolute importance ratings are presented in a row just
above the last row of the QFD chart.

8. Relative Importance Ratings of Functional Specifications: The relative
importance rating (defined as V;) of each functional specification is expressed
as a percentage of the ratio of its contribution (A;) to the sum of all A;s. The
expression for computation of values of V; is given later in this section. The
relative importance ratings are presented in the last row of the QFD chart.

9. Competitive Assessment of Customer Needs: Each product used in bench-
marking (along with the manufacturer’s target product) is rated to determine
how well each customer need (C,) is satisfied by the product. The rating is
usually given by the customers (or by the product development team mem-
bers once they are very familiar with the customer needs and the products)
by using a five-point scale, where 1=poor (the product poorly meets the
customer need) and 5 =excellent (The product meets the customer need at a
high excellence level). The ratings of each product are plotted on the right
side of the relationship matrix.

10. Competitive Assessment of Functional Specifications: Each product used in
benchmarking (along with the manufacturer’s target product) is rated to deter-
mine how well each functional specification is satisfied by the product. The
rating is usually provided by the technical experts or the product development
team members (once they are very familiar with each functional specifica-
tion and the products) by using a five-point scale, where 1=poor (the prod-
uct poorly meets the functional specification) and 5=excellent (The product
meets the functional specification at a high excellence level). The ratings of
each product are plotted on the bottom side just below the relationship matrix.

11. Targets for Functional Specification: The target values for each of the func-
tional specifications (provided in the columns of the QFD) are provided
below the competitive assessment plot of the functional specifications. The
target values are determined by the team after extensive discussions on all
the collected data. The target should be specified precisely. Examples of
targets are (a) specification of material to be used, for example, aluminum,
(b) class level to be achieved (e.g., best-in-class, among the leaders, slightly
above the average, average, or below average product among all the cur-
rent products in its class), (c) minimum value to be achieved; for example,
minimum engine torque output should be 300 ft-Ib at 3000 RPM, or (d)
minimum rating level to be achieved; for example, ratings value greater
than or equal to 4 on a five-point scale, where 5=excellent and 1 =poor.

The following mathematical definitions will clarify these variables and their
relationships:

C,=ith customer need, where i=1,2, ..., m
F; =jth functional specification, where j=1,2, ..., n
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W, =Importance rating of ith customer need, where i=1, 2, ..., m

(The value of importance rating can range from 1 to 10, where 10=extremely
important and 1 =not at all important)

R;; =Relationship between ith customer need and jth functional specification

(The values assigned to R; will be 9, 3, or 1 to define a strong, medium, and
weak relationship, respectively. The ijth cell in the relationship matrix will
be left unfilled (i.e., blank) if there is no relationship between C; and F)

I, =Relationship between jth functional specification and kth functional spec-

ification, where j and k=1, 2, ..., n and k#j (thus, it is the interrelation-
ship between two functional specifications shown in the roof of the QFD
diagram)

The values of 1, can be as follows:

+9 =Strong positive relationship between jth functional specification and kth
functional specification

+3 =Positive relationship between jth functional specification and kth func-
tional specification

0=No relationship between jth functional specification and kth functional

specification

—3=Negative relationship between jth functional specification and kth func-
tional specification

—9=Strong negative relationship between jth functional specification and kth
functional specification

A;=Absolute importance rating of jth functional specification

ZZ[WfXRfj]

1

V., =Relative importance rating of jth functional specification (%)

=100x4; /| Y 4;
J

AN ExampLe OF THE QFD CHART

A driver’s side front door trim panel had to be designed for a new mid-sized four-
door sedan. The door trim panel covers the inner side (occupant side) of the steel
doors and includes items such as inside door opening handle, door pull handle, arm-
rest, door mounted switches (e.g., mirror, window, and door lock switches), cour-
tesy lights, speakers, and map pocket storage (which typically stores bottles and an
umbrella) (see Figure 18.2). The appearance of the door trim panel is important, as it
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. 2015 Honda Accord
FIGURE 18.2 Door trim panels of three mid-sized vehicles.

should match in color and materials with the instrument panel and other interior trim
parts and seats. The manufacturer formed a team of interior designers, package engi-
neers, body engineers, electrical engineers, ergonomics engineers, market research-
ers, and engineers from the suppliers of the door trim panel, switches, speakers, and
window raising and lowering mechanism to create a QFD chart for the front door
trim panel.

The team interviewed a number of customers (i.e., the owners of their current
vehicle model and two of their best competitors) and asked them about their needs
and expectations about the door trim panel of their future vehicle. The customers
first started telling the team what they wanted: a good door trim panel. The team
members kept asking a number of probing questions, such as What do you mean by
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a good door trim panel? What would you like in the door trim panel? The custom-
ers responded that a good trim panel means: (a) it should look good, (b) it should be
easy to use, (c) it should have plenty of features, (d) it should be safe, (e) it should
have enough storage capacity, and finally, (f) it should make the vehicle interior look
spacious (not crammed with small clearances, and its outer surfaces should not be
too close to the hips and shoulders of the occupants). These were considered as the
secondary needs. The team then probed more into each of the secondary needs and
created lists of tertiary needs. The primary, secondary, and tertiary needs were listed
on the left side of the QFD as “whats” (i.e., what the customers wanted) in the QFD
shown in Figure 18.3.

The team members also asked customers to rate each of the tertiary needs on a
10-point importance scale, where 1 = not at all important and 10 = extremely impor-
tant. The importance ratings are provided to the right side of the customer require-
ments column in Figure 18.3.

The team brainstormed and created a list of “Hows:” How would they design
the door trim panel? How should it function? What would be the technical descrip-
tors or functional specifications of the door trim panel? The functional specifica-
tions developed by the team are listed as column headings in the QFD chart. The
functional issues of importance to the engineers were categorized into the following
groups: (a) materials and styling, (b) ergonomics, (c) component packaging, and (d)
costs. Functional considerations under each of the groups are listed in separate col-
umns. The functional specification columns are placed immediately to the right of
the importance ratings in Figure 18.3.

Next, the team discussed every combination of customer needs and functional
specifications, and assessed the strength of their relationships using the following
scale: (a) strong relation (weight=9), (b) medium relation (weight=3), and (c) weak
relation (weight=1). The symbols corresponding to the weights were placed in the
cells of the relationship matrix (see Figure 18.3). Similarly, the relationships between
every pair of functional specifications were discussed by the team, and symbols cor-
responding to very positive to very negative relationships were placed in the inter-
relationship (correlation) matrix shown on the top of the QFD chart as its roof.

Based on the information gathered during the customer interviews, the team mem-
bers rated each of the three vehicles (their current product A and two competitors
called Competitor B and C), and plotted the ratings on each of the tertiary customer
needs and functional specifications. The plot of the competitive assessment of cus-
tomer needs is provided as the rightmost part of the QFD chart. The plot of competi-
tive assessment of functional specifications is provided below the relationship matrix
(i.e., the matrix of customer needs and functional specifications) (see Figure 18.3).

The team developed targets (i.e., what target values or rating levels, guidelines,
and/or requirements to use for designing their future instrument panel) for each of
the functional specifications by discussing how their product compared with their
two competitors and their marketing goals. The targets are shown in a section below
the competitive assessments of the functional specifications in the QFD.

Finally, the absolute and relative importance ratings of each of the functional
specifications were computed and entered in the last two rows of the QFD chart. The
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three functional specifications that received the highest importance ratings are (1)
display visibility (i.e., displays visible to the driver without any obscurations and leg-
ible labels and graphics), (2) control operability (i.e., how the controls are configured
and their operating motions), and (3) comfortable reach locations (i.e., placement of
the controls/items within the driver’s hand reach zone). These three functional speci-
fications must be given very high priority in designing the door trim panel.

CascabpING QFDs

The QFD technique can be cascaded in multiple steps to link the customer needs for
the product (i.e., from its product- or vehicle-level customer needs) to its component-
level production specifications. The cascading is illustrated in Figure 18.4. The fig-
ure shows a series of five QFD charts linked such that outputs of a preceding chart
become inputs to the next or succeeding QFD chart. Here, the first QFD chart on
the left translates the customer needs of the product (labeled A) into the functional
specification of the product (labeled B). The second QFD chart takes the functional
specifications as inputs (described in rows and labeled B) and translates them into
systems specifications (shown in the columns, labeled C). (Note: the systems can be
defined here as the vehicle systems that form the vehicle.) The third QFD translates
the systems specifications (labeled C) into specifications of its components of the
systems (labeled D). (Note: this corresponds to cascading system-level requirements
to component-level requirements. See Chapter 9). The fourth QFD translates each
component’s specifications (labeled D) into its manufacturing process specifications
(i.e., how the component should be produced using manufacturing processes and
machines (labeled E). And the last (fifth) QFD translates the manufacturing process
specifications (labeled E) to the component production specifications (i.e., character-
istics of the component after it is produced), labeled F. Thus, the component produc-
tion specifications can be traced back to the original customer needs. Such a series
of QFD cascades ensures that components, when produced, will indeed function to
meet the customer needs for the product.

ADVANTAGES AND DisADVANTAGES oF QFD

Developing a single QFD chart can be very time consuming, as it takes many hours
of teamwork, involving meetings, discussions, customer visits, benchmarking of
the competitive products, development of targets, and so on. The advantage is that
it exposes the entire product design team to all aspects of the decisions to be taken
during the product development process. The process of developing a QFD thus
educates the team, documents the collected information, and prioritizes informa-
tion needed during its development. Thus, when the team actually starts develop-
ing the product, the subsequent decisions generally take much less time, as the
team members have already discussed all the issues and are very aware of most
of the interfacing and trade-off considerations. A product developed using QFD,
therefore, will have a better chance of being the right product and satisfying its
customers.



Automotive Product Development: A System Engineering Implementation

312

xynew dygsuoney

SSunessauenodu

Shunes sueyoduig

saads

SHunes soueniodu

suoneoypads [euompuny 10) spsier.

xunew digsuonepy

sBunes ouepioduiy

‘sasAeue

A0 oAy Jo sor1es & Juisn suoneoy1oads sseooxd Surmjorjnuewr jusuodwods o3 Jonpold ay) Jo sposu Iowosnd Jo Surpeosed jo oidwexy gL JUNDIH

xurew digsuonepy

sBunes suepioduir




Product Planning Tools 313

FAILURE MODES AND EFFECTS ANALYSIS

The failure modes and effects analysis (FMEA) method was used in the 1960s as a
systems safety analysis tool. It was used in the early days of defense and aerospace
systems design to ensure that the product (e.g., an aircraft, a spaceship, or a missile)
was designed to minimize the probabilities of all major failures by brainstorming and
evaluating all the possible failures that could occur and acting on the resulting priori-
tized list of corrective actions. For more than 20 years, the method has been routinely
used by product design and process design engineers to reduce the risk of failures
in the design of products and processes used in many industries (e.g., automotive,
aviation, utilities, and construction). FMEA conducted by product design engineers is
typically referred to as DFMEA (where D stands for design), and FMEA conducted
by process designers is referred to as PEMEA (where P stands for process). In many
automotive companies, product (or process) design release engineers are required to
perform the task of creating the FMEA chart and to demonstrate that all possible
failures with a risk priority number (RPN) above a certain value are prevented.

FMEA is a proactive and qualitative tool used by quality, safety, and product/
process engineers to improve reliability (i.e., to eliminate failures, thus improving
quality and customer satisfaction). The development of a FMEA involves the follow-
ing basic tasks:

1. Identify possible failure modes and failure mechanisms

2. Determine the effects or consequences that the failures may have on the
product and/or process performance

. Determine methods of detecting the identified failure modes

. Determine possible means for prevention of the failures

5. Develop an action plan to reduce the risks due to the identified failures

A~ W

FMEA is very effective when performed early in the product or process develop-
ment and conducted by experienced multifunctional team members as a team exercise.

The method involves creating a table with each row representing a possible failure
mode of a given product (or a process) and providing information about the failure
mode using the following columns of the FMEA table:

1. Description of a system, subsystem, or component

2. Description of a potential failure mode of the system, subsystem, or component

. Description of potential effect(s) of the failure on the product/system, its
subsystems, components, or other systems

. Potential causes of the failure

. Severity rating of the effect due to the failure

. Occurrence rating of the failure

. Detection rating of the failure or its causes

. RPN (the multiplication of the three ratings in Items 5, 6, and 7)

. Recommended actions to eliminate or reduce the failures with higher RPNs

. Responsibility of the persons or activities assigned to undertake the recom-
mended actions and target completion date

W
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11. Description of the actions taken
12. Resulting ratings (severity, occurrence, and detection) and RPN (after the
action is taken) of the identified failures in Item 2

Examples of rating scales used for severity, occurrence, and detection are pre-
sented in Tables 18.3 through 18.5, respectively. The definitions of the scales gener-
ally vary between different organizations depending on the type of industry, the
product or process, the nature of the failures, associated risks to humans, and costs
due to the failures.

AN ExampLE oOF AN FMEA

An automatic transmission in an automobile will not operate properly if the trans-
mission fluid leaks out. An engineer designing a transmission fluid hose conducted
an FMEA to evaluate possible failures caused by the hose. The FMEA is presented
in Table 18.6. The hose involved in this example consists of a nylon tube with

TABLE 18.3

Example of a Rating Scale for Severity

Rating Effect Criteria: Severity of Effect

10 Hazardous/ fatalities— Very high severity rating when potential failure
without warning mode affects safe product operation and/or involves

noncompliance with government regulations
without warning. Multiple fatalities possible.
9 Hazardous/ fatalities—with Very high severity rating when potential failure
warning mode affects safe product operation and/or involves
noncompliance with government regulations with
warning. Fatalities possible.

8 Very high/injurious Product inoperable with loss of primary function.
Severe injuries possible.

7 High/injurious Product operable with reduced level of performance.
Customer dissatisfied. Minor to moderate injuries
possible.

6 Moderate Product operable but usage with reduced level of

comfort or convenience. Customer experiences
discomfort or minor injuries.

5 Low/discomfort Product operable but usage without comfort or
convenience. Customer experiences discomfort.

4 Very low Minor product defect (e.g., noise, vibrations, poor
surface finish) only noticed by most customers.

3 Minor Minor product defect only noticed by average
customer.

2 Very minor Minor product defect only noticed by discriminating
customer.

1 None No effect.
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TABLE 18.4

Example of a Rating Scale for Occurrence

Rating Probability of Failure Possible Failure Rates
10 Very high: Failure is almost inevitable > 1in2

9 lin4

8 High: Repeated failures 1in 10

7 1in 25

6 Moderate: Occasional failures 1in 100

5 1 in 1000

4 Low: Relatively low failures 1 in 2000

3 1 in 10,000

2 Remote: Failure is unlikely 1 in 100,000

1 < 1 in 1000,000

TABLE 18.5

Example of a Rating Scale for Detection

Detection Level

Rating (Detection Rate)

10 Absolutely uncertain (1 in
1,000,000)

9 Very remote (1 in 100,000)

8 Remote (1 in 10,000)

7 Very low (1 in 1000)

6 Low (1 in 100)

5 Moderate (1 in 50)

4 Moderately high (1 in 25)

3 High (1 in 10)

2 Very high (1 in 5)

1 Almost certain (1 in 2)

Criteria: Likelihood of Detection by Design
Control

Design control cannot detect a potential cause or
mechanism for the failure mode; or there is no
design control.

Very remote chance that the design control will
detect a potential cause/mechanism for the failure
mode.

Remote chance that the design control will detect a
potential cause/mechanism for the failure mode.

Very low chance that the design control will detect a
potential cause/mechanism for the failure mode.

Low chance that the design control will detect a
potential cause/mechanism for the failure mode.

Moderate chance that the design control will detect
a potential cause/mechanism for the failure mode.

Moderately high chance that the design control will
detect a potential cause/mechanism for the failure
mode.

High chance that the design control will detect a
potential cause/mechanism for the failure mode.
Very high chance that the design control will detect
a potential cause/mechanism for the failure mode.

Design control will almost certainly detect a
potential cause/mechanism for the failure mode.
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connectors inserted into each end. Ferrules are crimped onto each end to help hold
the connectors on. A conduit made of plastic covers the hose to protect it from heat
and moving parts near the engine. The hose carries transmission fluid from the reser-
voir to the clutch actuation system. The transmission fluid in the hose is pressurized
during operation to about 6.5 bars (94.3 psi). The hose must also be able to withstand
temperatures above 60 °C (140 °F). During the development phase, the design itself
is proven in a series of tests referred to as the design verification plan and report
(DVP&R). The DVP&R is conducted once for each design, so it does not take into
account all the sources of variability that the product and materials are exposed to
during the life of the part. There were three failures with RPN over 50 in the FMEA.
The actions taken by the engineer reduced the RPNs of all the three failure modes
(see Table 18.6).

FAILURE MODES AND EFFECTS AND CRITICALITY ANALYSIS

Failure modes and effects and criticality analysis (FMECA) is very similar in format
and content to FMEA. It contains an additional column of criticality. The criticality
column provides a rating illustrating the level of criticality of failure (in each row)
in accomplishing the major goal (or mission) of the product. The technique is also
called failure modes and criticality analysis (Hammer, 1980).

Criticality can be rated using different scales for different products. The critical-
ity ratings typically cover a range from low criticality, involving stoppage of equip-
ment (requiring minor maintenance), to high criticality levels, involving failures
resulting in potential loss of life.

OTHER PRODUCT DEVELOPMENT TOOLS

During the product development process, tools from many areas, such as systems
engineering, specialty engineering areas, and program and project management, are
used to manage both the technical and the business activities of the program. The
systems engineering and program management tools are covered in Part I of this
book. Parts II of the book cover additional tools covered in decision making, product
development, vehicle packaging, and financial analyses. Part III provides additional
applications of many of these tools. Among other remaining tools, the following part
of this section covers the business plan, program status chart, design standards, CAD
tools, and other evaluation tools. These tools are covered in this chapter because
they provide important information in management and technical decision-making
activities during the product planning and development process.

BusINEss PLAN

A business plan is a proposal for creating or developing a new product. It is usually
prepared internally within a company to obtain concurrence from the top manage-
ment to approve the product program. The business plan is thus a document prepared
to describe the details of a proposed product, the product program timing plan, and
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corporate resource needs to develop the product. It is typically prepared jointly by
the company’s product planning, engineering, marketing, and finance activities.
The business plan should include

1. Description of the proposed product:

e Product configuration (e.g., for an automotive product, the body-style of
the vehicle, such as a sedan, a coupe, a crossover, a sports utility vehicle
[SUV], a pickup, or a multi-passenger vehicle [MPV] and its variations)

e Size class (e.g., subcompact, compact, intermediate, large)

e Markets where the product will be sold and used (countries)

e Market segment (e.g., luxury, entry-luxury, or economy)

* Manufacturer’s suggested retail price (MSRP) and price range with dif-
ferent models and optional equipment

e Production capacity and estimated sales volumes over the product life
cycle

e Makes, models, and prices of leading competitors in the proposed
market segment

2. Attribute rankings (i.e., how the product would be positioned in its market
segment, such as best-in-class, above the class average, average in the class,
or below the class average, by considering each product attribute)

3. Pugh diagram showing how the proposed product will compare with its
current model (used as the datum) and other leading competitors’ products
by considering all important product attributes and changes in the proposed
product

4. Dimensions and options:

e Overall exterior dimensions (e.g., product package envelope with
length, width, height, wheelbase, and cargo/storage volume)

e Interior dimensions (e.g., people package with legroom, headroom,
shoulder room, number of seating locations, luggage/cargo volume, and
so forth)

* Major changes in the product’s systems as compared with the previous
(outgoing) model, for example, drive options (front-wheel drive [FWD],
rear-wheel drive [RWD], all-wheel drive [AWD]), powertrains (types,
sizes, and capacities of engines/motors and transmissions), descriptions
of unique features (e.g., type of suspension) and optional equipment

5. One-paragraph description of the proposed product with several adjectives
to describe its image, stance, and styling characteristics (e.g., futuristic, tra-
ditional, retro, fast, dynamic, aerodynamic, tough, or chunky—Tlike a Tonka
truck)

6. Program schedule:

e Program kick-off date, timings of major milestones

» Job#l date (i.e., date when first production unit will be out of the assem-
bly plant) and model year

7. Projected sales volumes:

e Quarterly or yearly sales estimates of each model in each market segment
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8. Financial analysis:

e Curves of estimated cumulative costs, revenues, and cash flow during
product life cycle for different scenarios (e.g., best case, average, and
worst case)

e Anticipated quarterly funding needed during product development and
during revenue buildup

e Anticipated date of breakeven point

e Return on investment

9. Product life cycle:

e Estimated lifespan

e Possible product refreshments, future models, and variations

e Recycling of the plant and products

10. Proposed plant location and plant investments

11. Potential sources of risks in undertaking the program

12. Justification (reasons) for approval of the proposed plan versus other
alternatives

Additional information on the business plan is presented in Chapter 5.

PrROGRAM STATUS CHART

Product planners and program managers keep track of progress on product develop-
ment programs by using a number of different techniques, such as program timing
charts and Gantt charts, presented in Chapter 2, and cash flows, covered in Chapter
19. One chart that is very popular is the program status chart, which is typically used
to track the status of problems encountered during a program (or a project).

Status charts are also called Red-Yellow-Green charts, as they indicate the prob-
lem status by use of colors: (a) red indicates that the problem is not yet solved and is
a “job stopper” (i.e., it will stop progress on the entire program till it is solved); (b)
yellow indicates that the problem can introduce significant delays into the program
unless it is solved quickly; and (c) green indicates that the problem is no longer a
timing threat to the program.

Table 18.7 presents an illustration of a program status chart. The status column
in the chart uses the letters R, Y, and G to indicate the red, yellow, and green colors
when colored charts have to be prepared on a normal “black-ink only” printer. Such
charts are typically used in senior management—level meetings to draw attention and
get fast resolution on “‘job stopper” problems.

STANDARDS

Product design standards serve as very useful tools in reducing the time required
to make design decisions. Properly developed design standards that incorporate the
rationale and assumptions used in their development can provide basic knowledge on
whether the standard can be applied during the design process. When the standard
meets the needs of the customers for the product, then use of the design requirements
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and design procedures provided in the standards can reduce the time required to get
the necessary information and decide on how to design.

Some standards may only specify how the product should perform, and thus, they
provide design flexibility (i.e., the designer can design using any appropriate solu-
tion as long as it meets the required performance). Such performance standards can
promote innovative product designs, as they are not restricted by compliance to any
given design configuration and its specifications. The advantages and disadvantages
of design versus performance standards, along with other types of standards and
issues related to the standards, are covered in Chapter 7.

CAD Toots

A number of CAD tools are used to create three-dimensional solid models using
software such as AutoCAD, CATIA, Pro/Engineer, SolidWorks, and Rhino. These
tools do not only perform the traditional engineering drawing and drafting work;
they allow visualization of the product model from different eye points to evalu-
ate issues such as (a) exterior and interior appearance (e.g., shapes, continuity/dis-
continuity between adjacent surfaces, tangents, reflections), (b) spaces (clearances)
between different entities within the product, (c) postures of human occupants/oper-
ators (with digital human models) in the products (e.g., cars, airplanes, and boats)
or workplaces, (d) feeling of interior spaciousness and storage spaces, layouts of
hardware placements (mechanical packaging), (¢) comparisons of alternate designs
(by superimposition or side-by-side viewing of different product concepts and com-
petitive products), (f) assembly analyses to evaluate assembly feasibility (e.g., by
detecting interferences between parts being assembled), and (g) alternate assembly
methods and fit (e.g., gaps) between parts. The newer CAD models can also simulate
movements of parts within the product and movements of the product in its work
environment to aid in visualizing how the product will look and fit within other
existing systems.

CAD models are also very useful for communication between different design
studios, product engineering offices, and supplier facilities. CAD files for the
products can also be used as inputs to a number of other sophisticated computer-
aided engineering (CAE) analyses to evaluate structural/mechanical (e.g., strength,
dynamic forces, deflections, vibrations during simulated operating environments),
aerodynamic (using computer-aided fluid dynamics), and thermal (temperature, heat
buildup, and heat transfer) aspects of the products. CAD files can also be used to
facilitate manufacturing operations. For example, CAD files serve as inputs to com-
puter-aided process planning (CAPP) as well as for creating machining programs for
computerized numerical control (CNC) machines.

CAD has become an especially important technology within the scope of
computer-aided technologies, with benefits such as lower product development costs
and a greatly shortened design cycle. CAD enables designers to create layouts and
develop their work on a display screen, print it out, and save it for future editing—
thus saving time in creating variations in designs and their drawings.

Additional information on CAD tools is also presented in Chapter 13.
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PROTOTYPING AND SIMULATION

Virtual and physical prototyped parts can be created for visual evaluations and physi-
cal mock-ups for use in design reviews. A number of computer simulation systems are
also available for human factors testing of user interfaces. Three-dimensional para-
metric solid modeling requires the design engineer to input values of key parameters—
what can be referred to as the “design intent.” The objects and features created can be
shown to customers for their feedback and adjusted by creating many design iterations
till an acceptable design is achieved. Further, any future modifications can be eas-
ily made by inputting parameter changes in a computer-controlled prototype. Many
automotive manufacturers use computer-controlled adjustable vehicle models (or pro-
grammable vehicle bucks) during early concept phases to compare and evaluate a
number of automotive designs by quick changes in many key vehicle package param-
eters (Richards and Bhise, 2004; Ford Motor Company, 2008; Prefix, 2012).

A number of specialized computer software systems are increasingly used to sim-
ulate product testing and evaluation. For example, CAD is used to create accurate
photo simulations that are often required in the preparation of environmental impact
reports, in which computer-aided designs of intended buildings, vehicles, and other
products are superimposed into photographs or videos of existing environments to
represent what that locale will be like when the proposed facilities are allowed to be
built. Visible fields and potential obstructions along various sight lines and shadow
studies are also frequently made through the use of CAD. Vehicle designers often
use such simulations to compare exterior designs of various vehicle concepts with
their competitor products in various simulated road environments.

PHysicaL Mock-Ups

Physical mock-ups of product concepts for products such as cars, trucks, airplanes,
and boats are useful during design reviews to get a better feel of the size, space, and
configuration of the product in its early phases. The mock-ups can also be shown
to potential customers and users for their feedback during informal quick evalua-
tions as well as structured market research clinics (see Chapters 11 and 13 for more
information).

TecHNOLOGY ASSESSMENT TooLs

Using new technologies to improve product designs has been a continuous process
of achieving improvements in performance, efficiencies, safety, and costs. However,
most new technologies cannot be immediately applied. It can take many years, or
even decades, to solve the problems in bringing new technology applications to a
state of readiness and implementation. Technical experts in various specialized
areas generally follow advances in new technologies. Progress in the most promis-
ing technologies is closely followed, and research departments are asked to perform
evaluations and undertake development projects to improve the technologies so that
they can be quickly implemented in future products.
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Many methods to assess technologies have been developed. Forgie and Evans
(2011) have provided an excellent review of available techniques for technology
assessments.

CONCLUDING REMARKS

The product planning process involves the integration of many ideas, product fea-
tures, and technologies. It is important to use tools that can help in searching, devel-
oping, and evaluating ideas that can be implemented to develop balanced product
concepts. Systems engineering, along with other specialized engineering and man-
agement disciplines, allows simultaneous consideration of many inputs from multi-
disciplinary teams. Developing the right product at the right time is important. The
tools presented in this chapter and their applications can aid in selecting the “right”
product concept and then refining it during the early stages of product development.
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9 Financial Analysis in
Automotive Programs

INTRODUCTION

One of the key objectives of any automotive company is to make money by selling
its products over a long time. The net income (or profits) earned by a company can
be determined using a simple formula of revenue minus costs (or expenses). The
revenue that a company generates is typically from selling its products (i.e., product
volume times selling price) plus any investment income from its accumulated cash.
The costs of developing, producing, distributing, and maintaining the products are
very important. And the goal of the automotive company is thus to minimize the
total costs during the entire life cycle of its products—from the conception of the
products to the retirement and disposal of production equipment and facilities. At
the early stages, accurate estimates of the costs are required to develop a plan and
budget for every product program and to get it approved. The actual costs should
be continuously compared with the budgeted costs to ensure that the program is
meeting its budgetary requirements. Differences between the budgeted costs and
the actual costs may signal over— or under—expenditures or errors in estimating the
budgeted costs.

The costs are incurred over time. The costs during the product development
phases are primarily “nonrecurring;” that is, they do not recur but are one—time
costs associated with the product concept development, product design, detailed
engineering, testing, and building tools and facilities. Once production begins, the
costs associated with purchasing raw materials, parts purchased from suppliers,
plant running costs, direct labor costs, insurance costs, and so forth are “recurring”
and are generally proportional to the volume of products manufactured. As products
are sold and the revenues are generated, the need for additional funds to sustain the
program (i.e., production) decreases.

The objective of this chapter is to understand different types of costs associated
with the various tasks involved during the product life cycle. This chapter also pres-
ents how the financial analyses are performed by determining costs, revenues, and
profits as functions of time and how the present values of different cash flows are
considered to take account of interest (or discount factor) and inflation in the evalu-
ation of different alternatives.

TYPES OF COSTS AND REVENUES IN VEHICLE PROGRAMS

The costs are estimated by breaking down a large product program into a series of man-
ageable tasks. Based on the work content in each task, the availability of cost information
from previously conducted similar tasks, and adjustments for the prevailing and future

325
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economic and technological conditions, experienced cost estimators usually develop
time and cost estimates to complete the tasks. The costs of all tasks are then added, along
with some allowances for errors, interest, inflation, and other unknown or unforeseen
problems. The projected cost estimates are also refined several times during the program
execution as some of the less predictable tasks and unknown issues (e.g., technology
development and competitors’ new products) are resolved or better understood.

NONRECURRING AND RECURRING COSTS

The costs are incurred throughout the life cycle of a product program. The total life—
cycle costs of a product can be divided into (1) nonrecurring costs and (2) recurring
costs. These costs are described in this section.

Nonrecurring Costs: These costs represent expenses and investments that are made
during product development and creation of the production systems, and also to retire
and dispose of the systems after the product is terminated. These costs are incurred
before the beginning of production and at the end of production, that is, the retirement
(disposal) stages in the life cycle of a product. The early costs incurred to reach opera-
tional status of the program include product design, development, and refinement costs.
These costs include personnel costs (salaries and benefits) of the design team as well as
the costs for the development of models and prototypes, market research, verification
tests, tools and fixtures design and build, plant and facilities building, and equipment/
tooling installation and prove—out. These nonrecurring costs do not vary as a function
of the quantity of products produced. Thus, they are also referred to as the fixed costs.

Recurring costs: These costs continue to occur throughout the production, sales,
and service/maintenance of the products. These costs include personnel costs of pro-
duction and distribution (direct and indirect labor), parts and materials purchases,
plant and equipment maintenance, utilities, insurance, marketing and sales costs,
and warranty costs. The recurring costs vary as a function of the quantity of products
produced. Thus, they are also referred to as the variable costs.

Costs AND RevenuUEs IN ProbucTt Lire CycLE

As the products are sold, the generated revenues (positive values) are tracked and
added to the total costs (negative values). The revenues are also affected by a number
of factors, such as selling price (manufacturer’s suggested retail price [MSRP] minus
discounts and/or rebates), changes in product volumes due to increase in popular-
ity or obsolescence of products over time, emergence of new trends in design and
technologies, introduction and availability of new products from competitors, and
changes in economic conditions (e.g., state of the economy, interest, inflation, and
currency exchange rates).

Figure 19.1 shows two charts. The upper chart shows various costs (which have
negative values, as they represent money spent or lost) as they are incurred as func-
tions of time during various life—cycle stages of a typical product program for a
manufactured product. The top chart in Figure 19.1 also shows the revenue. The
revenue has positive value, as it represents income. The revenue is only generated
after the products are sold. (Note: revenue =units sold X unit price.) The lower chart
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FIGURE 19.1  Costs and revenues in the product life cycle.

in Figure 19.1 shows the systems engineering “V”” model. The timeline of the “V”
model is synchronized with the timeline of the upper chart.

For cost management purposes, all the costs (negative values) and revenues (posi-
tive values) are added, and the cumulative cash flow is frequently reviewed and com-
pared with the budgeted cash flow (i.e., predicted revenue minus budgeted costs).
Three cumulative cash flow curves are presented in Figure 19.2. Let us assume
that the three cumulative cash flow curves are for three alternative product pro-
grams. Alternative 1 incurs much more cost and also extends over a longer dura-
tion in the negative cash flow condition than Alternative 2. However, the product in
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FIGURE 19.2  Cumulative cash flow curves for three alternative product programs.

Alternative 1 generates more revenue and at a much higher rate than Alternative 2.
Alternative 3 does not incur much cost, but it generates the lowest amount of revenue.
Understanding the nature of the cumulative cash flow curves (i.e., their levels and
timings) is very important before committing to an alternative.

Fixep Versus VARIABLE COsSTS

Many organizations organize their total costs into two major categories: fixed costs
and variable costs. The fixed costs do not increase or decrease with the output quan-
tity (i.e., production volumes) of products produced. The variable costs are a direct
function of the output quantities (i.e., the variable costs increase with an increase in
output quantity). The nonrecurring costs are generally treated as the fixed costs, and
the recurring costs are the variable costs. The cost of any product output is the sum
of the fixed and the variable costs. Manufacturers should seek to reduce both the
fixed and the variable costs. However, decreasing the unit cost of an output through
increasing product volumes is a much sought—after approach, as it spreads the fixed
costs over a larger volume. Developing and/or using common components that can
be shared across a larger number of products (or models, hence increasing their total
volumes) can reduce the total cost of the components substantially.

Table 19.1 shows the effect of product volume on four products: A, B, C, and D.
The product cost was computed by using the following simple formula:
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Product cost = (ﬁxed costs/product volume) + variable cost per unit

The table shows that the unit cost of Product A will decrease from $3200.00 to
$3001.25 as the product volume is increased from 5,000 to 800,000 units. Similarly,
the unit cost of Product D will decrease from $2.00 to $1.01 for product volumes
of 5,000 to 800,000 units, respectively. This shows the importance and power of
increasing the product volume in reducing the cost of products.

MAKE VERSUS Buy DECISIONS

Most product—producing organizations do not produce all the entities (i.e., systems,
subsystems, or components) of the product within their organization. Many of the
entities are purchased from other organizations (i.e., suppliers). Typically, standard-
ized components that are common across many similar products are made by differ-
ent organizations. Some examples of standardized components are fasteners (such as
nuts, bolts, rivets, clips, and pins), electrical and electronic components (e.g., switches,
resistors, transistors, and microprocessors), plumbing supplies (e.g., pipes, hoses,
valves, and couplings), and so on. Some special components that require unique man-
ufacturing processes and specialized systems, machines, or equipment are also pur-
chased from suppliers with specialized production capabilities. For example, major
automotive manufacturers typically purchase about 30%—70% of the components (or
systems) in the automotive products from their suppliers. Aircraft companies also rely
on suppliers to produce most of their components. For example, none of the commer-
cial aircraft manufacturing companies produce jet engines, which contribute about
40%-50% of the cost of an airplane. Similarly, specialized systems such as electronic
and electrical systems with components such as microprocessors, sensors, actuators,
and printed circuit boards in most complex products are produced by suppliers.

The decision on whether to make or buy an entity depends on many consider-
ations. Some important considerations are

1. Availability of in—house manufacturing capability and capacity (e.g., spe-
cialized equipment and personnel with unique backgrounds and skills
needed to produce the required product volume)

TABLE 19.1
Effect of Product Volume on Product Cost

Variable
Product Fixed Costs Costs/Unit Product Cost ($)

Product Volume (Units)

5,000 20,000 40,000 100,000 300,000 800,000
$1,000,000.00 $3,000.00 $3,200.00 $3,050.00 $3,025.00 $3,010.00 $3,003.33 $3,001.25
$200,000.00  $500.00  $540.00 $510.00 $505.00 $502.00 $500.67 $500.25

$50,000.00 $10.00 $20.00  $12.50  $11.25  $10.50  $10.17  $10.06
$5,000.00 $1.00 $2.00 $1.25 $1.13 $1.05 $1.02 $1.01

g0 % >
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2. Availability of reliable and low—cost suppliers that can deliver needed vol-
umes of the entities meeting the required quality standards

3. Availability of capital required for internal production of the needed entities

4. Need to maintain confidentiality of the competitive information on future prod-
uct designs or specialized knowledge on some unique processes needed to pro-
duce certain entities within the organization to retain competitive advantage

PARTS AND PLATFORM SHARING

One of the most important principles in reducing costs is sharing the costs with other
products or vehicle lines by “commonizing.” Commonizing is a term used in the auto
industry for parts sharing; that is, the same part can be used in more than one vehicle
model. Thus, the use of common parts can reduce the contribution of fixed costs to
the total part cost by spreading the fixed costs over a larger volume of total number of
vehicles produced using different body—styles, name plates, and brands of vehicles.
It also involves using common standardized designs, parts, procedures, and equip-
ment in manufacturing and assembly plants. It can be used in the following ways:

1. Parts sharing: Using the same standardized components in several different
vehicles.

2. Platform sharing: Platform sharing means using the same body underside and
chassis dimensions/design configuration and other system components to cre-
ate different vehicles. This allows common production equipment (e.g., fix-
tures, conveyors, welding machines in plants, and assembly lines) and parts to
be shared across several products. Thus, several vehicles with different body—
styles can be assembled in the same assembly plants using the same worksta-
tions in the same sequence. (See Chapter 10 for definition of vehicle platform.)

3. Reduced engineering workload: Design, tooling, and testing costs can be
substantially reduced by using the same design configuration and shared
systems and components.

Quaurty Costs

To ensure that the product being designed will meet the needs of its customers and
satisfy them, the organization must perform a number of tasks, such as conducting a
number of analyses and evaluations, implementing statistical process control, honor-
ing warranty, and repairing or replacing failed components. The costs incurred for
such tasks can be grouped into the following four categories (Campanella, 1990):

1. Prevention Costs: These costs are associated with the information gathered
and analyses conducted to ensure that the right product is being designed and
that the product will meet its customer needs (i.e., preventing the creation of
a wrong or defective product). Some examples of the activities involved in
this cost category are market research, benchmarking, product performance
analyses, design reviews, supplier reviews and ratings, supplier quality plan-
ning, training, quality administration, and process validations. Bhise (2014)
provides more information on quality issues and techniques.
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2. Appraisal Costs: These costs are related to various appraisals or evalu-
ations conducted to ensure that incoming components and materials and
outgoing products will meet quality requirements. Examples of the activi-
ties involved in this cost category are purchasing appraisals, maintenance
of laboratories with calibrated state—of—the—art testing equipment and
trained staff, measurements and tests, inspections, and plant quality audits.

3. Internal Failure Costs: These costs are incurred at the manufacturer’s
facilities due to product failures during manufacturing, defects observed
during testing, troubleshooting, and analyzing the failures, rejected and
scrapped units (or components), rework, repairs, and so forth.

4. External Failure Costs: These costs are incurred after the product leaves
the manufacturer’s facilities and is sold to the customers. The costs are
due to handling customer complaints, managing returned products, sending
replacements, repairing failed products, product recalls, product litigations
and liabilities, penalties, lost sales, and so forth.

MANUFACTURING COSTS

The manufacturing costs can be categorized into the following four broad categories:

1. Costs of parts (components) and/or subassemblies purchased from the sup-
pliers: These costs include expenses incurred in purchasing components,
standard fasteners, subassemblies, and so forth, from various suppliers.

2. Costs of parts manufactured internally within the product manufacturer’s
plants: These costs are associated with fixed costs for tooling, equipment,
and facilities and variable costs associated with purchasing raw materials,
expendable tools, processing and operating machines/equipment, inspec-
tion, direct labor, coolants, lubricants, utilities, and so on.

3. Assembly costs: These include assembly and inspection related to fixed
and variable costs of equipment operation (e.g., fixed costs of fixtures and
robots needed for assembly; variable costs to run the assembly robots and/
or equipment), direct labor costs, and associated employee benefits.

4. Overhead costs: These costs include expenses related to indirect labor (e.g.,
administrative and plant maintenance personnel and costs of their benefits),
employee training, utilities, insurance, property taxes, equipment disman-
tling, and so forth.

SAFeTY CosTS

The safety—related costs can be categorized into the following four broad categories
(also see Bhise [2014]):

1. Accident prevention costs: These costs represent amounts spent by the orga-
nization to avoid or prevent accidents and injuries (including injuries due to
adverse health effects from longer—term exposures to unsafe conditions, e.g.,
cumulative trauma, noise and vibrations) from occurring. Accident prevention
activities typically include safety analyses (e.g., conducting hazard analysis,
conducting failure modes and effects analyses), incorporating engineering



332 Automotive Product Development: A System Engineering Implementation

changes (e.g., process and equipment improvements to reduce probability of
accidents and injuries, adding safety devices), conducting safety evaluations/
tests, safety reviews, providing safety training to employees, providing/install-
ing and maintaining protection devices (e.g., hard hats, safety glasses, lock—out
devices, anti—slip walking surfaces, and lifting devices to reduce back injuries).

2. Costs due to accidents: These costs include losses that an organization
incurs due to accidents. The accidents can involve injuries (e.g., medical
costs, temporary disability—related costs till an injured person returns to
his/her regular job, costs due to permanent disability), loss of life, damage
to facilities and equipment, and/or work stoppages. It should be noted that
accident costs are almost always underestimated due to many unreported or
unaccounted costs (e.g., loss of production or temporary work slow—downs
due to accidents, retraining of replacement workers). In some cases, the
incidental costs of accidents have been estimated to be four times as great
as the directly accounted costs.

3. Insurance costs: These costs include expenditures to insure (i.e., insurance
premiums and workers’ compensation costs) against losses due to accidents
and injuries, fatalities, and property damage (i.e., repairing or replacing
damaged equipment).

4. Product liability costs: These are costs incurred in product liability cases
resulting from injuries caused by the product due to defects in the products.
These costs include costs to defend cases (e.g., fees charged by lawyers and
experts) and compensation or settlement charges paid to the plaintiff, penal-
ties, and fines.

ProbucTt TERMINATION COSTS

These costs are incurred after the decision is made to terminate the production of a
product. These costs include

1. Costs of selling discontinued products at discounted prices or with sales
incentives

. Costs of lost sales of new products due to some customers purchasing the
discontinued products at the discounted prices

. Plant and equipment write—down costs

. Plant shutdown, equipment removal and disposal costs

. Environmental clean—up and site restoration costs

. Materials recycling costs

. Continual service, production, and distribution of spare parts for products
in service till they are disposed of

[\
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These costs comprise the total of all the costs described in this section, from prod-
uct conception to the end of production, disposal (or recycling) of all products from
service, and facilities closing.
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EFFECT OF TIME ON COSTS

As the costs are incurred over time, in determining all these costs, the effect of time
due to factors such as interest rate (or discount rate), inflation rate, and fluctuations in
currency exchange rates (if applicable) must be taken into account. Similarly, since
the revenues are generated over the selling periods of the products, and payments are
received over time, the effects of changes in interest rates, inflation, and currency
exchange rates should also be considered.

Most complex product programs extend over many years. Therefore, cost compu-
tations need to consider the effects of interest and inflation.

With the annual compounding of the combined interest and inflation, the relation-
ship between present and future value is (Blanchard and Fabrycky, 2011)

F=P(1+i) orP= F[l/(l”)n]

where:
P =present value (or value at a time assumed to be the present)
i =combined annual interest and inflation rate
i, =annual interest rate
i, =annual inflation rate
n  =number of annual interest periods
F  =future value after n periods

Using this formula, the value of $100 today will be $128 in 5 years at 5% com-
bined annual interest and inflation rate (note: 128 =100 (1 +0.05)). This means that
$128 spent 5 years from now will be equivalent to $100 today, assuming a 5% rate of
combined interest and inflation.

For a program extending over many periods, the present value of revenues minus
the present value of costs can be computed for each period. The present values for
each of the periods (assumed to be monthly, quarterly, or annually) can be summed
over the entire duration of the program to obtain the present value of the cumulative
cash flow. The present value is generally computed at the beginning of the product
program to provide management with an estimate of cash flow over the life of the
program.

PROGRAM FINANCIAL PLAN

ExampLe: AutoMoTiIVE PrRoDUCT PROGRAM CASH FLow

This section presents a simplified cash flow analysis of an automotive product pro-
gram. The analysis covers a 100 month period from 40 months before Job #1 to 60
months after Job #1. In the automotive industry, Job #1 represents the time at which
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the first production vehicle rolls out of the assembly plant (i.e., the vehicle is released
for sale to the customer).
The assumptions used for the costs and revenue computations were as follows:
Program Milestones:

. Program kick—off at —40 months (i.e., 40 months before Job #1).
. Product development team formation begins at —39.5 months.

. Strategic intent confirmation at —34 months.

. Hard—points freeze at —29 months.

. Feasibility sign—off at —27.5 months.

. Program approval at —26 months.

. Surface freeze at —24 months.

. Appearance approval at —19 months.

. Early prototype vehicles available for testing at —14 months.

. Early production prototype vehicles available for testing at =9 months.
. Final prototype vehicles available at —5 months.

. Production begins at —3 months.

. The vehicle is released in the public domain at Job #1 (0 months).
. Production continued till 60 months after Job #1.

SO 09Uk W~
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The costs estimates used for this illustration are provided in Table 19.2. The col-
umns of the table are labeled in the top row from A through T. The columns are
defined as follows:

TABLE 19.2
(PART 1) Costs, Revenue, and Present Value of Cash Flow in a Vehicle
Program
A B C D E F G
Product Present
Months  Product Development Services and Product Value of
from Job Development Manpower  Supplies  Facilities and Development Development
#1 Headcount Costs Costs Tooling Costs Costs Subtotal Costs Subtotal
—-40 50 $4,00,000 $1,40,000 $5,40,000 $5,40,000
-39 100 $8,00,000 $2,80,000 $10,80,000 $10,77,307
-38 200 $16,00,000 $5,60,000 $21,60,000 $21,49,240
=37 500 $40,00,000  $14,00,000 $54,00,000 $53,59,702
-36 800 $64,00,000  $22,40,000 $86,40,000 $85,54,137
=35 1000 $80,00,000  $28,00,000 $1,08,00,000 $1,06,66,007
-34 1000 $80,00,000  $28,00,000 $1,08,00,000 $1,06,39,408
=33 1200 $96,00,000  $33,60,000 $1,29,60,000 $1,27,35,451
-32 1200 $96,00,000  $33,60,000 $1,29,60,000 $1,27,03,692
=31 1200 $96,00,000  $33,60,000 $1,29,60,000 $1,26,72,012
=30 1200 $96,00,000  $33,60,000 $1,29,60,000 $1,26,40,411
-29 1200 $96,00,000  $33,60,000 $1,29,60,000 $1,26,08,889
-28 1200 $96,00,000  $33,60,000 $1,29,60,000 $1,25,77,445

=27 1200 $96,00,000  $33,60,000 $1,29,60,000 $1,25,46,080
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TABLE 19.2 (CONTINUED)
(PART 1) Costs, Revenue, and Present Value of Cash Flow in a Vehicle

Program
A B C D E F G
Product Present

Months  Product Development Services and Product Value of

from Job Development Manpower  Supplies  Facilities and Development Development
#1 Headcount Costs Costs Tooling Costs Costs Subtotal Costs Subtotal

-26 1200 $96,00,000  $33,60,000 $1,29,60,000 $1,25,14,793

=25 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,10,13,164

—24 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,08,85,949

=23 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,07,59,051

-22 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,06,32,470

=21 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,05,06,204

-20 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,03,80,254

-19 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,02,54,617

—18 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,01,29,294

-17 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $5,00,04,283

—-16 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,98,79,584

—15 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,97,55,196

-14 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,96,31,119

—13 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,95,07,350

-12 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,93,83,890

—11 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,92,60,739

-10 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,91,37,894

-9 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,90,15,355

-8 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,88,93,123

-7 1200 $96,00,000  $33,60,000  $4,00,00,000  $5,29,60,000 $4,87,71,195

—6 1000 $80,00,000  $28,00,000  $4,00,00,000  $5,08,00,000 $4,66,65,374

=5 1000 $80,00,000  $28,00,000  $4,00,00,000  $5,08,00,000 $4,65,49,001

-4 800 $64,00,000  $22,40,000  $4,00,00,000  $4,86,40,000 $4,44,58,606

-3 600 $48,00,000  $16,80,000  $4,00,00,000  $4,64,80,000 $4,23,78,347

-2 400 $32,00,000  $11,20,000  $4,00,00,000  $4,43,20,000 $4,03,08,187

-1 300 $24,00,000 $8,40,000 $32,40,000 $29,39,369

0 200 $16,00,000 $5,60,000 $21,60,000 $19,54,693

1 $0 $0

2 $0 $0

3 $0 $0

4 $0 $0

5 $0 $0

6 $0 $0

7 $0 $0

8 $0 $0

9 $0 $0

10 $0 $0

11 $0 $0

12 $0 $0

12 $0 $0
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TABLE 19.2
(PART 3) Costs, Revenue, and Present Value of Cash Flow in a Vehicle
Program
A P Q R S T
Present Value
Months Present of Revenue Present Value Present Value
from Value of from Vehicle  of Cumulative  of Cumulative Present Value
Job#1 Total Cost Sales Total Cost Total Revenue Cash Flow
—40 $5,40,000 $0 $5,40,000 $0 —$5,40,000
-39 $10,77,307 $0 $16,17,307 $0 -$16,17,307
-38 $21,49,240 $0 $37,66,547 $0 —$37,66,547
-37 $53,59,702 $0 $91,26,249 $0 —$91,26,249
-36 $85,54,137 $0 $1,76,80,386 $0 —-$1,76,80,386
-35 $1,06,66,007 $0 $2,83,46,393 $0 —$2.,83,46,393
-34 $1,06,39,408 $0 $3,89,85,801 $0 —$3,89,85,801
-33 $1,27,35,451 $0 $5,17,21,252 $0 -$5,17,21,252
-32 $1,27,03,692 $0 $6,44,24,944 $0 —$6,44,24,944
=31 $1,26,72,012 $0 $7,70,96,956 $0 —$7,70,96,956
=30 $1,26,40,411 $0 $8,97,37,366 $0 —$8,97,37,366
=29 $1,26,08,889 $0 $10,23,46,255 $0 -$10,23,46,255
—28 $1,25,77,445 $0 $11,49,23,700 $0 —$11,49,23,700
=27 $1,25,46,080 $0 $12,74,69,780 $0 —$12,74,69,780
-26 $1,25,14,793 $0 $13,99,84,573 $0 —$13,99,84,573
=25 $5,10,13,164 $0 $19,09,97,736 $0 -$19,09,97,736
24 $5,08,85,949 $0 $24,18,83,685 $0 —$24,18,83,685
=23 $5,07,59,051 $0 $29,26,42,736 $0 —$29,26,42,736
-22 $5,06,32,470 $0 $34,32,75,206 $0 —$34,32,75,206
=21 $5,05,06,204 $0 $39,37,81,410 $0 -$39,37,81,410
=20 $5,03,80,254 $0 $44,41,61,664 $0 —$44,41,61,664
-19 $5,02,54,617 $0 $49,44,16,281 $0 —$49,44,16,281
—-18 $5,01,29,294 $0 $54,45,45,575 $0 —$54,45,45,575
-17 $5,00,04,283 $0 $59,45,49,858 $0 —$59,45,49,858
-16 $4,98,79,584 $0 $64,44,29.443 $0 —$64,44,29,443
-15 $4,97,55,196 $0 $69,41,84,639 $0 —$69,41,84,639
-14 $4,96,31,119 $0 $74,38,15,757 $0 —$74,38,15,757
—-13 $4,95,07,350 $0 $79,33,23,108 $0 —-$79,33,23,108
-12 $4,93,83,890 $0 $84,27,06,998 $0 —$84,27,06,998
-11 $4,92,60,739 $0 $89,19,67,737 $0 —$89,19,67,737
-10 $4,91,37,894 $0 $94,11,05,630 $0 —$94,11,05,630
-9 $4,90,15,355 $0 $99,01,20,986 $0 —$99,01,20,986
-8 $4,88,93,123 $0 $1,03,90,14,109 $0 —$1,03,90,14,109
-7 $4,87,71,195 $0 $1,08,77,85,303 $0 —$1,08,77,85,303
-6 $4,66,65,374 $0 $1,13,44,50,677 $0 —$1,13,44,50,677
-5 $4,65,49,001 $0 $1,18,09,99,678 $0 —$1,18,09,99,678

(Continued)
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TABLE 19.2 (CONTINUED)
(PART 3) Costs, Revenue, and Present Value of Cash Flow in a Vehicle

Program
A P Q R S T
Present
Value of
Months Present Revenue Present Value Present Value
from Value of from Vehicle  of Cumulative  of Cumulative Present Value
Job#1 Total Cost Sales Total Cost Total Revenue Cash Flow
-4 $4.,44,58,606 $0 $1,22,54,58,284 $0 —$1,22,54,58,284
-3 $5,69,66,418 $1,76,82,426  $1,28,24,24,702 $1,76,82,426 —$1,26,47,42,276
-2 $12,35,43,865 $6,98,56,498  $1,40,59,68,567 $8,75,38,924 —$1,31,84,29,643
-1 $8,71,64,998  $13,79,88,144  $1,49,31,33,565  $22,55,27,069 —$1,26,76,06,496
0 $10,52,63,824  $17,03,55,734  $1,59,83,97,389  $39,58,82,803 -$1,20,25,14,586
1 $22,74,78,789  $40,38,06,184  $1,82,58,76,178  $79,96,88,987 -$1,02,61,87,191
2 $22,69,11,510  $39,88,20,923  $2,05,27,87,688  $1,19,85,09,909 —$85,42,77,779
3 $22,63,45,646  $39,38,97,207  $2,27,91,33,334  $1,59,24,07,117 —$68,67,26,218
4 $22,57,81,193  $38,90,34,279  $2,50,49,14,528  $1,98,14,41,396 —$52,34,73,132
5 $22,52,18,148  $38,42,31,387  $2,73,01,32,675  $2,36,56,72,783 —$36,44,59,893
6 $22,46,56,507  $37,94,87,789  $2,95,47,89,182  $2,74,51,60,572 —$20,96,28,610
7 $23,29,88,975  $39,04,19,536  $3,18,77,78,157  $3,13,55,80,108 —$5,21,98,049
8 $24,12,78,488  $40,10,23,524  $3,42,90,56,645  $3,53,66,03,632 $10,75,46,987
9 $24,95,25,207  $41,13,06,178  $3,67,85,81,852  $3,94,79,09,810 $26,93,27,958
10 $25,77,29,296  $42,12,73,818  $3,93,63,11,148  $4,36,91,83,628 $43,28,72,480
11 $26,58,90,914  $43,09,32,653  $4,20,22,02,062  $4,80,01,16,281 $59,79,14,219
12 $27,40,10,223  $44,02,88,790  $4,47,62,12,285  $5,24,04,05,070 $76,41,92,785
TABLE 19.2
(PART 4) Costs, Revenue, and Present Value of Cash Flow in a Vehicle
Program
A B C D E F G
Present Value
Product Services Facilities Product of
Months Product Development and and Development  Development
from Development ~ Manpower  Supplies  Tooling Costs Costs
Job #1 Headcount Costs Costs Costs Subtotal Subtotal
13 $0 $0
14 $0 $0
15 $0 $0
16 $0 $0
17 $0 $0
18 $0 $0
19 $0 $0

(Continued)
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TABLE 19.2(CONTINUED)
(PART 4) Costs, Revenue, and Present Value of Cash Flow in a Vehicle
Program

A B C D E F G

Present Value
Product Services Facilities Product of
Months Product Development and and Development  Development
from Development  Manpower  Supplies  Tooling Costs Costs
Job #1 Headcount Costs Costs Costs Subtotal Subtotal

20 $0 $0
21 $0 $0
2 $0 $0
23 $0 $0
24 $0 $0
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
4
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
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TABLE 19.2
(PART 6) Costs, Revenue, and Present Value of Cash Flow in a Vehicle
Program
A P Q R s T

Present

Value of
Months Present Revenue Present Value of Present Value of
from Value of from Vehicle Cumulative Cumulative Present Value
Job #1 Total Cost Sales Total Cost Total Revenue Cash Flow
13 $27,33,26,906  $43,48,53,126  $4,74,95,39,191 $5,67,52,58,196 $92,57,19,005
14 $27,26,45,293  $42,94.84,569  $5,02,21,84,484 $6,10,47,42,765 $1,08,25,58,280
15 $27,19,65,379  $42,41,82,290  $5,29,41,49,864 $6,52,89,25,055 $1,23,47,75,191
16 $27,12,87,162  $41,89,45,472  $5,56,54,37,025 $6,94,78,70,526 $1,38,24,33,501
17 $27,06,10,635  $41,37,73,305  $5,83,60,47,660 $7,36,16,43,831 $1,52,55,96,171
18 $26,99,35,796  $40,86,64,993  $6,10,59,83,456 $7,77,03,08,824 $1,66,43,25,368
19 $26,92,62,639  $40,36,19,746  $6,37,52,46,095 $8,17,39,28,570 $1,79,86,82,475
20 $26,85,91,161  $39,86,36,786  $6,64,38,37,256 $8,57,25,65,356 $1,92,87,28,101
21 $26,79,21,358  $39,37,15,344  $6,91,17,58,613 $8,96,62,80,701 $2,05,45,22,087
22 $26,72,53,225  $38,88,54,661 $7,17,90,11,838 $9,35,51,35,362 $2,17,61,23,524
23 $26,65,86,758  $38,40,53,986  $7,44,55,98,595 $9,73,91,89,348 $2,29,35,90,753
24 $26,59,21,953  $37,93,12,579  $7,71,15,20,548 $10,11,85,01,927  $2,40,69,81,379
25 $26,52,58,806  $37,46,29,708  $7,97,67,79,354 $10,49,31,31,635  $2,51,63,52,281
26 $26,45,97,312  $37,00,04,650  $8,24,13,76,666 $10,86,31,36,284  $2,62,17,59,618
27 $26,39,37,469  $36,54,36,691  $8,50,53,14,135 $11,22,85,72,975  $2,72,32,58,840
28 $26,32,79,271  $36,09,25,127  $8,76,85,93,406 $11,58,94,98,102  $2,82,09,04,696
29 $26,26,22,714  $35,64,69,261  $9,03,12,16,120 $11,94,59,67,363  $2,91,47,51,243
30 $26,19,67,794  $35,20,68,406  $9,29,31,83,914 $12,29.80,35,769  $3,00,48,51,855
31 $26,13,14,508  $34,77,21,882  $9,55,44,98,422 $12,64,57,57,652  $3,09,12,59,229
32 $26,06,62,851  $34,34,29,020 $9,81,51,61,273 $12,98,91,86,671  $3,17,40,25,398
33 $26,00,12,819  $33,91,89,155 $10,07,51,74,092  $13,32,83,75,827  $3,25,32,01,734
34 $25,93,64,408  $33,50,01,635 $10,33,45,38,500 $13,66,33,77,461  $3,32,88,38,961
35 $25,87,17,614  $33,08,65,812  $10,59,32,56,114  $13,99,42,43,274  $3,40,09,87,160
36 $25,80,72,433  $32,67,81,049  $10,85,13,28,547 $14,32,10,24,323  $3,46,96,95,776
37 $24,91,77,936  $31,19,88,491 $11,10,05,06,482 $14,63,30,12,814  $3,53,25,06,332
38 $24,03,26,195  $29,75,11,375 $11,34,08,32,677 $14,93,05,24,189  $3,58,96,91,512
39 $23,15,17,053  $28,33,44,167 $11,57,23,49,731 $15,21,38,68,356  $3,64,15,18,626
40 $22,27,50,353  $26,94,81,421 $11,79,51,00,083  $15,48,33,49,777  $3,68,82,49,693
41 $21,40,25,937  $25,59,17,779  $12,00,91,26,020  $15,73,92,67,555  $3,73,01,41,535
42 $20,53,43,649  $24,26,47,968  $12,21,44,69,669 $15,98,19,15,523  $3,76,74,45,854
43 $20,48,31,570  $23,96,52,314 $12,41,93,01,239  $16,22,15,67,837  $3,80,22,66,598
44 $20,43,20,768  $23,66,93,643  $12,62,36,22,007 $16,45,82,61,480  $3,83,46,39,473
45 $20,38,11,240  $23,37,71,500 $12,82,74,33,247  $16,69,20,32,980  $3,86,45,99,733
46 $20,33,02,982  $23,08,85,432 $13,03,07,36,229 $16,92,29,18.412  $3,89,21,82,182
47 $20,27,95,992  $22,80,34,994  $13,23,35,32,221  $17,15,09,53,406  $3,91,74,21,184
48 $20,22,90,267  $22,52,19,747  $13,43,58,22,488  $17,37,61,73,153  $3,94,03,50,665
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TABLE 19.2 (CONTINUED)
(PART 6) Costs, Revenue, and Present Value of Cash Flow in a Vehicle

Program
A P Q R S T
Present
Value of
Months Present Revenue Present Value of  Present Value of
from Value of from Vehicle Cumulative Cumulative Present Value
Job #1 Total Cost Sales Total Cost Total Revenue Cash Flow
49 $20,17,85,802  $22,24,39,257  $13,63,76,08,290 $17,59,86,12,410  $3,96,10,04,119
50 $20,12,82,596  $21,96,93,093  $13,83,88,90,886 $17,81,83,05,503  $3,97,94,14,617
51 $20,07,80,644  $21,69,80,833  $14,03,96,71,530  $18,03,52,86,335  $3,99,56,14,805
52 $20,02,79,944  $21,43,02,057 $14,23,99,51,475 $18,24,95,88,392  $4,00,96,36,918
53 $19,97,80,493  $21,16,56,352  $14,43,97,31,968  $18,46,12,44,745  $4,02,15,12,777
54 $19,92,82,287  $20,90,43,311 $14,63,90,14,255 $18,67,02,88,056  $4,03,12,73,801
55 $19,87,85,324  $20,64,62,529 $14,83,77,99,579  $18,87,67,50,585  $4,03,89,51,006
56 $19,82,89,600 $20,39,13,609  $15,03,60,89,179  $19,08,06,64,195  $4,04,45,75,016
57 $19,77,95,112  $20,13,96,157  $15,23,38,84,291  $19,28,20,60,352  $4,04,81,76,061
58 $19,73,01,858  $19,89,09,785  $15,43,11,86,149  $19,48,09,70,137  $4,04,97,83,988
59 $19,68,09,833  $19,64,54,109  $15,62,79,95,982  $19,67,74,24,246  $4,04,94,28,264
60 $19,63,19,035 $19,40,28,749  $15,82,43,15,017 $19,87,14,52,995  $4,04,71,37,978

Note: Discount rate for present value calculations=3.
Selling price ($) per vehicle=28,000.

A =Time in months from Job #I.

B =Product development headcount (i.e., number of professionals assigned to
the program on a full-time basis).
C=Product development manpower costs (value in column B times average
monthly salary and benefits paid to the product development professionals).
Note: Head count cost (i.e., salary plus benefits) is assumed to be $8000/month.
D=Services and suppliers costs (i.e., monthly costs of services or materials pro-
vided by noncompany personnel such as contractors, suppliers, vendors, out-

side test labs).

E=Facilities and tooling costs (i.e., cost of designing and building vehicle—
producing facilities [plants], tools, and equipment).
F=Product development costs subtotal=sum of values in columns C, D, and

E in each row.

G=Present value of cost in column F computed at the beginning of the pro-
gram (at —40 months) using interest rate (note: annual interest rate of 3% is
used in this example by setting its value at the bottom of the table [second
last row under column F]). Note: The present value is computed based on
1 month intervals and monthly interest rate on 0.25% (i.e., 3% annual rate

divided by 12).
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H=Manufacturing headcount (number of manufacturing personnel assigned
to the program on a full—time basis).

I=Manufacturing personnel cost (assumed to be $30/hour; manufacturing
plant is assumed to operate 8 hours per shift, 2 shifts/day, and 25 days/
month).

J=Number of vehicles produced in the month corresponding to the month
specified in the row.

K=Parts, materials, and overhead costs (e.g., parts and systems purchased
from suppliers to assemble the vehicles; assumed to be $8000/vehicle).

L =Manufacturing costs subtotal (sum of values in columns I and K in each
ITOW).

M=Sales and marketing costs for the vehicles produced and shipped to the
dealers (shown in column J; assumed to be $2000/vehicle).

N=Total costs (sum of values in columns F, L, and M).

O=Revenue from vehicle sales (vehicle selling price is assumed to be $28,000
[see input value in the last row of the table under column D]). (Note: It is
assumed that the dealer pays the manufacturer as soon as the vehicle is
shipped.)

P=Present value of total cost (in column N).

Q=Present value of revenue from vehicle sales (in column O).

R =Present value of cumulative total costs.

S =Present value of cumulative total revenue.

T =Present value of cash flow (value in column S minus value in column R).

Table 19.2 shows that the point of maximum cumulative expenditure occurred at
2 months before Job #1. The maximum cumulative expenditure in the program was
$1.36 billion (see present value of cash flow [column T] in Table 19.2). The cash flow
(profit) at 24 and 60 months after Job #1 was $2.41 and $4.05 billion, respectively.

Figure 19.3 presents costs incurred during the product development phases from
—40 months to Job #1. The figure shows four separate traces: (a) product development
manpower costs (column C in Table 19.2), (b) services and supplies costs (column D
in Table 19.2), (c) facilities and tooling costs (column E in Table 19.2), and (d) total
product development costs (column F in Table 19.2).

Figure 19.4 presents the cumulative present value curves of total costs (column
R), revenue (column S), and cash flow (column T) for the vehicle program shown in
Table 19.2. The cumulative cash curve was obtained by summing all the costs (nega-
tive values) and revenues from product sales (positive values). It should be noted that
the cost and the revenue values in Figure 19.4 and Table 19.2 were considered with a
3% discount rate. However, a multiplier of 5 was used here to the discount rate in the
present value computation of revenue to generate more conservative present values
of the revenue.

The spreadsheet used to compute the costs is provided on the website of this book
(see file called “Program Cost Flow by Months”).

A financial analysis such as this one should be conducted jointly by the product
planning, financial, and marketing personnel in the vehicle development team and
included in the business plan of the new vehicle. The financial analysis should be
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FIGURE 19.3  Costs incurred during product development.
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presented to the senior management of the company along with the vehicle concept
to seek formal approval of the program.

The key points the management needs to understand from the financial analysis
are: (a) the estimate of the maximum amount that the company needs to provide
in undertaking the vehicle program is $1.36 billion, (b) the vehicle program can
potentially pay back $2.41 billion after 24 months of vehicle production, and (c) after
36 months of production, the program can potentially pay back $3.37 billion. The
outputs of the financial analysis should be incorporated in the business plan. The
business plan is covered in more detail in Chapter 5.

Table 19.3 presents output of another spreadsheet program, which performs the
vehicle program financial analysis at quarterly intervals. The Excel spreadsheet pro-
gram is also available on the website of this book (see file called “Program Cost Flow
by Quarters”).

CHALLENGES IN ESTIMATING COSTS AND REVENUES

Estimating product development and production costs is generally conducted using
a combination of past experience (i.e., historic data from past vehicle programs with
similar vehicle configurations), a thorough understanding of tasks needed to perform
to develop the proposed vehicle, coordinated efforts between different specialty dis-
ciplines, and consideration of the challenges involved in developing and incorporat-
ing new technological advances in the vehicle. The time estimates can suffer from
a number of over— or under—estimating errors and associated risks, such as insuf-
ficient time allocated for verification of functionality of the new design and cost
overruns due to performing too many design analyses.

Similarly, projecting future sales volumes of the proposed vehicle is also very
challenging because of uncertainty over achieving the required levels of vehicle
attributes and other new vehicle introductions by the competitors (which may affect
sales volumes of the proposed vehicle). Since the total revenue is the product of
sales volume times the vehicle purchase price, the uncertainty in predicting the pur-
chase prices of the vehicles (which in turn, involves estimating take rates of various
optional features) also affects the accuracy of revenue projections.

The next section describes two approaches used in estimating future product
prices.

PRODUCT PRICING APPROACHES

TraDITIONAL COSTS—PLUS APPROACH

The traditional approach in determining the product price is to add all the costs per
unit (cost of producing and selling a vehicle) and the required profit per unit to come
up with the price for the unit. This approach generally does not provide strong incen-
tives to reduce costs, as the profits for the manufacturer are assured. The approach
also assumes that customers are willing to pay the price (i.e., it is the producer’s
market—the producer sets the price without regard to the customers). This approach
worked well in the past, when customers had a very limited number of choices in the
market for selecting a product.
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TABLE 19.3
(PART 1) Vehicle Program Cost Flow Analysis by Quarters
2015
No. Description Q1 Q2 Q3 Q4
1 Number of salaried 100 300 500 600
employees
Average monthly salary $5,500 $5,500 $5,500 $5,500
3 Total salaried employee $1,650,000 $4,950,000 $8,250,000 $9,900,000
cost
4 Number of hourly 30 200 400 600
employees
5 Average hourly pay $25.00 $25.00 $25.00 $25.00
6 Total hourly employee cost $396,000 $2,640,000 $5,280,000 $7,920,000
7 Costs of benefits (%) 28 28 28 28
8 Total employee cost $2,618,880 $9,715,200 $17,318,400 $22,809,600
9 Tooling and equipment $0 $50,000 $150,000 $500,000
costs
10 Facilities (plants and $25,000 $100,000 $2,000,000 $5,000,000
buildings) cost
11 Operational and $10,000 $20,000 $50,000 $50,000
maintenance costs
12 Cost of raw materials and
supplier—produced parts/
vehicle
13 Average marketing,
advertising, and
sales—related costs/
vehicle
14 Average plant to dealer
transportation cost/
vehicle
15 Total costs per quarter $2,653,880 $9,885,200 $19,518,400 $28,359,600
Number of quarters from 1 2 3 4

beginning of program
Present value (PV) of total $2,608,236 $9,548,093 $18,528,530 $26,458,330
cost per quarter (at end of
each quarter)
16 Cumulative total costs (in $2,653,880 $12,539,080 $32,057,480 $60,417,080

PV)

17 Number of vehicles
produced

18 Number of vehicles sold

19 Average selling price/
vehicle
20 Total revenue per quarter $0 $0 $0 $0
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TABLE 19.3 (CONTINUED)
(PART 1) Vehicle Program Cost Flow Analysis by Quarters

2015
No. Description Q1 Q2 Q3 Q4
Present value (PV) of total $0 $0 $0 $0

revenue per quarter (at
end of each quarter)

21 Total cumulative revenue $0 $0 $0 $0
(in PV)

22 Vehicles in inventory (not 0 0 0 0
sold)

23 Total cumulative net cash —$2,653,880 —$12,539,080 —$32,057,480  —$60,417,080
flow (in PV)

Note: Annual interest rate for present value (PV) calculations = 7%.

MARKET PRICE—=MINUS PROFIT APPROACH

In this approach, the producer determines the lowest price based on the prices of
other similar products sold in the markets, then subtracts his or her dealer margin
and expected profit, and the balance is considered as the target cost for producing the
product. The target cost is then divided and assigned to each entity in the product.
All internal and external suppliers are asked to meet their respective target costs by
improving the product design and their manufacturing processes and operations.

For example, in determining the price of a low—cost vehicle for the U.S. market,
Hussain and Randive (2011) surveyed the prices of low—cost vehicles sold in the
U.S. market. They found that the lowest price of small economy vehicles sold in the
U.S. market during 2010-2011 was about $10,000. Thus, they set the target manu-
facturer’s retail price of $8000 (20% below the lowest—price vehicle sold in the U.S.
market). Assuming the dealer margin of 10% ($800) and the manufacturer’s profit
of $200 (2.78% of factory cost), they set the target cost at $7000/vehicle, and then
proceeded to develop a target cost for each vehicle system (see Figure 19.5). This
assumes that they challenged their suppliers to deliver the systems at the target costs.
This approach was also used during the development of the Tata Nano, the lowest—
cost vehicle, sold for about INR 100,000 ($2000) in India (Hussain and Randive,
2011).

OTHER COST MANAGEMENT SOFTWARE APPLICATIONS

Many different software applications are available to perform product life—cycle
costing and to create various reports (e.g., by systems, program phases, and months;
comparisons of actual versus budgeted costs). Many of the applications are inte-
grated with other functions such as management information systems, product
planning, and supply—chain management. The software systems are also used for
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TABLE 19.3
(PART 2) Vehicle Program Cost Flow Analysis by Quarters

2016
No. Description Q1 Q2 Q3 Q4
1 Number of salaried 600 500 400 400
employees
2 Average monthly $5,650 $5,650 $5,650 $5,650
salary
3 Total salaried $10,170,000 $8,475,000 $6,780,000 $6,780,000
employee cost
4 Number of hourly 800 1,200 1,500 1,800
employees
5 Average hourly pay $26.00 $26.00 $26.00 $26.00
Total hourly $10,982,400 $16,473,600 $20,592,000 $24,710,400
employee cost
Costs of benefits (%) 29 29 29 29
8 Total employee cost $27,286,596 $32,183,694 $35,309,880 $40,622,616
Tooling and $2,000,000 $5,000,000 $200,000 $50,000
equipment costs
10 Facilities (plants and $5,000,000 $1,000,000
buildings) cost
11 Operational and $50,000 $50,000 $60,000 $75,000
maintenance costs
12 Cost of raw $8,000 $8,000
materials and
supplier—produced
parts/vehicle
13 Average marketing, $300 $500
advertising, and
sales—related costs/
vehicle
14 Average plant to $700 $700
dealer
transportation cost/
vehicle
15 Total costs per $34,336,596 $38,233,694 $40,069,880 $114,347,616
quarter
Number of quarters 5 6 7 8
from beginning of
program
Present value (PV) $31,483,655 $34,454,008 $35,487,640 $99,529,488
of total cost per
quarter (at end of
each quarter)
16 Cumulative total $94,753,676 $132,987,370 $173,057,250 $287,404,866
costs (in PV)
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TABLE 19.3 (CONTINUED)

(PART 2) Vehicle Program Cost Flow Analysis by Quarters
2016

No. Description Q1 Q2 Q3 Q4

17 Number of vehicles 500 8,000
produced

18 Number of vehicles 8,000
sold

19 Average selling $22,000 $22,000
price/vehicle

20 Total revenue per $0 $0 $0 $176,000,000
quarter

Present value (PV) $0 $0 $0 $155,873,305

of total revenue per
quarter (at end of
each quarter)

21 Total cumulative $0 $0 $0 $155,873,305
revenue (in PV)

22 Vehicles in 0 0 500 500
inventory (not
sold)

23 Total cumulative net -$94,753,676  —$132,987,370  —$173,057,250  —$131,531,561
cash flow (in PV)

Note: Annual interest rate for present value (PV) calculations = 7%.

production scheduling, component ordering, inventory control, product control, shop
floor management, cost accounting, and so forth. Some examples of such software
systems are: manufacturing resource planning (MRP) and enterprise resource plan-
ning (ERP). The software systems are available from a number of developers (e.g.,
SAP, Oracle, Microsoft, EPICOR, and Sage).

TRADE—OFFS AND Risks

Programs and projects involving the development of complex automotive prod-
ucts encounter a number of developmental problems and challenges. Many prob-
lems involve trade—offs between different attribute requirements and trade—offs
between a number of design and manufacturing issues. The costs and timings are
directly affected by how the trade—off issues are resolved. The design teams deal
with these issues constantly during various design stages. Many of these problems
are not sufficiently known in the early stages; hence, the budgets prepared during
the early stages need to be constantly reviewed, and some changes in target costs
and timings may need to be incorporated in subsequent budgets and milestones of
the program.



352  Automotive Product Development: A System Engineering Implementation

TABLE 19.3
(PART 3) Vehicle Program Cost Flow Analysis by Quarters

2017

No. Description
Q1 Q2 Q3 Q4
1 Number of salaried 300 200 200 200
employees
2 Average monthly $5,900 $5,900 $5,900 $5,900
salary
3 Total salaried $5,310,000 $3,540,000 $3,540,000 $3,540,000
employee cost
4 Number of hourly 1,800 1,800 1,800 1,800
employees
5 Average hourly pay $27.00 $27.00 $27.00 $27.00
Total hourly $25,660,800 $25,660,800 $25,660,800 $25,660,800
employee cost
Costs of benefits (%) 30 30 30 30
8 Total employee cost $40,262,040 $37,961,040 $37,961,040 $37,961,040
Tooling and $50,000 $50,000 $50,000 $50,000
equipment costs
10 Facilities (plants and
buildings) cost
11 Operational and $75,000 $75,000 $75,000 $75,000
maintenance costs
12 Cost of raw materials $8,000 $8,000 $7,500 $7,500
and supplier—
produced parts/
vehicle
13 Average marketing, $1,000 $1,000 $800 $800
advertising, and
sales—related costs/
vehicle
14 Average plant to $700 $700 $700 $700
dealer
transportation cost/
vehicle
Number of quarters 9 10 11 12
from beginning of
program
Present value (PV) $159,015,460  $178,811,236 $180,197,711 $177,098,487
of total cost per
quarter (at end of
each quarter)

16 Cumulative total $473,291,906  $685,977,946 $904,063,986 $1,122,150,026
costs (in PV)
17 Number of vehicles 15,000 18,000 20,000 20,000

produced
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TABLE 19.3 (CONTINUED)
(PART 3) Vehicle Program Cost Flow Analysis by Quarters
2017
No. Description
Q1 Q2 Q3 Q4
18 Number of vehicles 12,000 20,000 20,000 20,000
sold
19 Average selling $22,000 $22,000 $22,000 $23,000
price/vehicle
20 Total revenue per $264,000,000  $440,000,000 $440,000,000 $460,000,000
quarter

Present value (PV) $233,809,957  $389,683,261 $389,683,261
of total revenue per
quarter (at end of
each quarter)

21 Total cumulative $389,683,261  $779,366,523  $1,169,049,784
revenue (in PV)

22 Vehicles in inventory 3,500 1,500 1,500
(not sold)

23 Total cumulative net  —$83,608,645  $93,388,577 $264,985,798
cash flow (in PV)

Note: Annual interest rate for present value (PV) calculations = 7%.

$407,396,137

$1,576,445,921

1,500

$454,295,895

Dealer margin ($800)

Vehicle assembly ($1610)

Fluids ($110)
Accessories and tools ($10)

Chassis eletrical system ($43)
‘Wheels and tires ($431)

Fuel system ($32) —
Exhaust system ($67)
Steering system ($37)

Brake system ($157)

Suspension system ($276)

Transmission
and final drive ($437)

Vehicle interior
instrument panel, console,
and trim parts ($1050)

FIGURE 19.5 Low—cost vehicle target cost breakdown.

Company profit ($200)

Vehicle body ($1621)

Engine ($1120)
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CONCLUDING REMARKS

Bringing the product to the market at the right time and at the right price is very
important. Therefore, costs and timings are important parameters used by program
and project managers to evaluate and control their progress. Both these parameters
affect the profitability of the organization and its competitive position in the market.
Since the initial estimates of these parameters made during the early planning stages
are usually not very accurate, they need to be adjusted to account for problems and
challenges encountered during the program. Cost overruns and timing delays are
universally hated by the management. On the other hand, completion of the program
before its planned end—date or under its budget is a reason for celebration of this
great accomplishment and deserves special recognition for the program teams.
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20 Vehicle Package
Engineering Tools

INTRODUCTION

Vehicle packaging is a key activity during the development of a new vehicle. Vehicle
packaging involves creating vehicle drawings or computer-aided design (CAD) mod-
els that show locations and spaces occupied by the vehicle systems, occupants, and
items brought into the vehicle. Thus, all design and engineering activities need to
constantly work with the CAD models to ensure that their designs of all vehicle enti-
ties (e.g., systems, subsystems, or components) fit within the vehicle space defined by
the exterior and interior vehicle surfaces.

While it is possible to work using reduced (i.e., smaller than actual, minified)
scale drawings of the new vehicle and its systems, full-size drawings are often cre-
ated to get a better idea of the actual space available to incorporate various vehicle
systems and their components within the vehicle. The package engineers do not only
create full-size scale drawings and project full-size images of the CAD models on
large screens; they also create full-size mock-ups and bucks (i.e., physical models)
to get a good understanding of the “feel” of the spaces required to design and fit all
systems and their interfaces to ensure that a functional vehicle can be created.

The outputs of the vehicle packaging activity are thus required by all the dis-
ciplines and activities involved in the design process to visualize the product and
understand the space constraints within which all the vehicle systems need to be
configured.

VEHICLE PACKAGING BACKGROUND

WHAT Is VEHICLE PACKAGING?

Packaging is a term used in the automobile industry to describe the activities
involved in locating various vehicle systems (e.g., body system, chassis system, pow-
ertrain system, climate control system, and fuel system) and their components and
occupants in the vehicle space. Thus, it is about space allocation for various vehicle
systems (i.e., hardware), accommodating people (i.e., the driver and the passengers),
and providing storage spaces for various items (e.g., suitcases, boxes, golf bags, sun-
glasses, cell phones, and beverage containers) that people bring into their vehicles.
The term packaging is used in the industry because the task of package engi-
neering is essentially bringing in systems and components produced by others (e.g.,
manufacturing departments and suppliers) and fitting them into the vehicle space
so that they will function properly to satisfy the customers and users of the vehicle.

355
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WHAT Is PACKAGED IN A VEHICLE?

The entities that the package engineers need to package in the vehicle space are

1. Occupants (driver and passengers)

2. Vehicle framework (i.e., vehicle chassis and body), which holds all the vehi-
cle systems and provides for exterior dimensions and shape

3. All vehicle systems required for controlling the vehicle (e.g., powertrain,
suspension system, steering and braking systems, electrical system, and
controls and displays)

4. All vehicle systems developed for the comfort, convenience, safety, com-
munication, and entertainment of the vehicle occupants

5. Storage spaces or compartments for items brought and stored in the vehicle
(e.g., luggage, cargo, and other items such as papers, maps, beverage con-
tainers, gloves, owner’s manual, purses, sunglasses, cell phones, garage
door openers, CDs, glasses, coins, clip boards, pens, and ice scrapers)

VEHICLE PACKAGING ORGANIZATIONS

Vehicle packaging is a function of one or more departments (groups of people in
the vehicle development process) responsible for the overall allocation of space
for occupants and vehicle systems by creating drawings. It is an engineering and
CAD activity. The main, or the overall, vehicle packaging function is performed
in close collaboration with the styling and appearance department, in which indus-
trial designers (specialized in automotive design) create the exterior and interior
surfaces of the vehicle by developing shapes and selecting surfacing materials with
visual characteristics (e.g., color and texture) and tactile feel (e.g., smoothness and
compressibility). The main packaging department is thus located close to the design
studios so that constant communication is facilitated while developing the basic
architecture (i.e., overall size of the vehicle envelope, proportions of different major
compartments, wheelbase, and front and rear overhangs) of the vehicle.

The actual tasks conducted by vehicle package engineers vary in different organi-
zations. Some do pure drawing (i.e., drafting or CAD modeling activities), whereas
others perform various degrees of engineering analyses (e.g., computations of forces
and stresses, heat transfer, electrical loads, and aerodynamic flows) to support deci-
sions related to the selection of functions performed by different systems and their
performance requirements and characteristics (e.g., capacities configurations, inter-
faces with other systems, dimensions, and selection of materials).

SPECIALIZATION WITHIN VEHICLE PACKAGE ENGINEERING
There are two specializations within vehicle package engineering work:
1. Occupant (People: Driver and Passengers) Packaging: This specialization

includes knowledge of design practices and procedures in (a) determin-
ing driver positioning: driver location (seating reference point [SgRP]) and
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driver seating posture; location of primary controls, i.e., steering column,
steering wheel, gear shifter, and pedals, (b) packaging of instrument panel,
console, and parking brake, (c) positioning and postures of passengers
(design and locations of seats), (d) entry and egress evaluations involving
items such as body openings, seats, doors, grab handles (or handle bars),
door opening handles, and steps), (¢) clearances required to orient and posi-
tion various components (i.e., people, hardware, and service tools), and
(e) field of view analyses (window openings, mirrors, and obscurations).
The vehicle ergonomic department usually works closely with the occu-
pant packaging department to ensure that various design tools, ergonomics
guidelines, and data are available for accommodating a large portion of the
vehicle user population during all packaging activities.

2. Mechanical (Hardware) Packaging: This specialization includes knowl-
edge of design practices and procedures in (a) body structure space plan-
ning (estimation of shapes, sizes, and cross sections of various body and
chassis parts), (b) powertrain and fuel systems packaging (estimating and
positioning of envelopes of engines, transmissions, and final drives, includ-
ing pipes, hoses, wiring, and fittings), (c) chassis system packaging (spaces
for wheels, tires, suspensions, and steering and braking systems), (d) pack-
aging of other mechanical and electrical systems (e.g., instrument panel,
doors, console, door locks, power window mechanisms, latches, hinges,
wiring harness, lamps, heating, and air-conditioning systems), and (e) lug-
gage/cargo area and storage spaces. Various engineering offices (e.g., body
engineering, powertrain engineering, climate control engineering, electri-
cal engineering, fuel systems engineering, and manufacturing engineering)
work closely with the mechanical packaging engineers to ensure functional,
manufacturing, and assembly feasibility during various hardware packag-
ing activities.

VEHICLE PACKAGING PERSONNEL

The technical background of people involved in vehicle packaging varies between
different organizations. The employees in vehicle package engineering typically
include drafters (or draftsmen, who used to draw 2-D drawings; called engineering
designers) and CAD modelers/designers and engineers (primarily mechanical engi-
neers), who develop 3-D models that are useful in product visualization. With the
integration of CAD and computer-aided engineering (CAE) software applications,
more companies are now assigning these tasks to engineers with master’s degrees.

Vehicle package engineers need to understand (a) functioning, spatial needs, and
interfaces of various vehicle systems, (b) customer wants and needs, (c) customer
characteristics and ergonomic design considerations, (d) design (styling) trends and
wants, (e) engineering requirements and standards (system design standards and
applicable government requirements), and (¢) manufacturing and assembly processes
and requirements. Thus, they can create a vehicle package that maintains compat-
ibility between the basic vehicle architecture, functioning of systems, and manufac-
turing and assembly requirements.
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The package engineers are responsible for the development, design, verification,
and delivery of digital data that represent various vehicle systems and component
designs. They are part of a team that develops and manages the requirements for
delivering mechanical package compatibility. Their key job responsibilities are to
drive mechanical package compatibility by working in conjunction with design engi-
neers, core functional engineering departments, suppliers, CAD, manufacturing, and
studio personnel. The package engineers are required to lead the resolution of issues
and trade-off discussions to ensure system designs that deliver digital mechanical
package compatibility.

Typically, package engineers are required to have a bachelor’s degree in mechani-
cal engineering, with a preference for a master’s degree in a related engineering
field, and work experience and skills as follows:

1. Automotive/aerospace experience in product development and/or
manufacturing

2. Demonstrated ability to proactively lead cross-functional teams working to
resolve issues

3. Proficiency in technical problem-solving skills to resolve mechanical pack-
age issues

4. Demonstrated negotiation skills in teamworking to broker design discus-
sions and design solutions (i.e., studying alternative designs and process
trade-offs between different vehicle attributes)

5. Proficiency in CAD skills: training and certifications in CAD, dimensional
engineering, and digital buck generation, and working knowledge of CAD
systems (e.g., CATIA, Unigraphics)

6. Presentation skills required for management reviews (oral and written
communications)

7. Ability to guide and work with physical model builders (in wood, metal,
upholstery, and plastic workshops) to create and verify interior and exterior
bucks used for product reviews and market surveys

8. Knowledge of the systems engineering process and techniques

9. Project management skills and data-driven approach to managing compat-
ibility deliverables

10. Self-starting, with ability to prioritize and manage multiple tasks with min-
imal direction

11. Ability to learn and apply new techniques/skills quickly (on-the-job
training)

12. Proficiency in standard PC skills (Outlook, Excel, Word, PowerPoint) and
accessing databases on corporate standards, lessons learned, bill of materi-
als, and so forth

PACKAGE ENGINEERING AND ERGONOMICS

Many of the occupant packaging tools and data on driver characteristics used by
the vehicle packaging engineers have been developed and updated by ergonomics
engineers working in the automotive industries, research institutes, or universities.
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Figure 20.1 presents a Venn diagram illustrating overlapping and nonoverlapping
technical areas in vehicle package engineering and ergonomics (also called human
factors engineering).

Ergonomics engineers work with vehicle package engineers in reviewing the
vehicle design and packaging issues and provide the latest information on occupant
packaging procedures, driver anthropometric dimensions, and biomechanical and
driver interface design considerations. The design considerations involved here are
shown in Figure 20.1 as the intersection of the two disciplines in the Venn diagram,
which include location and positioning (i.e., posturing) of the driver and occupants,
selection and locations of controls and displays, design of seats to allow comfortable
accommodation in the postures preferred by the driver and passengers, easy entry
into and exit from the vehicle, and evaluation of visual fields available to the driver
and passengers through the window openings and other vision systems (e.g., mirror
systems). Bhise (2012) provides details of issues and tasks performed by ergonomics
engineers in the automotive design process.

The left side of the Venn diagram shows other tasks performed by vehicle
package engineers in other functional areas, such as body engineering, pow-
ertrain engineering, chassis engineering, and electrical engineering. The right
side of the Venn diagram shows the tasks performed by ergonomics engineers
to ensure that other driver interfaces (i.e., controls and displays, seats) of other
systems, such as those mounted in the instrument panel, doors, header, and cen-
ter console, can be operated by the driver easily and without excessive driver
workload or distraction.

Human factors engineering
and ergonomics

Vehicle package
engineering

Vehicle user

Allocation of vehicle / Occupant positioning

space to occupants seatin; characteristics,
P . P ’ g' capabilities,
vehicle systems, and entry/exit o
. limitations, tasks,
luggage/cargo; field of view
i . performance,
system interfaces, controls and displays
. .. . workload, errors,
vehicle functioning user accommodation .
psychophysics

FIGURE 20.1 Venn diagram showing overlap between vehicle package engineering and
ergonomics activities.
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PriNncIPLES USED IN VEHICLE PACKAGING

The packaging engineering work is performed considering many principles. The
three basic principles underlying package engineering work are

1. Customer satisfaction: This involves striving to achieve product quality by
simultaneous consideration of all vehicle attributes and ensuring that all
decisions involving trade-offs between all attributes are made to achieve
high levels of customer satisfaction.

2. Systems consideration: The vehicle should be designed as a system with
a careful balance between “forms” and “functions.” It should be noted
that “form” here refers to styling and appearance attributes, and “func-
tion” refers to the operational performance of each of the vehicle systems.
Thus, the package engineer’s task is not just to package a collection of
components; each vehicle system must be located to meet its allocated func-
tions and interface requirements and at the same time meet the needs of
the design/styling department. The functionality of each system must be
considered to ensure that the systems and their lower-level entities (i.e., sub-
systems, sub-subsystems, and so on, until the lowest component level) fit
within the vehicle space and meet their respective requirements, which are
cascaded down from all vehicle-level attributes (see Chapters 8 and 9 for
more details).

3. People maximum, machine minimum: This principle refers to minimizing
the space taken up by the hardware (machine) so as to provide larger usable
space for the occupants (people). The goal should be to allocate the maxi-
mum amount of space within the occupant compartment and trunk/cargo
areas to achieve the feeling of interior “spaciousness” (i.e., the customers
should feel that the inside of the vehicle is very spacious).

VEHICLE PACKAGING PROCEDURE

VEHICLE PACKAGE ENGINEERING TASKS AND PROCESS

Figure 20.2 presents a flow diagram showing different tasks involved in occupant
packaging work. The process begins with Task #1, which involves understanding
the customers, benchmarking competition, and defining the vehicle to be designed.
This task involves inputs from a number of disciplines to thoroughly understand
the program objectives and assumptions. It is extremely important to first define the
intended customer population, that is, who would buy and use the proposed vehicle.
The characteristics, capabilities, desires, and needs of these users must be under-
stood. The market researchers, along with the packaging and ergonomics engineers
and the designers, must make every effort to gather information about the intended
population. A representative sample of owners and users of the type of vehicle from
its intended market segment (e.g., luxury small four-door car, economy two-door
hatchback, or mid-size luxury sports utility vehicle [SUV]) should be invited and
shown early product concepts. They should be extensively interviewed and asked to
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Task #1

Understanding vehicle program needs:

- study customers and market segment

- benchmark competitive vehicles

- specify: body-style, size, weight,
powertrain, and features

Task #2
Create exterior package design
- wheelbase, treadwidth:
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Task #5

A

- overall dimensions
- shape, proportions
- overhangs, ground clearances

Task #3
Create interior package layout

A

Task #4

Coordinate seat design:
- seat width/length

- firewall, floor, pedals:

- AHP, PRP, SGRP, seat track

- steering wheel location,
diameter, rim, hub, and, spokes

(eyellipses), head clearances

|- seat height from ground,

Conduct entry/egress analysis:

rocker, doors, door
opening, etc.
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FIGURE 20.2  Vehicle packaging engineering tasks and process.

respond to a number of questions related to how well they like or dislike the product
concepts and characteristics of the products, their preferences for alternative vehicle
designs, their habits related to vehicle uses, and so forth. Their relevant anthropomet-
ric dimensions can also be measured to create a database for evaluation of various
vehicle dimensions. Quality function deployment (QFD) is an excellent tool, and it
can be used at this early stage to translate the customer needs of the vehicle being
designed into functional (engineering) specifications for the vehicle (see Chapter 18;
Besterfield et al., 2003; Bhise, 2012).

The exterior design, as shown in Task #2, usually leads the design process. The
exterior shape of the vehicle is developed by creating a number of design alternatives.
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The vehicle package engineers work concurrently with other engineering teams to
ensure that all vehicle systems can be packaged within the vehicle space defined by
the vehicle exterior parameters (e.g., overall dimensions, wheelbase, overhangs, and
cowl and deck point locations). Task #3 involves positioning the driver and the pas-
sengers (i.e., locating the SgRP [i.e., Seating Reference Point] and determining body
posture angles, eye locations, and head clearance contour) in the vehicle space and
determining the locations of the vehicle firewall, floor, roof, steering wheel, and ped-
als. Task #4 involves designing seats to accommodate the occupant positioning and
comfort requirements. Entry and exit evaluations are conducted in Task #5 to ensure
that the seats, major vehicle controls (e.g., steering wheel), and vehicle body compo-
nents (e.g., doors and door openings, door hinges, door trim panels, and rocker pan-
els) are being designed with the clearance space (for occupant feet, heads and torsos)
needed for easy access into the vehicle. Task #6 involves determining maximum
and minimum reach zones and visible and 35° down angle areas. The information
developed in Task #6 is used in Tasks #8 and #10 to develop the configurations and
layouts of instrument panels, door trim panels, and consoles.

During these tasks, many analyses are simultaneously performed to ensure that
the key vehicle parameters that define the vehicle exterior (e.g., wheelbase, tread
width, overall length, width and height, overhangs, cowl point, deck point, and
tumblehome angle) and interior (e.g., seat height, seat track length and location,
and steering wheel and pedal locations) are evaluated simultaneously by involving
experts from different disciplines.

Tasks #7 and #9 are conducted to ensure that the driver can obtain the fields of
view (both direct and indirect [using mirrors] and with minimum obstructions caused
by the pillars and other interior components) needed to safely drive the vehicle.

The key areas that link the exterior of the vehicle to the interior, such as entry/
egress (Task #5), window openings, and fields of view (Tasks #7 and #9), are resolved
in the very early stages as the exterior and interior surfaces of the vehicle are cre-
ated in the CAD models. The goal, of course, is to ensure that the largest number of
occupants can be accommodated and that the functional aspects of the vehicle are
not compromised.

The mechanical body design (Task #12) and packaging of chassis and power
train components (Task #11) are accomplished simultaneously by the body, chassis,
and powertrain engineering and vehicle dynamics departments. Further, the vehicle
lighting design and packaging of exterior lamps (Task #15) and interior illuminating
light sources (e.g., interior dome, map/reading and convenience lamps, and illumina-
tion of lighted graphics and components in Task #8) are conducted to ensure that the
vehicle can be used safely and comfortably during nighttime.

A number of special evaluations are also conducted to verify that the drivers and
the passengers can enter the vehicle and exit from the vehicle comfortably (Task #5)
and that various interior vehicle features and their dimensions related to space (e.g.,
headroom, legroom, shoulder room, and hip room) are acceptable to the customers
by conducting market research clinics (Task #13). Various evaluation methods used
in the entire vehicle development process are summarized in Chapter 21.

Many of these tasks are performed simultaneously through constant communica-
tion and reviews by engineers and experts from various engineering, marketing, and
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management personnel to ensure that all important customer needs and trade-offs
between various design (styling and appearance), engineering, and manufacturing
requirements are considered to produce a superior vehicle package by comparison
with other leading benchmarked products.

The next sections of this chapter provide details related to the dimensions and
positioning procedures involved in Tasks #2 through #10. Additional information on
many of the tasks can also be obtained from Bhise (2012).

STANDARD PRACTICES USED IN VEHICLE PACKAGING

Most automotive companies and their suppliers use vehicle packaging standards
and practices developed by SAE International, Inc. (formerly called the Society
of Automotive Engineers, Inc. [SAE]). The SAE standards are developed by the
SAE Technical Committees. The committee members are professionals working
in the automotive industry, government (regulatory and research departments),
and universities (faculty members and researchers). The SAE standards are volun-
tary unless they are adopted in the U.S. Federal Motor Vehicle Safety Standards
(FMVSS) or other government standards (National Highway Traffic Safety
Administration [NHTSA], 2015). The SAE J1100 standard provides definitions of
many exterior and interior dimensions and reference points used in the industry
(SAE, 2009).

All linear vehicle- and occupant-related SAE dimensions are generally mea-
sured in millimeters. The prefixes L, H, and W denote length- (longitudinal—from
front to rear of the vehicle), height- (vertical—up/down), and width- (lateral—left/
right) related dimensions, respectively. All angles are designated by the prefix A
and are measured in degrees. The numbers following the prefix define specific
dimensions; for example, H30-1 specifies the height of the driver’s SgRP from the
driver’s right heel point on the undepressed accelerator pedal measured in milli-
meters. The number 1 following H30 denotes the first seat row. (See SAE standard
J1100 in the SAE Handbook [SAE, 2009] for more details on the nomenclature and
dimensions.) The coordinate system for vehicle design and the X,y,z coordinates of
locations of components in vehicle space are specified in the SAE 1100 and J182
standards.

MECHANICAL PACKAGING

Mechanical packaging involves the incorporation of geometric representations of
all vehicle hardware into the CAD model of the vehicle. The mechanical packag-
ing work begins with the creation of vehicle axes and the overall vehicle envelope,
defined by the following three SAE dimensions: (1) L103: overall length, (2) W103:
overall width, and (3) H101: overall height. Figure 20.3 presents the overall vehicle
envelope.

The vehicle axes X, Y, and Z are defined and drawn as shown in Figure 20.4 (refer
to SAE standard J 182 [SAE, 2009])).

The 3-D Cartesian coordinate system used to define locations of various points in
the vehicle space is generally defined as follows:
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FIGURE 20.4 Overall vehicle envelope with vehicle coordinate axes X, Y, Z and origin O.
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1. The positive direction of the longitudinal X-axis is pointing from the front
to the rear of the vehicle.

2. The positive direction of the vertical Z-axis is pointing from the ground up.

3. The positive direction of the lateral Y-axis is pointing from the left side of
the vehicle to the right side.

4. The origin of the coordinate system (called the body zero) is located for-
ward of the front bumper (to make all x-coordinate values positive), below
the ground level (to make all z-coordinate values positive), and at the mid-
point of the vehicle width.

Figure 20.5 shows the locations of the wheels (wheel and tire diameters, wheel-
base, front and rear tread widths, and overhangs). It also shows the cowl and deck
points, which indicate the highest points on the hood and deck-lid, respectively, at
the vehicle centerline. The cowl and deck points represent the intersections of the
windshield and hood surfaces, and the backlite and trunk surfaces, respectively, in
the vertical plane passing through the vehicle centerline. These two points are used
by package engineers to indicate the height of the space needed to package the engine
under the hood (cowl point) and luggage space under the rear deck-lid (deck point).

Since the engine is typically the largest and most important functional system,
the engine envelope is created and located within the vehicle space (see Figure 20.6).
The engine envelope defines the overall 3-D space with all required clearances for
the engine (along with all other attached accessories, such as the alternator, steering

Cowl point Deck point
A
\ \o
o Overall height
O (H101)
© ,,
Front Side view Rear
_overhang | Wheelbase (W101) | overhang
o (L104) 7| It (@Lios) T
A L_) L_) A
Rear
Front — | tread Overall width
tread width width (W103)
(W101-1) (W101-2),
1 =
Plan view
P Overall length (L103)
FIGURE 20.5 Vehicle envelope with locations of wheels and cowl and deck points.
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FIGURE 20.6  Vehicle package drawing showing envelopes of large entities.

fluid pump, air-conditioning compressor, pulleys, and belts) and its movements
during all operating conditions with respect to the vehicle body. The engine enve-
lope thus accounts for engine movements (e.g., engine rocking and vibrations) with
changes in engine speed and minimum air spaces around the engine for cooling.
Critical engine maintenance spaces for hand access (e.g., hand clearances for engine
service) should be included in the engine envelope.

The space required to accommodate the tires with all possible combinations of
tire movements (due to steering/turning as well as suspension movements, e.g., wheel
bounces) is included in the tire envelopes to ensure adequate space for the tires (see
Figure 20.6). The figure also shows the cowl and deck points. The cowl point repre-
sents the intersection of the hood-line at the windshield in the vertical plane passing
through the vehicle centerline (see Figure 20.6). If the vehicle body-style involves
a rear trunk compartment, then based on the luggage storage needs, the deck point
representing the intersection of the trunk-line at the backlite (rear window glass) in
the vertical plane passing through the vehicle centerline is also established.

A CAD file containing this information is typically provided to the vehicle
designers for them to begin the creation of the vehicle exterior surfaces (note that
Figure 20.6 shows the exterior outline of the vehicle). The package engineers, in
consultation with the body engineers, estimate the locations of the firewall and the
vehicle floor by taking into account the ground clearance and space required to
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create the floor board and floor cross members. The occupant compartment space is
thus established between the firewall and the back side of the rear seats (the space
rearward of the rear seat generally defines the boundary between the occupant com-
partment and the luggage compartment).

The mechanical packaging engineers maintain constant communication with
the designers (to understand their exterior and interior styling needs) and begin the
incorporation of the following hardware, which requires large spaces:

1. Vehicle body details (i.e., cross sections) of major body components (e.g.,
body frame, pillars, cross members, rocker panel, roof rails, roof headers,
front and rear fascia with lighting equipment [headlamps and tail lamps])

. Powertrain system (engine, transmission, and final drive)

. Suspension systems (front and rear suspensions)

. Wheels and tires (front and rear tire envelopes and spare tire)

. Steering system (steering column, power-assist mechanism and linkages)

. Fuel system (fuel tank, filler pipe, fuel system module, and fuel lines)

. Engine cooling system (radiator, hoses, and coolant pump)

. Climate control system (heat exchangers, air mixing chamber, blower, com-
pressor, and air ducts)

9. Electrical system (battery, alternator, electronic processing units, and wir-
ing harnesses)

10. Pedal box, linkages, and braking system master cylinder

[c <IN o) WV, IF ROV I S

OccUPANT PACKAGING

The occupant compartment package is created by using the following basic steps.
The steps are described in more detail in later sections of this chapter (see “Driver
Package Development Steps and Calculations” section).

1. Locate vehicle floor line (in side view: top of the carpet on the floor panel
taking into account ground clearance and space required for cross members
of the floor; see Figure 20.7).

2. Locate firewall taking into account space requirements of the engine
compartment entities and pedal placement (see vertical dotted line in
Figure 20.7).

3. Determine the driver’s seating location by establishing the location of the
SgRP. It is located at (a) H30-1 vertical distance above the vehicle floor
(see Figure 20.7), (b) Xys horizontal distance rearward from the ball of
the driver’s foot (see Figure 20.8) (BOF; also called pedal reference point
[PRP]) on the accelerator pedal, and (c) W20-1 lateral distance from the
vehicle centerline.

The driver’s BOF on the accelerator pedal is located 203 mm from the
driver’s accelerator heel point (AHP) along the pedal plane line in the side
view (refer to SAE procedures specified in SAE J826, J1517, and J4004
standards). The accelerator pedal angle is computed by using a quadratic
equation as a function of H30-1 (refer to SAE J1516).
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FIGURE 20.8 Distribution of horizontal location on H-points and 95th percentile H-point
location.

It should be noted that H30-1 (the height of the driver’s SgRP) above
the vehicle floor is an important dimension in establishing the height of
the cab (which in turn, is determined by the body-style of the vehicle). The
top of the vehicle floor is defined by the driver’s right heel contact point
on the carpet (or rubber mat) on the vehicle floor. The driver’s heel point is
defined by the location of the driver’s right foot (i.e., heel) on the top of the
depressed carpet (due to the weight of the foot) on the vehicle floor when the
foot is on the undepressed accelerator pedal.

4. Determine seat track length by computing X, 5 and X, 5 to determine hori-
zontal seat track length (TLI) using SAE J1517 or J4004. Note that X, 5 and
X5 are the 2.5 and 97.5 percentile horizontal locations of driver seating
positions as measured by the hip point locations of drivers from the driver’s
BOF on the accelerator pedal.

5. Determine drivers’ eye locations by drawing 95th percentile eyellipses
using the SAE J941 procedure. The equations for determining the centroids
of the left and right ellipsoids (with respect to the SgRP), the lengths of the
three axes of the ellipsoids, and the forward tilt angle of the ellipsoids are
also provided in SAE J941.

6. Locate steering wheel by determining the W9, W7, L11, and H17 dimen-
sions (see Figure 20.7). The steering wheel should be rearward of the
maximum reach distance (obtained from SAE J287) and forward of the
minimum comfortable reach distance (Bhise, 2012). Also, evaluate obscu-
rations caused by the steering wheel (using SAE J1050) and thigh clearance
(for the driver’s thigh during entry and exit) between the bottom of the
steering wheel and the seat cushion.

7. Locate 99th percentile head clearance contour using the SAE J1052 proce-
dure. The head clearance contour is an ellipsoidal surface that defines 99%
of the tops, sides, and backs of heads of drivers. The roof liner, header, and
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roof rails of the vehicle should be placed with sufficient clearance from the
head clearance ellipsoid.

8. Determine space available for the driver to operate controls and displays
by locating a 35° down angle cone (with its vertex at the mid-point between
the left and right eyellipse centroids) and maximum and minimum reach
zones. The controls and displays that are used during driving should be
located above the 35° down angle cane, rearward of the maximum reach
zone and forward of the minimum reach zone (refer to Bhise, 2012).

9. Locate SgRPs for the rear passengers by determining L50-1 (which is the
horizontal distance between the seating reference points of the front and
second row seats).

10. Locate SgRP of the front seat passenger. The front passenger is generally
located symmetrically (as a mirror image) of the driver’s seat from the ver-
tical plane passing through the vehicle centerline.

11. Place 99th percentile head clearance contours for the front and all rear
passengers. The roof liner, rear header, and roof rails of the vehicle should
be placed with sufficient clearance from the head clearance ellipsoid.

12. Location of seats. The seats are located based on the SgRPs of the occu-
pants. The SgRP location of each seat must be placed at the corresponding
SgRP location shown in vehicle drawings or a CAD model.

13. Location of the instrument panel. The instrument panel is located based on
the maximum and minimum reach and visibility requirements (visibility
through the steering wheel and visibility over the top of the steering wheel,
the instrument panel top, and the hood) (refer to Bhise, 2012).

14. Evaluate the interior package. Evaluations are generally conducted to
assess the acceptability of seating positions, locations of various interior
items, and clearances by asking customers (representative subjects) to sit in
a full-size vehicle package buck (or a programmable vehicle buck or a vir-
tual reality simulator) configured to the proposed vehicle dimensions and
to provide ratings on a number of package dimensions (see next section and
Chapter 21 for details).

CAD MobkLs AND PackAGE Bucks

A CAD model of the vehicle being designed is created by the package engineers to
illustrate the outputs of all mechanical and occupant packaging steps. The model
helps in understanding the 3-D aspects of the exterior and interior of the vehicle. The
model also shows how various entities within the vehicle are located, configured,
and interfaced with other entities within the vehicle space.

The CAD model can be viewed on computer screens or projected on a large
screen to get a better idea of the true size of the vehicle. The vehicle model can also
be rotated and viewed from different viewing locations and orientations. However,
CAD models, even when projected in virtual reality simulators such as computer-
aided virtual environments (CAVEs), do not give a realistic sense of the true size
and spatial aspects of the vehicle. Therefore, the package engineers create physical
models (or bucks) to illustrate the vehicle design and to conduct design reviews,
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evaluations, and verification of the locations of the occupants and various entities in
the vehicle space.

A full-size package buck is a mock-up created (using wood, fiberglass, an alumi-
num frame structure, etc.) to allow assessment of the interior space, locations of pri-
mary controls, entry/egress, visibility, loading/unloading, and storage compartments.
The interior buck typically includes seats, steering column and steering wheel, ped-
als, and surfaces to represent the instrument panel, door trim panels, center console,
headliner and daylight (window) openings. Programmable vehicle models (PVMs)
can be also used. PVMs are computer-controlled adjustable bucks that can quickly
adjust package dimensions to input parameters. Additional information on package
bucks and PVMs is presented in Chapter 13.

INTERIOR PACKAGE REFERENCE POINTS AND SEAT TRACK—RELATED DIMENSIONS

The reference points used for the location of the driver and their relevant dimensions
are

1. AHP: This is the heel point of the driver’s right shoe that is on the depressed
floor covering (carpet) on the vehicle floor when the driver’s foot is in con-
tact with the undepressed accelerator (gas) pedal (see Figure 20.7). SAE
standard J1100 defines it as “A point on the shoe located at the intersection
of the heel of shoe and the depressed floor covering, when the shoe tool
(specified in SAE J826 or J4002) is properly positioned (i.e., the ball of foot
contacting the lateral centerline of the undepressed accelerator pedal, while
the bottom of shoe is maintained on the pedal plane).”

2. Pedal Plane Angle (A47): This is defined as the angle of the accelerator
pedal plane in the side view measured in degrees from the horizontal (see
Figure 20.7). The pedal plane is not the plane of the accelerator pedal but
the plane representing the bottom of the manikin’s shoe, defined in SAE
1826 or J4002. (A47 can be computed using the equations provided in SAE
J1516 or J4004, or it can be measured using the manikin tools described in
SAE J 826 or J4002 (see Step 2 in “Driver Package Development Steps and
Calculations” later in this chapter).)

3. BOF: This is the point on the top portion of the driver’s foot that is nor-
mally in contact with the accelerator pedal. The BOF is located 200 mm
from the AHP measured along the pedal plane (SAE J4004, SAE 2009).

4. PRP: This is on the accelerator pedal lateral centerline where the ball of
foot (BOF) contacts the pedal when the shoe is properly positioned (i.e.,
heel of shoe at AHP and bottom of shoe on pedal plane). SAE standard
J4004 provides a procedure for locating the PRP for curved and flat accel-
erator pedals using the SAE J4002 shoe tool. If the pedal plane is based on
SAE standards J826 and J1516, the BOF point should be taken as the PRP.

5. SgRP: This is the location of a special hip point (H-point) designated by
the vehicle manufacturer as a key reference point to define the seating loca-
tion for each designated seating position. Thus, there is a unique SgRP for
each designated seating position (e.g., the driver’s seating position, the



372

Automotive Product Development: A System Engineering Implementation

front passenger’s seating position, and the left rear passenger’s seating
position). An H-point simulates the hip joint (in the side view as a hinge
point) between the torso and the thighs, and thus, it provides a reference for
locating a seating position. In the plan view, the H-point is located on the
centerline of the occupant.
The driver’s SgRP is specified as follows:
a. It is designated by the vehicle manufacturer.
b. It is located near or at the rearmost point of the seat track travel.
c. The SAE (in standards J1517 or J4004) recommends that the SgRP
should be placed at the 95th percentile location of the H-point distribution
obtained by the seat position model (called the SgRP curve) at an H-point
height (H30-1) from the AHP specified by the vehicle manufacturer.
The driver’s SgRP is the most important and basic reference point in
defining the driver package. The driver’s SgRP must be established early
in the vehicle program and should not be changed later during the vehicle
development process, because
i. It determines the locations of the driver and the seat track in the
vehicle package.
ii. All driver-related design and evaluation analyses are conducted with
respect to this point, that is, location of eyes, interior and exterior vis-
ibility fields, specifications of spaces (e.g., headroom, legroom, and
shoulder room), reach zones, locations of controls and displays, and
door openings (for entry/exit). Thus, any change in the SgRP location
will require recalculation of other reference points and analyses.
The occupant positioning tools available are
H-Point Location Model: The original H-point location model was
developed by Philippart et al. (1984) based on measurements of preferred
sitting locations of a large number of drivers in actual vehicles with differ-
ent package parameters. The sitting position of each driver was defined as
the location of the driver’s H-point. The H-point location was determined
by the horizontal seat track position selected by the driver at the seat height
(measured by H30; see Figure 20.8) in the vehicle. (Note: The H30 dimen-
sion for the driver’s seating height is designated as H30-1 in newer versions
of the SAE standards.) For any given vehicle, the H-point of a population
of drivers can be represented by their distribution of horizontal locations.
Figure 20.8 shows the distribution of the horizontal location (X) of the
H-points. The 95th percentile value of the distribution is generally selected
as the location of the SgRP, as shown in Figure 20.8. The SgRP is defined
as the point located at X,5 horizontal distance from the BOF point and H30
vertical distance from the AHP. The trajectory of X, locations as a func-
tion of H30 is called the SgRP curve (see Figure 20.8). The equation of the
SgRP curve (provided in SAE standards J1516 and J4004a) is provided in
a later section of this chapter (see Step 1 in “Driver Package Development
Steps and Calculations”).
H-Point Location Fixtures: The SgRP can be located in a physical prop-
erty (i.e., an actual vehicle or a package buck) by placing the SAE H-point
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machine (HPM) specified in SAE standard J826 or the H-point device
(HPD) specified in SAE standard J4002. The HPM and HPD are 3-D fix-
tures, and they can be placed in a seat at any designated seating location to
measure or verify the location of the SgRP at that location.

The HPM is referred to in the auto industry and by some seat manufactur-
ers as the OSCAR. Since the seat is compressible and flexible, the HPM is
placed on the seat and used as a development and verification tool by seat man-
ufacturers and vehicle manufacturers. The tool is used to determine whether
the SgRP of the seat that is built and installed in an actual vehicle falls within
the manufacturing tolerances from the design SgRP location (shown in the
vehicle CAD model or drawings). The description and procedure for location
of the HPM are provided in SAE standard J826. The HPD is designed with
a three-segmental back pan to account for the effect of the shape of the seat
back (especially in the lumbar region). SAE standard 4002 provides drawings,
detailed specifications, and procedures for the use of the HPD.

The SAE HPM and HPD (HPM in SAE standard J826; HPD in SAE
standard 4002) are designed such that when they are placed in a seat they
deflect the seat similarly to the way a real person will deflect the seat. Each
device weighs 76 kg (167 Ib, which is the 50th percentile U.S. male weight)
and has the torso contour of a 50th percentile U.S. male. The devices use
95th percentile legs (10th and 50th percentile leg lengths are also available).

6. Seat Track Length: This is defined as the horizontal distance between
the foremost and rearmost locations of the H-point of a seated driver. To
accommodate 95% of the driver population with a 50:50 male-to-female
ratio, the foremost and the rearmost points can be defined by determining
2.5 and 97.5 percentile H-point locations from the BOF on the accelera-
tor pedal. The computation procedures for determining different percen-
tile values are specified in SAE standards J1517 and J4004. SAE standard
J1517 was replaced by SAE standard J4004 standard, and the SAE recom-
mends that J4004 should be used to determine the seat track length and the
accommodation levels for the U.S. driving population. It should be noted
that since the introduction of SAE standards J4002, 4003, and 4004, the
package engineering community within various automotive companies is
slowly transitioning from the old (J826, J1516, and J1517) procedures to the
revised (J4002, 4003, and J4004) procedures. Therefore, relevant informa-
tion from both the procedures is provided here.

The original seat position location model developed by Philippart et al. (1984)
was included in SAE standard J1517. SAE standard J1517 was thus developed by
measuring the actual seated positions of large numbers of drivers in vehicles with
different H30 values (after they had driven the vehicles and adjusted the seat location
to their preferred position) (Philippart et al., 1984). Therefore, the H-point location
model is based on “functional” anthropometric data (i.e., real drivers seated in actual
vehicles in their preferred driving posture). SAE standard J1517, entitled “Driver-
Selected Seat Position,” provides statistical prediction equations for seven percentile
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values ranging from 2.5 to 97.5 of H-point locations in the vehicle space. The 2.5 and
97.5 percentile H-point location prediction equations are generally used to establish
seat track travel to accommodate 95% of drivers. The equations are quadratic func-
tions of H30 for Class A vehicles (passenger cars and light trucks) and linear func-
tions of H30 for Class B vehicles (medium and heavy commercial trucks). The Class
A vehicle equations are based on a 50:50 male-to-female ratio. The Class B vehicle
driver-selected seat position lines are specified in SAE J1517 for 50:50, 75:25, and
90:10 to 95:5 male-to-female ratios.

SAE standard J4004 presents an H-point location procedure based on more recent
work by Flannagan et al. (1996, 1998) for Class A vehicles. The recommended seat
track lengths to accommodate different percentages of drivers and the reference
location (X,.;) for placement of the seat track and the PRP are provided in SAE
standard J4004. X,.; is defined as a linear function of H30, steering wheel loca-
tion (L6), and type of transmission (with or without a clutch pedal). (SAE standard
J4004 suggests that until the year 2017, the BOF and AHP determined according to
SAE standard J1517 may be used in lieu of the pedal reference point cited in J4004.
However, SAE standard J4004 should be used to determine the seat track length and
the accommodation levels for the U.S. driving population.)

According to SAE standard J4004, the seat track length should be 206, 240, and
271 mm to accommodate 90%, 95%, and 97.5% of drivers, respectively.

The equations illustrating these two procedures are provided in a later section of
this chapter (see page 381).

INTERIOR DIMENSIONS

A number of interior package dimensions shown in Figure 20.7 are described in
this section. The dimensions are defined using the nomenclature specified in SAE
standard J1100.

1. Location of SgRP from AHP: The horizontal and vertical distances
between the AHP and the SgRP are defined as L53 and H30, respectively
(see Figure 20.7).

2. Posture Angles: The driver’s posture is defined by the angles of different
body segments (defined by lines of the body segments, such as torso line,
thigh line, and lower leg line) of the HPM or the HPD. The angles shown in
Figure 20.7 are defined as follows:

a. Torso angle (A40): This is the angle between the torso line (also called
the backline) and the vertical. It is also called the seatback angle or the
back angle.

b. Hip angle (A42): This is the angle between the thigh line and the torso line.

c. Knee angle (A44): This is the angle between the thigh line and the
lower leg line. It is measured on the right leg with the right foot posi-
tioned on the accelerator pedal.

d. Ankle angle (A46): This is the angle between the (lower) leg line and
the bare foot flesh line, measured on the right leg with the right foot on
the accelerator pedal.
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e. Pedal plane angle (A47): This is the angle between the accelerator pedal
plane and the horizontal.

3. Steering Wheel Location: The center of the steering wheel is specified by

locating its center by dimensions L11 and H17 in the side view. L11 is the
horizontal distance of the steering wheel center from the AHP. H17 is the
vertical distance of the steering wheel center from the AHP. The steer-
ing wheel center is located on the top plane of the steering wheel rim (see
Figure 20.7). The lateral distance between the center of the steering wheel
and the vehicle centerline is defined as W7. The diameter of the steering
wheel is defined as W9. The angle of the steering wheel plane with respect
to the vertical is defined as A18 (see Figure 20.7).

. Entrance Height (H11): This is the vertical distance from the driver’s SgRP
to the upper trimmed body opening (see Figure 20.9). The trimmed body
opening is defined as the vehicle body opening with all plastic trim (cover-
ing) components installed. This dimension is used to evaluate head clear-
ance as the driver enters the vehicle and slides over the seat during entry
and egress.

5. Belt Height (H25): This is the vertical distance between the driver’s SgRP

and the bottom of the side window daylight opening (DLO) at the SgRP
X-plane (i.e., the plane perpendicular to the longitudinal X-axis and pass-
ing through the SgRP) (see Figure 20.9). The belt height is important to
determine the driver’s visibility to the sides. It is especially important in
tall vehicles, such as heavy trucks and buses, to evaluate whether the driver
can see vehicles in the adjacent lanes, especially on the right-hand side (of a
left-hand drive vehicle). The belt height is also an important exterior styling
characteristic: many luxury sedans have high belt height from the ground
as compared with their overall vehicle height.

Door opening

Bottom of side
window DLO

HI11

SgRP

FIGURE 20.9 Entrance height (H11) and belt height (H25).
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Headliner

+ 102 mm = H61

FIGURE 20.10  Effective head room (H61).

6. Effective Headroom (H61): This is the distance along a line 8° rear of the
vertical from the SgRP to the headlining, plus 102 mm (to account for the
SgRP to bottom of buttocks distance) (see Figure 20.10). It is one of the
commonly reported interior dimensions and is usually included in vehicle
brochures and websites.

7. Leg Room (L33): This is the maximum distance along a line from the ankle
pivot center to the farthest (rearmost) H-point in the travel path (i.e., seat
adjusted to the rearmost position of its travel) plus 254 mm (to account for
the ankle point to accelerator pedal distance), measured with the right foot
on the undepressed accelerator pedal (see Figure 20.11). It is also one of the
commonly reported interior dimensions and is usually included in vehicle
brochures and websites.

Rearmost H-point

Ankle pivot point /

+254 mm = L33

FIGURE 20.11 Leg room (L33).
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Passenger’s side
interior door
trim panel

Driver’s side
interior door
trim panel

) Measurement

zone

FIGURE 20.12  Shoulder room (W3).

8. Shoulder Room (W3) (Minimum cross-car width at beltline zone): This
is the minimum cross-car distance between the trimmed doors within the
measurement zone. The measurement zone lies between the beltline and
254 mm above the SgRP, in the X-plane passing through the SgRP (see
Figure 20.12). It is also one of the commonly reported interior dimensions
and is usually included in vehicle brochures and websites.

W31

)

SgRP Armrest

FIGURE 20.13  Elbow room (W31).
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|
> Measurement zone
SgRP~—,

& v '\l =25 mm below to

FH b\—/j | 76 mm above SgRP
and within 76 mm

fore and aft of SgRP

FIGURE 20.14 Hip room (WS5).

9. Elbow Room (W31) (Cross-car width at armrest): This is the cross-car dis-
tance between the trimmed doors, measured in the X-plane passing through
the SgRP, at a height 30 mm above the highest point on the flat surface of
the armrest. If no armrest is provided, it is measured at 180 mm above the
SgRP (see Figure 20.13).

10. Hip Room (W5) (Minimum cross-car width at SgRP zone): This is the mini-
mum cross-car distance between the trimmed doors within the measure-
ment zone. The measurement zone extends 25 mm below and 76 mm above
the SgRP and 76 mm fore and aft of the SgRP (see Figure 20.14).

11. Knee Clearance (1L62) (Minimum knee clearance—front): This is the min-
imum distance between the right leg knee pivot point (K-point) and the

Instrument
panel

/ L Thigh line
L Knee pivot point

L —-51 mm = L62

FIGURE 20.15 Knee clearance (L62) and thigh room (H13).
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nearest interference, minus 51 mm (to account for the knee point to front
of the knee distance) measured in the side view, on the same Y-plane as the
K-point, with the heel of the shoe at floor reference point/heel point (FRP)
(see Figure 20.15).

12. Thigh Room (H13) (Steering wheel to thigh line): This is the minimum
distance from the bottom of the steering wheel rim to the thigh line (see
Figure 20.15).

DRIVER PACKAGE DEVELOPMENT STEPS AND CALCULATIONS

This section covers 14 basic steps involved in (a) positioning the driver, (b) determining the
seat track length, (c) positioning eyellipses, (d) positioning head clearance envelopes, (€)
determining maximum and minimum reach envelopes, (f) positioning the steering wheel,
and (g) determining the couple distance between the front and second rows of seats.

1. Determine H30 =height of the SgRP from the AHP. (It is also called
H30-1.)

The H30 value is usually selected by the package engineer based on
the type of vehicle to be designed. The H30 dimension is one of the basic
dimensions used in the SAE standards to define Class A vehicles (passenger
cars and light trucks) and Class B vehicles (medium and heavy trucks). The
values of H30 for Class A vehicles range between 127 and 405 mm.

It should be noted that smaller values of H30 will allow lower roof height
(measured from the vehicle floor) and will require longer horizontal space
(dimension L53 and X,;) to accommodate the driver—Ilike sitting in a
sports car. Conversely, if a large value of H30 is selected, a taller cab height
and shorter horizontal space (dimension L53 and X,s) will be required to
accommodate the driver. Class B vehicles (medium and heavy trucks) will
have large values of H30 (typically 350 mm and above), so that less hori-
zontal cab space is used to accommodate the driver, and thus, longer longi-
tudinal space is available for the cargo area.

The BOF to SgRP horizontal distance is usually determined by comput-
ing the X,5 value (which defines the location at which 95% of drivers will
have their hip point rearward of the BOF point). The X,s value is computed
using the following equation, given in SAE J1517. (This equation is called
the SgRP curve in SAE J4004.)

Xos =913.7+0.6723162 — 0.001955302>

where z=H30 (mm)
2. Determine pedal plane angle (A47)
The value of the pedal plane angle in degrees from horizontal is obtained
using the following equation from SAE standard J 1516.

A47=78.96-0.157—0.01737°
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where z=H30 (cm) (Note: the z-value is in centimeters for this equation

only.)

In SAE standard J4004, the pedal plane angle is defined as alpha (),

where

o =77-0.08 (H30) degrees from horizontal. (Note: H30 is specified in

millimeters.)
. The vertical height (H) between BOF and AHP can be computed as follows:

H =203 xsin(A47)

It should be noted that the distance between AHP and BOF is specified

as 203 mm in SAE standard J1517 and 200 mm in SAE standard J4004.
. The horizontal length (L) between BOF and AHP can be computed as
follows:

L =203xcos(A47)

. The horizontal distance between AHP and SgRP (defined as L53) can be
computed as follows:

L53= X95 _L

. The seat track length is defined by the total horizontal distance of the fore
and aft movement of the H-point (for a seat that does not have vertical
movement of the H-point). The foremost and rearmost H-points on the seat
track are defined by the vehicle manufacturer.

To accommodate 95% of drivers (with 50% males and 50% females), the

foremost point is located at X, 5 horizontal distance rearward of the BOF
and the rearmost point is located at X, 5 horizontal distance rearward of the
BOF. SAE standard J1517 provides the following equations to determine
values of X, 5 and Xy, 5:

X,s5 =687.1+0.8953367—0.002104947"

Xo75=936.6+0.613879z —0.00186247 7>

Where
z=H30 (mm)

TL23 = ng - X2_5

= horizontal distance between the SgRP and the foremost H-point

TL2 = X97.5 — Xos
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= horizontal distance between the SgRP and the rearmost H-point
total seat track length to accommodate 95% of the drivers =TLI

where

TL1=TL23+TL2 = Xg;5 — X535

If SAE standard J4004 is used to locate the seat track, then the x dis-
tance of the H-point reference point aft the PRP is computed as follows:

X, =718 -0.24(H30)+0.41(L6) - 18.2¢

where:
L6 is the horizontal distance from the PRP to the steering wheel center

(see Figure 20.16)

Y
’ L31 R
< >
A A A ) X
Ye Ya|  Yer SgRP
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05 Head clearance
envelope
\
Vehicle body side )
Plan view
z — Centroid of head z
A clearance envelope A
Head clearance R0 e
HX
envelope i g
22 HUSY D'
. /
R /. o
/ 3
i
Eyellipse 638
centroid
SgRP
Z| vy
w20
¥ 5y
Body zero Side view Rear view
(origin)

FIGURE 20.16  Location of eyellipses and head clearance envelope.
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t is the transmission type (=1 if clutch pedal is present [manual trans-
mission], and 7 =0 if clutch pedal is not provided [automatic transmission])

The foremost and rearmost points on the seat track are obtained from
data presented in SAE J4004. The value of TL1 for 95% accommodation is
specified in the standard as 240 mm.

. The seatback angle (also called the torso angle) is defined by dimension

A40 (measured in degrees with respect to the vertical). With the reclinable
seatback feature, a driver can adjust the angle to his/her preferred seatback
angle. The seatback angle in the 1960s and 1970s was defined as 24° or 25°
by many manufacturers for bench seats (which had a fixed seatback angle).
But with the adjustable seatback feature (i.e., reclinable seats) introduced
in later vehicles, most drivers preferred to sit more upright, with seatback
angles of about 18°-22° in passenger cars and about 15°—18° degrees in
pickups and SUVs. The seatback angles selected by Class B (medium and
large commercial truck) drivers are generally more upright at about 10°—15°
from the vertical.

. The driver’s eyes are located in the vehicle space by positioning “eyel-

lipses” in the CAD model (or a drawing) of the vehicle package. The “eyel-
lipse” is a concocted word created by the SAE by joining the two words
“eye” and “ellipse” (using only one “e” in the middle for the joint word).
The eyellipse is a statistical representation of the locations of drivers’ eyes
used for the visibility analyses.

SAE standard J941 defines these eyellipses, which are actually two
ellipsoidal surfaces (one for each eye) in three dimensions (they look like
two footballs fused together at the average interocular distance of 65 mm;
see the plan view shown in Figure 20.16). The eyellipses are defined based
on the tangent cutoff principle; that is, any tangent drawn to the ellipse in
two dimensions (or a tangent plane to an ellipsoid in three dimensions)
divides the population of eyes above and below the tangent in the propor-
tions defined by the percentile value of the eyellipse. Therefore, the sight-
lines for visibility evaluations are generally constructed as tangents to the
ellipsoids.

SAE standard 941 has defined four eyellipsoids by combinations of
two percentile values (95th and 99th) and two seat track lengths (TL23,
shorter than 133 mm, and TL23, greater than 133 mm). The eyellipsoids
are defined by the lengths of their three axes (in the X, y, and z directions,
shown in Figure 20.16 as EX, EY, and EZ). Generally, most visibility analy-
ses are conducted using selected pairs of eyes corresponding to different
drivers (e.g., short, tall, or nearest or farthest driver from different displays
or obstructions) using the 95th percentile eyellipses. The values of EX, EY,
and EZ for the 95th percentile eyellipse with TL23 > 133 mm are 206.4,
60.3, and 93.4 mm, respectively. (The values of EX, EY, and EZ for other
combinations of percentile and seat track travel are available in SAE stan-
dard J941.) The eyellipses are located by specifying the x, y, and z coor-
dinates of their centroids. The ellipsoids are also tilted downward in the
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forward direction by p =12° (i.e., the horizontal axes of the ellipsoids are
rotated counterclockwise by 12°; see Figure 20.16).

The coordinates of the left and right eyellipse centroids ([X,, Y, Z.]
and [X,, Y,,, Z_.], respectively) with respect to the body zero are defined in
SAE standard J941 as follows (see Figure 20.16):

X, =L1+664+0.587(L6)—0.178(H30)—12.5¢
Y, =W20-325

Y, =W20+32.5

Z.=638+H30+HS

where:
(L1, W1, H1) = coordinates of the PRP (or BOF)
L6 =horizontal distance between the BOF (or PRP) and the steering
wheel center

t =0 for vehicle equipped with automatic transmission and ¢ = 1 for vehi-
cle with clutch pedal (manual transmission) (Note: The SgRP coor-
dinates with respect to the body zero are (L31, -W20, HS + H30).
L1=L31-Xy5 and Y, =-W20.) (It is the lateral distance of the driver
centerline from the X-axis. See Figure 20.16.)

9. Locations of Tall and Short Driver Eyes: The tall and short drivers’ eyes on
the 95th percentile eyellipse are located at 46.7 mm (half of EZ=93.4 mm)
above and below the eyellipse centroid. By taking into account that the eyel-
lipses are tilted 12° forward, the height of 46.7 mm can be adjusted to 46.7/
Cos 12 or 47.74 mm.

10. The head clearance envelopes are defined in SAE standard J1052 (see
Figure 20.16). They were developed to provide clearance for the driver’s
hair on the top, front, and sides of the head. They are defined as ellipsoidal
surfaces (upper half of the ellipsoid, i.e., above the centroid only) in three
dimensions. The size of the ellipsoid is defined by specified dimensions of
three axes of the ellipsoid from its centroid. The dimensions are shown in
Figure 20.16 as HX, HY, and HZ (Note: these are half-axis lengths—mea-
sured from the centroid). The values of HX, HY, and HZ for the 99th
percentile head clearance ellipsoid are 246.04, 166.79, and 151 mm, respec-
tively, for seat track lengths (TL23) over 133 mm. To accommodate drivers
(or passengers) who require more head clearance space (e.g., who wear caps
or hats), additional clearance spaces should be provided over the 99th per-
centile head clearance contours.

The head clearance envelopes are also defined as tangent cutoff ellip-
soids, and clearances from vehicle surfaces such as the roof, header, or roof
rails can be measured by determining the amount of movement (in the three
directions defined by the vehicle coordinate system) of the head clearance
envelope needed to touch different interior surfaces. The centroid of the
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head clearance contour is located at (x,, y,, z,) distance from the mid-eye
centroid (i.e., the midpoint of the left and right eyellipse centroids). For seat
track travel (TL23) greater than 133 mm, the values of (x,, y,, z,) coordi-
nates in millimeters are (90.6, 0.0, 52.6).

SAE standard J1052 provides four head clearance ellipsoids for the com-

binations of two percentile values (95th and 99th) and two seat track lengths
(TL23 below 133 mm and above 133 mm). In addition, to accommodate
horizontal head shift of occupants seated in the outboard (toward the side
glass) locations, the standard provides an additional lateral shift of 23 mm
of the ellipsoid on the outboard side. The ellipsoids are also tilted down-
ward in the counterclockwise direction by 12° (see Figure 20.16).

The maximum reach data are provided in SAE standard J287. The reach
distances are based on the controls reach studies conducted by the SAE
(Hammond and Roe, 1972; Hammond et al., 1975). In these studies, each
subject was asked to sit in an automotive buck at his/her preferred seating
position (by adjusting the seat controls) with respect to the steering wheel
and the pedals. The subject was then asked to grasp each knob (1 in. in
diameter—Tlike the old push-pull head lamp switch knob) with three fin-
gers and slide the knob (mounted at the end of horizontally sliding bar)
as far forward as he/she could reach at each of the vertical and lateral bar
locations (see Figure 20.17). The experimenters were looking for the maxi-
mum rather than the preferred reach distances. SAE standard J287 provides

Driver pushing the knob at the end
of the sliding bar to maximum
horizontal reach

o

FIGURE 20.17 Maximum hand reach study buck. (The buck shown in the above picture
was configured to represent a heavy truck package.)



Vehicle Package Engineering Tools 385

tables that present horizontal distances forward from an “HR” (hand reach)
reference plane at combinations of different lateral and vertical locations
with respect to the driver’s SgRP.

The HR reference plane is a vertical plane located perpendicular to the
longitudinal axis (X-axis) of the vehicle (see Figure 20.18). The horizontal
location of the HR plane from the AHP is established by computing the
value (in millimeters) of a variable that is also called HR. The value of HR
is computed by using the following equation:

Y
Maximum reach of <«— Hand reach reference (HR) plane
Vehicle centerlin\e inboard hand
M M “ A ) X
Accelerator pedal / AHP b
¢ =
. . SgRP
Driver centerline /
N\ v
Point on the max y
reach envelope — 1 |
Maximum reach of / < X o
outboard hand
Plgn view
Horizontal distance forward
. L53 R of the HR Plane (x) given in
Maximum < ” ] 287 tables for (y,z) locations
Z hand reach N <« HR —>
A Point on the N —— ,Hand reach reference (HR) plane
max reach envelope |
S : J v —v SgRP
"o AHP g
A
\ » X
Body zero
(origin) Side view

FIGURE 20.18 Plan and side views showing the HR plane and horizontal distances for-
ward of the HR plane provided in tables of SAE Standard J287.



386

Automotive Product Development: A System Engineering Implementation

HR =[786 —99G]

where G = general package factor

If the computed value of HR is greater than L53, then the HR plane is
located at the SgRP.

The G-value is computed using the following formula in SAE standard
J287 FEB2007 (SAE, 2009):

G =0.00327(H30)+0.00285(H17)-3.21

where H17 =height of the center of the steering wheel (on the plane
placed on the driver’s side of the steering wheel rim) from the AHP
(see Figure 20.18). The values of H30 and HI17 in this equation are in
millimeters.

The value of G varies from —1.3 (for a sports car package) to +1.3 (for a
heavy truck package). The G-values of passenger cars are typically nega-
tive. Pickup trucks have G-values close to zero.

The reach tables are provided for combinations of the three variables:
(a) type of restraints used by the driver (unrestrained =lap belt only, and
restrained =lap and shoulder belt), (b) G-value (range of G-values speci-
fied for each table), and (c) male-to-female population mix (three males-to-
females ratios are specified: 50:50, 75:25, and 90:10). Figure 20.18 presents
side and plan views showing the reach contours. The reach contours are
defined such that 95% of the drivers will be able to reach each specified
reach location, defined by lateral and vertical distance from the driver’s
SgRP. It should be noted that the hand reach envelopes of the inboard hand
are placed slightly farther forward than the hand reach envelopes of the
outboard hand. This is because of the restriction on the forward movement
of the driver’s outboard shoulder by the shoulder belt. The driver could thus
reach farther forward with the inboard hand as compared with the outboard
hand.

The reach contours actually generate two complex surfaces, one for
each hand, in the three dimensions. SAE standard J287 provides tables pre-
senting horizontal reach distances from the HR plane for combinations of
males-to-females ratio, type of seat belt (shoulder and lap belt or lap belt
only), and G-value of the vehicle package. Each table provides the horizon-
tal reach distance for combinations of lateral distance from the SgRP and
vertical distance from the SgRP. Figure 20.19 illustrates maximum reach
distances (i.e., 5Sth percentile reach distance, which allows 95% of drivers
to reach) forward of the HR plane and at vertical and lateral distances from
the SgRP for the outboard and inboard hand (i.e., for the left and right hand,
respectively, in a left-hand drive vehicle).

To account for differences in reach distances obtained by an extended
finger (e.g., reaching a push button with an extended single finger) or full
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FIGURE 20.19 Maximum horizontal hand reach distances. (Plotted from data in Table 4
of SAE J287 FEB2007 [Society of Automotive Engineers, Inc., SAE Handbook. Warrendale,
PA, Society of Automotive Engineers, 2009].)

grasp (all fingers grasping a control, such as a gear-shift knob on a floor-
shift vehicle), 50 mm is added or subtracted, respectively, from the value
obtained from the tables provided in SAE standard J287.

12. The minimum reach is the shortest distance at which the hand controls can
be placed from the driver. It is defined by the closest reach distance of a
short driver seated at the foremost point on the seat track (i.e., her H-point
located at the forwardmost point of the seat track) to reach the hand con-
trols. The minimum reach zones are defined as two hemispherical zones
with their centers at the short driver’s elbow points touching the seat back
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and radius equal to upper hand grasp length (see Figure 20.20). The hand
controls should be placed outside the hemispherical zones to avoid awk-
ward and unnatural hand, wrist, and finger angles and movements when
reaching and grasping controls. The drawing procedure for the minimum
comfortable reach envelopes is covered in Chapter 5 of Bhise (2012).

13. Steering Wheel Location. The steering wheel location is constrained by
the maximum and minimum reach envelopes, visibility of the roadway,
and thigh clearance (see hatched area in Figure 20.20). The steering wheel
should be placed rearward of the maximum reach (SAE standard J287)
and forward of the minimum reach envelopes. The sight line (or the vis-
ibility) over the top of the steering wheel rim from the short driver’s (5th
percentile) eye point should allow the driver to view the road surface at a
preselected distance in front of the vehicle. The preselected ground inter-
cept distance of about 6-21 m (20-70 ft) in front of the front bumper is
generally considered acceptable. The thigh clearance between the bottom
of the steering wheel and the top of the seat should allow accommodation of
at least the 95th percentile thigh thickness of the intended driver population
during the entry and egress postures.

In addition to meeting the requirements illustrated in Figure 20.20, the
nominal location of the steering wheel is also determined by benchmark-
ing steering wheel locations of other vehicles (e.g., superimposing steering
wheel locations of other vehicles using common SgRP and/or BOF) and by
using subjective assessment techniques in vehicle bucks (see Chapters 11,
21, and 22 for evaluation of the interior package). Further, use of a tilt and
telescopic steering column should allow most drivers to adjust the steering
wheel to their preferred driving position.

Eyellipse (95th percentile)

Maximum reach envelope

Minimum reach envelope

Driver’s elbow point at the
center of the minimum reach
hemisphere

Thigh clearance between
bottom of the steering wheel and
top of seat

FIGURE 20.20 Considerations related to location of the steering wheel.
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14. SgRP Couple Distance (L50). This is the longitudinal distance between the
SgRPs of adjacent seating rows. The longitudinal distances between rows
of seats are defined as follows:

L50-1=SgRP couple distance between the front seat row and the second
seat row

L50-2 =SgRP couple distance between the second seat row and the third
seat row

The couple distances are determined by considering the knee and foot
clearance space needs of the passengers in the rear seat from their anthro-
pometric data, benchmarking of existing vehicles, and evaluations of physi-
cal properties by customers in package evaluation clinics.

ENTRY AND EXIT CONSIDERATIONS

The driver and occupants should able to enter and exit from the vehicle quickly and
comfortably, without any awkward postures or undue physical effort, which may
involve excessive bending, turning, twisting, stretching, leaning, and/or hitting of
body parts on surrounding vehicle components. In this section, we will cover many
problems that drivers and passengers experience during entry into and exit from
vehicles and relate these to different vehicle package dimensions.

Drivers experience different problems while entering and exiting vehicles with
different body-styles, from low sports cars to sedans to SUVs to pickups and heavy
trucks. Assuming that a vehicle or a physical buck is available, the best method to
uncover these problems would be to ask a number of male and female drivers with
different anthropometric characteristics (e.g., tall, short, slim, or obese) to get in and
get out of the vehicles after they have adjusted the seat and steering wheel to their
preferred driving positions, and observe (or video record and replay in slow motion)
and ask them to describe the difficulties that they encountered. Such exercises are
usually performed by package and ergonomics engineers during the evaluation of
a physical buck of a new vehicle. Comparisons are also made with different bench-
marked vehicles to understand the differences in vehicle dimensional characteristics
and assist features (e.g., door handles, grab handles, steps, and hidden rockers) used
during entry/exit performance and the difficulty/ease ratings provided by the drivers
and passengers to determine whether a given vehicle package will be acceptable or
will need improvements.

PROBLEMS DURING ENTRY AND ExiT

The problems that drivers experience while entering or exiting from a passenger car
depend on their gender and anthropometric characteristics:

1. Drivers with short legs (predominantly women) will complain that
a. The seat and step-up (top of the rocker panel) are too high. The rocker
panel is the lower part on the side of the vehicle body under the doors
(which in effect creates the lower part of the of the door frame), over
which the occupant’s feet move during entry and exit (see Figure 20.21).
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b. The step-over (rocker panel section) is too wide. The lateral distance
to the outer edge of the rocker panel from the driver centerline is too
great for the driver to move his/her legs during entry from the ground
to inside the vehicle (see Dimension W in Figure 20.21).

c. The clearance between the driver’s knees and the lower part of the
instrument panel and/or the steering column is insufficient. This prob-
lem occurs because the short driver needs to move her seat farther for-

ward to reach the pedals with her shorter feet.

2. Older, obese, mobility-challenged drivers will complain that
a. The seatis either too high or too low (see dimension H5 in Figure 20.21).
This indicates that the driver had difficulty climbing up into the seat
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(e.g., strain in the knees while climbing up in a truck) or sitting down
into the seat due to larger muscular forces needed in the leg and back
muscles to move the driver’s body on to the seat during entry. Similarly,
during exit, a low-mounted seat requires greater muscular force in ris-
ing from the seat during exit (e.g., from a sports car).

b. The upper part of the body door opening (entrance height defined as
H11; see Figure 20.9) is too low. The person will experience difficulty
in bending or moving his/her head under the lower edge of the upper
body opening.

c. The step-over is too wide.

d. The thigh clearance (between the bottom edge of the steering wheel
and the top surface of the seat) is insufficient (see Figure 20.15).

e. The steering wheel-to-stomach clearance (between the lower part of the
steering wheel and the driver’s stomach) is insufficient.

f. The door does not open wide enough (i.e., the space between the
inner door trim panel of the opened door and the vehicle body-side is
insufficient).

3. Drivers with a tall torso will complain that
a. The upper body opening (entrance height, H11) is too low.
b. The A-pillar (front roof pillar) is too close to their head when they lean
or bend the torso forward.
c. The seat bolsters (i.e., the raised sides of the seat cushion) are too high.
d. The head clearance is insufficient.

4. Drivers with long legs will complain that

a. The seat track does not extend sufficiently rearward (the seat track is
too short and placed father forward in the vehicle).

b. The front edge of the B-pillar (the roof pillar between the front side
window and the rear side window) is too far forward. The seatback in
this case is moved rearward of the front edge of the B-pillar, requiring
the driver to brush past the B-pillar to get into the seat.

c. The lower rear edge of the cowl side is too far rearward. (Note: the
cowl panel is the body panel behind the rear edge of the engine hood
and forward of the lower edge of the windshield.) The legroom for the
driver is not sufficient to move his legs from the ground to inside the
vehicle. This problem usually results in the driver’s shoes hitting the
door opening edge under the cowl side (look for shoe scuff-marks on
the trim parts on the lower and forward part of the door opening).

d. The door does not open wide enough (i.e., the space between the opened
door and the vehicle body is insufficient).

Thus, the design of the door opening size and shape—created by the rocker
panel (on the bottom side), the B-pillar (on the rear side), the roof rail (the vehicle
body component above the doors and mounted on the sides of the vehicle roof), the
A-pillar (the rear edge of the front roof pillar), the lower part of the cowl and the knee
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bolster, the door opening angles, the positioning of the seat and seat dimensions, the
steering wheel (diameter and location), and the door grab and opening handles—all
affect the driver’s ease during entry and exit.

VEHICLE FEATURES AND DIMENSIONS RELATED TO ENTRY AND EXiIT

The vehicle features and vehicle dimensions to which vehicle designers and engi-
neers should pay attention to facilitate ease during entry/egress are as follows:

Door Handles

1. Height of the Outside Door Handle: The short 5th percentile woman should
be able to grasp the door handle without raising her hand over her standing
shoulder height, and the tall 95th percentile male should be able to grasp the
handle without bending down (i.e., not below his standing wrist height).

2. Longitudinal Location of the Outside Door Handle: The handle should be
placed as close to the rear edge of the hinged door as possible to avoid the
lower right corner of the driver’s door hitting the driver’s shin during door
opening.

3. Inside Door Handle Location: While the driver is closing the door (once
he/she has entered the vehicle and is seated in the driver’s seat), the inside
door grasp (or grab) handle should not require him/her to adopt a “chicken
winging”-type wrist posture. This means that the inside door handle should
be placed (a) forward of the minimum reach zone, (b) rearward of the maxi-
mum reach zone, (c) not below the door armrest height, and (d) not above
the seated shoulder height. For exit, the inside door opening handle location
should also meet these location requirements.

4. Handle Grasps: The grasp area clearances should be checked to ensure
that the outside door handles and the inside grasp handles (or pull cups)
can allow the insertion of four fingers of the 95th percentile male’s palm
(considering palm width, finger widths, and finger thickness). Further, to
facilitate gloved-hand operation, additional clearances would be needed,
depending on the type of winter gloves used. Additional clearances (at least
15 mm) should be provided to avoid scratches on nearby surfaces due to
finger rings and long fingernails.

Lateral Section at the SgRP and Foot Movement Areas

The following vehicle dimensions, shown in Figure 20.21, are important for ease
during entry and exit:

1. Vertical height of the SgRP from the ground (H5)

2. Lateral distance of the SgRP from the outside edge of the rocker (W)

3. Lateral distance of the outside of the seat cushion to the outside of the
rocker (S)

4. Lateral overlap thickness of the lower part of the door (T)

5. Vertical distance from the top of the rocker to the ground (G)
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6. Vertical distance from the top of the floor to the top of the rocker (D)
7. Height of the outer edge of the rocker panel (R)
8. Curb clearance of doors at design weight (C)

To improve the ease of the driver’s entry and exit, the magnitudes of the above
dimensions (separately and in combination) need to be considered during the early
stages of the vehicle design.

The H5 dimension should allow drivers to easily slide in and out of their seat
without climbing up into the seat or sitting down into it. Thus, H5 should be about
50 mm below the buttock height of most of the users (considering the up/down
adjustment of the seat cushion). A top of the seat to ground distance of about
500-650 mm is generally considered to facilitate easy ingress and egress for the
U.S. population.

Dimension W should be as short as possible (see Figure 20.21). This means
that Dimension S, lateral distance from the outer edge of the seat to the outer
edge of the rocker, should be short enough to allow the driver’s foot to be placed
close to the vehicle and on the ground during entry/exit. The lateral distance
from the outer edge of the rocker panel to the SgRP (i.e., Distance W) should
be about 420-480 mm to accommodate most drivers. The height of the lower
door edge C (at maximum vehicle weight) should be sufficient to clear the curb
height, so that the door swings over the curb and does not hit most curbs (see
Figure 20.21).

The distance of the top of the rocker from the ground (Dimension G) and of the
rocker top from the vehicle floor (Dimension D) should be as small as possible to
reduce foot lifting during entry and exit. These dimensions are dependent on ground
and curb clearances.

The width dimension T, which is the lateral dimension from the outer edge of the
rocker to the lower edge of the inner door trim panel (which is generally the lower
inward protruding edge of the map pocket), should be as small as possible. The
smaller Dimension T, the more foot passage space will be available during entry
and exit. This is especially important when the door cannot be opened wide due to
restricted space at the side, such as in garages and when parking close to another
vehicle (side-by-side).

Body Opening Clearances from SgRP Locations

A number of protruding points outlining the entry/exit space defined by the
door openings and the instrument panel should be measured (in the side view)
from the SgRPs of the front and rear occupant positions. Larger distances of
these points from the respective SgRPs will allow more room during entry and
exit.

For the driver’s door opening, the following points should be checked: (a) the
top point on the door opening (defines the entrance height [H11] for the head clear-
ance), (b) the rearmost point at approximately the middle of the A-pillar (defines
the head swing clearance to A-pillar during leaning and torso bending), (c) mini-
mum knee clearance point to the lower portion of the instrument panel, (d) points
on the front edge of the door opening under the cowl area for foot clearance, (e)
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points defining the top of the rocker, and (f) points on the forward edge of the
B-pillar.

Similarly, (a) points around the rear door openings on the rear edge of the B-pillar,
(b) points on the back side of the front seat back, (c) points on the lower edge of the
roof rail, and (d) points on the top of the rocker define clearances for rear passenger
entry and egress.

Package engineers generally compare the dimensions to the above points and
the SgRP locations of the vehicle being designed with corresponding dimensions of
other benchmarked vehicles. Additional information on entry/exit can be obtained
from Bhise (2012).

DRIVER FIELD OF VIEW

Field of view analyses link the vehicle’s interior design to its exterior design. The
interior package provides the driver’s eye locations, interior mirror, and other inte-
rior objects (e.g., the instrument panel, headrests, and the steering wheel) that can
cause obstructions in the driver’s field of view. The vehicle exterior defines the day-
light openings and exterior mirrors. Thus, the interior and exterior designs must be
developed in close coordination to ensure that drivers can see all the fields needed
to drive their vehicles safely. Important design considerations and visibility-related
issues are described in the following subsections.

VISIBILITY OF AND OVER THE HoOD

1. The visibility of the road surface (i.e., the closest longitudinal forward
distance from the front bumper at which the road surface is visible, also
called the ground intercept distance) is of critical concern to many driv-
ers. The problem is worse for short drivers. In general, most drivers want
and like to see the end of the hood, the vehicle corners (extremities), and
the road at a close distance. As more aerodynamic vehicle designs with
low front ends were introduced in the United States (after the mid-1980s),
many drivers who were accustomed to long hoods with their visible front
edges and corners complained about not being able to see the ends of their
hoods.

2. The view of the hood allows better perception of the vehicle heading with
respect to the roadway, providing a feeling of ease in lane maintenance (lat-
eral location of the vehicle in the lane) and while parking. (Note: racing cars
have a wide painted strip over the hood at the driver centerline to provide
highly visible vehicle-heading cues in the driver’s peripheral vision while
looking straight ahead.)

3. Heavy trucks with long hoods experience a greater obstruction of the road
ahead due to the hood. The problem can be severe if the obstruction is large
enough to hide a small vehicle (e.g., bike rider, sports car) located in front of
the hood. The problem often occurs when a truck with a long hood is behind
a small vehicle while waiting at an intersection.
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COMMAND SEATING PosITION

1. The “command seating position” provides the feeling of “sitting high”
in the vehicle. It is opposite to the feeling of “sitting in a well” or “sit-
ting too low” in the vehicle (experienced by drivers in many sports
cars).

2. For command seating position, provide (a) higher SgRP location from the
ground, (b) low cowl point, (c) low beltline, (d) visibility of the hood, and (e)
greater visibility of the roadway (shorter ground intercept distance from the
front bumper). It should be noted that the command sitting position is one
of the key positive attributes of an SUV.

3. This command sitting feeling is also appreciated by short female drivers
(with 2.5 or 5 percentile female sitting eye height).

SHORT DRIVER PROBLEMS

Short drivers are drivers with shorter (5th percentile and below) sitting eye heights
and/or shorter (Sth percentile and below) leg lengths. The visibility problems encoun-
tered by such short drivers are

1. The road can be obscured by the steering wheel (top part of the rim) and
instrument panel (or instrument cluster binnacle, causing a smaller down
angle [e.g., angle A61-1, defined in SAE J1100, SAE 2009]).

2. The driver may be unable to see any part of the hood (no visibility of the
end of the hood). (Note: providing a raised hood ornament near the front
of the hood can provide useful information in maintaining vehicle head-
ing. Similarly, providing visibility of the corners of the hood or ends of the
front fenders [via placement of “flag poles” as provided on some trucks] can
improve ease in parking and lane maintenance).

3. The forward direct view may be obscured by the side view mirrors. (The
upper edge of the side view mirrors should be placed at least 20 mm below
the 5th percentile female’s eye point.)

4. The closest distance at which a driver can see the road (over the hood) is
much longer for the short driver than the road visibility distances for other
drivers.

5. Shorter drivers will experience reduced rear visibility problems during
backing up (especially with a higher deck point and taller rear headrests).
(Note: one check that many package engineers consider is whether a short
driver can see a 1 m high target [simulating a toddler] in the rear view while
backing up in the direct rear view with the driver’s head turned rearward
and also while looking in the inside mirror.) A rear view camera system
helps in eliminating this problem (see Chapter 6).

6. Since short drivers (with shorter leg lengths) sit farther forward in the
seat track, the driver’s side A-pillar will create larger obscurations (large
obstruction angle) in the forward field of view for short drivers as compared
with taller drivers.



396  Automotive Product Development: A System Engineering Implementation

7. Short drivers require larger head turn angles to view side view mirrors
due to their farther-forward seating position as compared with taller driv-
ers. This problem is more severe for short drivers, particularly older short
females who have arthritis (which reduces the range of head turn angles).

TaLL DRIVER PROBLEMS

Tall drivers are drivers with greater (95th percentile and above) sitting eye heights
and/or longer (95th percentile and above) leg lengths. The visibility problems encoun-
tered by such tall drivers are

1. External objects placed at higher locations placed above the upper sightline
at up angle (defined by dimension A60-1; see SAE J1100 standard [SAE,
2009]) may be obstructed from the view of tall drivers. In such situations,
a tall driver may have to duck his head down to view high-mounted objects
such as overhead traffic signals at intersections. The visibility near the
top portion of the windshield is further limited by the shade bands and/or
blackout paint applied around the edges of the windshields.

2. The inside rearview mirror may block the tall driver’s direct forward field.
Therefore, the lower edge of the inside mirror should be placed at least
20 mm above the tall driver’s eye point (i.e., 95th percentile eye height).

3. The tall driver also sits farther from the mirrors due to a more rearward sit-
ting position. Thus, the mirrors provide smaller fields of view to tall drivers
as compared with the mirror fields of other drivers.

4. The tall driver may have more side visibility problems because of (a) farther-
forward B-pillar obscurations in direct side viewing (because the tall driver sits
farther rearward in the seat track than shorter drivers) and (b) farther-forward
peripheral awareness zones (i.e., the peripheral zones [Bhise, 2012] do not
extend as far rearward as for shorter drivers) while using the side view mirrors.

SUN Visor DESIGN IssUES

1. The sun visor drop-down height and length should be designed to prevent
the incidence of direct sunlight on the driver’s eyes from different sun
angles and sun glare from the windshield and driver’s side window.

2. The sun visor dropped-down position should be adjustable, and it should be
capable of dropping down to accommodate the short driver’s needs.

3. If the sun visor hinge mechanism becomes loose, the sun visor may acci-
dentally swing and drop down and cause obstruction in the forward field of
view. This obstruction will be more severe for taller drivers.

WIiPER AND DEFROSTER REQUIREMENTS

The SAE standards J902 and J903 (SAE, 2009) (also FMVSS 103 and 104; NHTSA,
2015) provide requirements on how to establish areas in the driver’s forward field
that must be defogged (or defrosted) and wiped by the wipers, respectively. The
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requirements specify the sizes of these areas and the percentages of each area to be
covered (cleaned) by the defoggers and wipers. The areas are specified by establish-
ing four tangent planes to the 95th percentile eyellipses.

The areas to be covered by the wiper sweep pattern are defined as areas A, B,
and C (SAE J903; SAE, 2009). The wiper sweep area must be designed so that at
least 80% of area A, at least 94% of area B, and at least 99% of area C are wiped
by the wipers. The areas A, B, and C are defined by drawing up, down, left, and
right tangent planes to the eyellipses, as shown in Figure 20.22. The area A is
bounded by the upper tangent plane at 10° up angle, the bottom tangent plane at
5% down angle (see side view in Figure 20.22), the left tangent plane at 18" angle
to the left eyellipse, and the right tangent plane at 56° angle to the right eyellipse
(see plan view in Figure 20.22). Similarly, the angles defining area B are 5° up, 3°
down, 14° left, and 53° right. The angles defining area C are 5° up, 1° down, 10°
left, and 15° right.
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FIGURE 20.22 Plan and side views showing the four tangent planes that define the wiping
areas to be covered by the wipers.
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OBSCURATIONS CAUSED BY A-PILLARS

The left and right front roof pillars (the A-pillars), depending upon their size and the
shape of their cross sections at different heights with respect to the driver’s eye loca-
tion, can cause binocular obstructions in the driver’s direct forward field of view. The
obstructions can hide targets such as pedestrians and other vehicles during certain
situations. For example, during an approach and left turn through an intersection, a
pedestrian crossing the street on the driver’s left side and vehicles approaching from
the driver’s right side can be partially or completely obscured by the left and right
A-pillars, respectively.

Vehicle body designers must conduct visibility analyses of such situations and
minimize the obstructions caused by the pillars. Appendix C of SAE standard J1050
(SAE, 2009) provides a procedure to measure the visual obstruction caused by the
A-pillar [see also Bhise (2012)].

MIRROR FIELD OF VIEW REQUIREMENTS

For vehicles sold in the United States, the inside and outside mirrors should be
designed to meet the field of view requirements specified in FMVSS 111 (NHTSA,
2015). Figures 20.23 and 20.24 show the minimum required fields for inside and
driver’s side outside mirrors, respectively, for passenger cars.

The inside plane mirror should provide at least a 20° horizontal field, and the
vertical field should intersect the ground plane at 61 m (200 ft) or closer from the
driver’s SgRP to the horizon (see Figure 20.23).

The driver’s side outside plane mirror should provide (as specified in FMVSS 111
[NHTSA, 2015]) a horizontal field of 2.4 m (8 ft) width at 10.7 m (35 ft) behind the
driver at ground level, and the vertical field should cover the field from the ground
line at 10.7 m (35 ft) to the horizon (see Figure 20.24).

MIRROR LOCATIONS

Inside Mirror Location
The inside mirror should be located with the following design considerations:

1. The mirror should be placed within the 95th percentile maximum reach
envelope with full hand grasp using the SAE J287 procedure.

2. The lower edge of the mirror should be located at least 20 mm above the
95th percentile driver eye height. This ensures that the mirror will not cause
obstruction in the forward direct field of view for at least 95% of drivers.

3. The mirror should be placed outside the head swing area (during frontal
crash) of the driver and the front passenger (refer to FMVSS 201; NHTSA,
2015).

Outside Mirror Locations

The driver’s side outside mirrors should be located with the following design
considerations:
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1. The driver’s side outside mirror should be located such that a short driver
who sits at the forwardmost location on the seat track should not require a
head turn angle of more than 60° from the forward line of sight.

2. The upper edge of the mirror should be placed at least 20 mm below the 5th
percentile driver eye location to avoid obscuration in the direct side view.

3. The mirror-aiming mechanism should allow for a horizontal aim range
large enough for a short driver to see part of his/her vehicle and a tall driver
to aim outward to reduce the blind area in the adjacent lane.

4. In addition, to improve the aerodynamic drag and wind noise, the mirror
housing design needs (reduced frontal area) should be considered along
with the reduction in obscuration caused by the mirror and the left A-pillar
in the driver’s direct field of view.

The passenger’s side outside mirror is generally located symmetrically to the
driver’s side outside mirror. FMVSS 111 does not require an outside passenger mir-
ror on passenger cars or a truck if the inside mirror meets its required field of view.
However, if the passenger side outside mirror is provided, FMVSS 111 requires it
to be a convex mirror with radius of curvature not less than 889 mm and not more
than 1651 mm (NHTSA, 2015). FMVSS 111 also provides alternate requirements
for trucks and multipurpose vehicles that cannot provide any useful field from their
inside mirrors due to blockage by cargo or passenger areas.

Procedure for Determining Driver’s Field of View through Mirrors

SAE Standard J1050 presents a procedure to determine the field of view through a
mirror (SAE, 2009; Bhise, 2012).

METHODS TO MEASURE FIELDS OF VIEW

The field of view issues described above should be analyzed to ensure that the vehicle
being designed will not cause any visual problems when it is used in different driving
situations by drivers with differing visual characteristics within the target population.

During the early design phases, as the vehicle greenhouse (i.e., the glass areas
between the vehicle pillars and roof structure) is being defined and the driver’s eye
locations have been established in the vehicle space, vehicle package engineers and
ergonomics engineers should conduct a number of field of view analyses. The field of
view analysis methods are generally incorporated in the CAD systems used for digi-
tal representation and visualization of the vehicle. The methods essentially involve
projecting the driver’s sight lines to different components (such as pillars, window
openings, mirrors, instrument panels, hoods, and deck surfaces) on to different pro-
jection planes such as ground planes, vertical target planes, and instrument panel
surfaces. Physical devices (e.g., sighting devices, light sources, lasers, and cameras)
have also been used to conduct evaluations of physical properties (e.g., bucks or pro-
duction or prototype vehicles). However, the positioning of such devices in vehicle
space with high precision is very time consuming and costly.

Early vehicle designs that reduce driver visibility by increasing obstructions (e.g.,
due to larger pillars, headrests, or high beltlines) should be investigated fully using
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CAD procedures. Questionable problems can be further evaluated by creating full-
size bucks or even drivable mock-ups for market research clinics or human factors
field tests. Such problems, if not fixed early, would be extremely time consuming and
expensive to change during the later stages of vehicle development.

PoLAr PLoTS

Creating a series of polar plots to conduct different field of view analyses is a very
effective method for visualizing and measuring fields of view issues (Mclssac and
Bhise, 1995). A polar plot is especially useful for ergonomic analyses, as it allows
direct measurements of angular fields, angular location of different objects, angu-
lar sizes of different objects, and angular amplitudes of eye movements and head
movements required to view different objects. It also allows incorporation of
views from both eyes, and thus, facilitates the evaluation of monocular, ambin-
ocular, and binocular fields and obscurations. It also simplifies the 3-D analysis
by reducing it to a 2-D analysis (i.e., space defined by azimuth angles and eleva-
tion angles).

A polar plot involves plotting the visual field from the driver’s (one or both) eye
points in angular coordinates. It is equivalent to projecting the driver’s view on a
spherical surface with the driver’s eyes at the center of the sphere. The driver’s eye
point is considered as the origin from which sight lines originate. Each sight line
aimed at a target point can be located by determining its azimuth angle in degrees
(0) and its elevation angle in degrees (@) with respect to the eye point (as the origin)
of a coordinate system. If Point P is defined by (x,y,z) as its Cartesian coordinates
(with the eye point as the origin), then its polar (angular) coordinates (8, @) can be
computed as follows:

0=tan™ (y/x)

®=tan™’ [z / (x2 +y? )O‘S]

It should be noted that this polar plotting method does not use the distances from
an eye point to any object points for the analysis. Bhise (2012) presents the procedure
for creating polar plots and also provides an illustration of a polar plot.

Another advantage of the polar plot is that the polar coordinates of objects
included in the plot provide angular locations that can be used to directly measure a
driver’s line-of-sight locations (i.e., combined eye movements and head turns) from
the straight-ahead location (which is the origin of the polar plot and thus has the
polar location of [0,0]). Similarly, the size of the object shown in the polar plot can
be directly measured to determine the angular sizes of monocular and binocular
obstructions. Thus, the angular locations of the pillars, up and down angles, and the
binocular obscurations caused by each of the pillars can also be measured directly
from the polar plot.

The roadway and many other external objects on the roadway can also be
included in polar plots. These external objects help in understanding many visibility
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issues in terms of what objects can be seen through the window openings and what
objects are fully or partially obstructed by vehicle components. Through extensive
photographic measurements of objects in the driver’s view, Ford Motor Company
(1973) developed targets that encompass the regions on the roadways where differ-
ent objects appeared in the photographic data. These Ford targets represent different
external objects, such as overhead signs, side-mounted signs, traffic signals, vehicles
approaching from intersecting roadways, vehicles in adjacent lanes, vehicles ahead,
and vehicles behind the driver’s car. The targets can be placed in polar plots to evalu-
ate fields of view from the vehicles. Mclssac and Bhise (1995) describe the use of the
targets in polar plots. The paper also describes the use of polar plots in determining
indirect visual fields from plane and convex mirrors by plotting virtual images of
objects seen in the mirrors and the outlines of the mirrors.

OTHER PACKAGING ISSUES AND VEHICLE DIMENSIONS

Other package and ergonomics design—related issues, such as opening the hood and
servicing the engine, opening the trunk (or liftgate), and loading and unloading items
are covered in Bhise (2012). An Excel-based spreadsheet program is provided on the
publisher’s website for the readers to better understand the various inputs and calcu-
late the resulting package dimensions. The program can be also used to set up dif-
ferent driver packages, analyze an existing package, or conduct sensitivity analyses
by changing combinations of different input parameters and studying the resulting
driver packages.

CONCLUDING REMARKS

Vehicle packaging requires inputs from customers, design studio professionals,
and vehicle systems engineering departments to ensure that acceptable trade-offs
between occupant space and mechanical equipment spaces are made. The driver
and occupants must be positioned so as to provide them with seating comfort, ease
in entry and exit, and field of view for safe driving and use of controls and displays.
A high percentage of occupants (e.g., 95%) must be accommodated in the vehicle
space. Many SAE occupant packaging tools are used in the industry to ensure that
95% of the occupants are accommodated. In addition, many anthropometric data-
bases are available (Bhise, 2012). Important SAE standards and key government
requirements were reviewed in this chapter. In addition, package engineers perform
a number of analyses and studies to verify that the vehicle package will satisfy
drivers by meeting their needs. The package verification studies are covered in
Chapters 11, 21, and 22. The customer needs and their translation into attribute
requirements and cascading of the attribute requirements to vehicle systems are
covered in Chapters 2, 3, and 9.
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’I Vehicle Evaluation
Methods

INTRODUCTION

The objective of this chapter is to provide the reader with an understanding of what
is meant by product evaluation and how evaluations are conducted to verify that the
product will meet its stated requirements and to validate that the right product is
developed.

Vehicle evaluation generally involves some form of testing (e.g., laboratory or
field testing). Testing is an activity undertaken using well-established procedures to
obtain detailed measurements and data on one or more characteristics and/or perfor-
mance measures of the product and its systems, subsystems, and/or components. The
collected test data are analyzed to determine whether the product and its systems,
subsystems, and/or components meet their stated requirements specified during the
design process.

The vehicle evaluations are conducted for both verification and validation pur-
poses. Verification is the process of confirming that the product, its systems, and
its components meet their respective requirements. The aim of the verification is to
ensure that the tested item is built right, that is, it meets its requirements. Validation is
the process of determining whether the product functions and possesses the charac-
teristics expected by its customers when used in its intended uses and environments.
The aim of the validation process is to ensure that the right product is designed and
that the product will be liked by its intended customers.

OVERVIEW OF PRODUCT EVALUATION METHODS

During different stages in the life cycle of the product, it must be evaluated to
ensure that it meets requirements (verification) and that the right product is designed
(validation).

Tests conducted for evaluations should measure both “performance” (the tested
entity performs, i.e., functions, such that it meets its stated requirements) and “pref-
erence” (i.e., customers find the product to be acceptable and prefer using it as
compared with other similar products). Performance tests are generally based on
objective measurements, and preference tests are based on subjective judgments of
customers and/or experts.

Many different methods are used for vehicle evaluations. The evaluations can
involve physical tests using measurement instruments or human subjects (e.g.,
customers or experts). The evaluations can be conducted at various levels of the
product, that is, evaluations on components, subsystems, systems, or the whole
product.

405
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Some examples of evaluation methods used in the automotive industry are

1. Checklists, scorecards, and design reviews (using drawings, 3-D models,
fly-throughs, benchmarking)

. Customer clinics (in static or dynamic situations)

. Modeling, prototyping, and simulations

. Laboratory and bench tests

. Field tests and drive evaluations

. Field experience (customer complaints, warranty/repairs, accidents)

AN AW

The basic methods for data collection underlying these evaluation methods are
observation, communication, and experimentation. The concepts underlying these
methods are covered in the next section.

TYPES OF DATA COLLECTION AND MEASUREMENT METHODS

Table 21.1 provides a summary of methods categorized by combinations of types of
data collection methods and types of measurements.

The left-hand column of Table 21.1 shows that the data can be collected using
methods of observation, communication, and experimentation. In the observa-
tion method, it is assumed that observations can be made about either a piece of
equipment being tested or a subject performing a task. And the observations can be
made by an experimenter or the data can be recorded (e.g., using a camera) for later
observations by an experimenter. In the communication method, the subject (or the
experimenter) can be asked to report on the state of the product or problems expe-
rienced during the performance of a task and/or asked to provide ratings on his/
her impressions of the task. In the experimentation method, the test situations are
designed by deliberate changes in combinations of certain independent variables
(e.g., configurations of the product), and the responses are obtained by using combi-
nations of methods of observation and/or communication. For further information
on many available methods of data collection and their advantages and disadvan-
tages, the reader should refer to Bhise (2014), Chapanis (1959), and Zikmund and
Babin (2009).

Types of measurement can be categorized as objective or subjective, as shown
in Table 21.1. Objective measures can be defined here as measurements that are not
affected by the evaluator, the experimenter, or the subject performing the tasks in
a product evaluation situation. Objective measures are generally obtained by the
use of physical instruments or by unbiased and trained experimenters. On the other
hand, subjective measurements are generally based on the subject’s perception and
experience during or after performing one or more tasks with the product being eval-
uated. Objective measures are generally preferred, because they are more precise
and unbiased. However, there are many vehicle attributes that cannot be measured
without using human subjects as the “measuring instruments.” After the users have
experienced the vehicle, they are better able to express their perceived impressions
about the vehicle and its characteristics (e.g., quality, comfort, convenience, ride, and
handling) by the use of methods of communication.
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TABLE 21.1
Evaluation Methods Based on Combinations of Data Collection Methods and
Type of Measurements

Type of Measurements

Type of Data

Collection Method Objective Measurements Subjective Measurements

Observation Events related to the state of the product ~ Customer-volunteered responses
or behavior of product users are (without communicating), for
observed. Data recorded with example, verbatim comments.
instruments or observed by a trained Checklist completed by
experimenter. Observations of the observers. Observers and/or
product during uses (e.g., recordings of recorders gather information
performance measures, e.g., outputs, about customer-initiated events.
stresses, energy consumption, The gathered information is
customer/user behavior, task categorized, summarized, and
performance, e.g., durations, errors, analyzed with judgments made
difficulties, conflicts, near-accidents). by expert evaluators.

Communication Experimenter-reported objective Subject-reported detections and
measures (e.g., outcomes, output identifications of events.
levels, response times, speeds, Responses in checklists or rating
events—displayed by instruments). forms. Reporting of problems,

difficulties, and errors during
operation of equipment.

Experimentation Measurements with instrumentation. Data obtained from test subjects
Performance measurements or (e.g., ratings, behavioral
behavioral measurements—for measurements of difficulties,
different experimental conditions. errors) are analyzed to determine

differences between tested
products with combinations of
characteristics.

The following section provides additional information on the methods of data
collection.

METHODS OF DATA COLLECTION AND ANALYSIS

OBSERVATIONAL METHODS

In observational methods, information is gathered by direct or indirect observations
of the product and/or subjects during the use of the product. The observations can be
used to evaluate product attributes such as understandability of controls and displays
(easy- or difficult-to-understand operability), styling and appearance (like or dis-
like, by observing the subject’s expressions), and adjusting seating position (easy- or
difficult-to-adjust seat controls). An observer (or data collector) can directly observe
or listen, or a video camera can be set up and its recordings can be played back at a
later time. The observer needs to be trained to identify and classify different types
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of predetermined behaviors, events, problems, or errors that a subject commits or
the state of the product (e.g., smoking, leaking, vibrating, making noise, or operating
under a wrong mode) during the observation period. The observer can also record
durations of different types of events (e.g., using a stopwatch), number of attempts
made to perform an operation, number and sequence of controls used, number of
glances made, state of the vehicle (e.g., speed or lateral control behavior), and so forth.
Some events, such as accidents, are rare, and they cannot be measured through
direct observation, due to the excessive amount of direct observation time that would
be needed for sufficient accident data to be collected. However, information about
such events can be obtained through reports of near-accidents (i.e., situations in
which accidents almost occurred but were averted) and indirect observations (e.g.,
through witnesses or from material evidence) gathered after such events. The infor-
mation gathered through indirect observations may not be very reliable for a num-
ber of reasons (e.g., the witness may be guessing or even deliberately falsifying; or
objects associated with the event of interest may have been displaced or removed).

COMMUNICATION METHODS

Communication methods involve asking the customer (or the user) to provide infor-
mation about his or her impressions and experiences with the product. The most
common technique involves a personal interview in which an interviewer asks the
customer a series of questions. The questions can be asked prior to usage of the prod-
uct, during usage, or after usage. The user can be asked questions that will require
him or her to (a) describe the product or impressions of the product and its attributes
(e.g., appearance, usability), (b) describe the problems experienced while using the
product (e.g., difficulty in reading a display), (c) categorize the product using a nomi-
nal scale (e.g., acceptable or unacceptable; comfortable or uncomfortable; liked or
disliked), (d) rate the product on one or more scales describing the magnitude of
its characteristics and/or overall impressions (e.g.. using rating scales for workload
ratings, comfort ratings, difficulty ratings, ratings on appearance and styling), or
(e) compare the products presented in pairs based on a given attribute (e.g., ease of
use, comfort, quality feel during operation of a control, using techniques such as the
analytical hierarchy process covered in Chapter 17).

Commonly used communication methods in product evaluations include (1) rating on
scales: using rating scales with numbers and/or adjectives (e.g., acceptance ratings and
semantic differential scales), (2) paired comparison—based scales (e.g., using Thurstone’s
method of paired comparisons and analytical hierarchy process), which will be described
later in a section entitled Paired Comparison=Based Methods in this chapter.

In addition, many tools used in fields such as industrial engineering, quality engi-
neering and design for six sigma, and safety engineering can be used in evalua-
tions. Some examples of such tools are process charts, task analysis, arrow diagrams,
interface diagrams, matrix diagrams, quality function deployment (QFD), Pugh
analysis, failure mode and effects analysis (FMEA), and fault tree analysis (FTA)
(refer to Chapters 17 and 18 and Bhise, 2014). These tools rely heavily on informa-
tion obtained through the methods of communication from the users/customers and
members of the multifunctional design teams. Additional information on many of



Vehicle Evaluation Methods 409

these tools can be obtained from Besterfield et al. (2003), Creveling and Slutsky
(2003), Yang and El-Haik (2003), and Bhise (2012, 2014).

EXPERIMENTAL METHODS

The purpose of experimental research is to allow the investigator to control the
research situations (e.g., creating different vehicle concepts or test conditions) so
that causal relationships between independent variables that define the vehicle char-
acteristics (e.g., interface configuration, type of control, type of display, operating
forces) and the response variable (i.e., the variable used to evaluate) can be deter-
mined. An experiment includes a series of controlled observations (or measurements
of response variables) undertaken in artificial test situations with deliberate manipu-
lations of combinations of independent variables to answer one or more hypotheses
related to the effect of (or differences due to) the independent variables. Thus, in an
experiment, one or more variables (called independent variables) are manipulated,
and their effect on another variable (called the dependent or response variable) is
measured, while all other variables that may confound the relationship(s) are elimi-
nated or controlled.

The importance of experimental methods is that (a) they help identify the best
combination of independent variables and their levels to be used in designing the
product (i.e., the vehicle or its entities) and thus provide the most desired effect on the
users, and (b) when the competitors’ products are included in the experiment along
with the manufacturer’s product, the superior product can be determined. To ensure
that this method provides valid information, the researcher designing the experiment
needs to make sure that the experimental situation is not missing any critical factor
related to the performance of the product or the task being studied. Additional infor-
mation on experimental methods can be obtained from Kolarik (1995), Besterfield
et al. (2003), or other textbooks on the design of experiments (commonly referred as
DOE) or statistical experiment design.

EVALUATIONS DURING VEHICLE DEVELOPMENT

During the entire vehicle development process, a number of evaluations are con-
ducted to ensure that the vehicle being designed will meet the needs of the customers
and other corporate and government requirements. All design requirements—related
issues covered throughout this book need to be systematically evaluated by carefully
following evaluation plans (usually included in the systems engineering management
plan; see Chapter 12). The results of the evaluations are generally reviewed in the
vehicle development process at different milestones in meetings with members of
various design and management teams.

PHysicAL Tests WITH MEASUREMENT INSTRUMENTS

Most engineering tests are conducted on physical entities in laboratories or field
conditions (i.e., under actual driving situations) using well-calibrated measurement
instruments with very low (i.e., acceptable) levels of measurement error. The goal
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is to ensure that components, subsystems, systems, and the product perform their
functions (i.e., meet their respective requirements) under all foreseeable conditions
(e.g., under worst case conditions involving high operating loads and extreme envi-
ronmental conditions, and under normal operating conditions over 100,000 miles
and 10 years of driving). The variables to be measured must be valid, that is, they
represent the vehicle attributes that are critical-to-customer satisfaction (CTS) or
critical-to-quality (CTQ). The test procedures should be predeveloped and proven
(i.e., accepted by the technical community and incorporated in the company’s engi-
neering test procedure manual) to allow standardization and comparison of data
with past tests and products.
Some examples of such tests are

1. Measurements of vehicle body for bending stiffness, torsional stiffness,
deflections under loading, deformation under collision conditions (e.g.,
frontal, side, rear, and rollover accidents), water leaks, corrosion protection,
vibrations, noise (squeaks and rattles), and so forth.

2. Engine tests using dynamometers for measurements of output power (torque
vs. speed), fuel consumption, greenhouse gas emissions, oil consumption,
vibrations, and noise under a range of operating speeds and temperatures.

3. Measurements of strength and operating characteristics of chassis compo-
nents (suspensions, steering, and braking systems) such as suspension link-
ages, springs, dampers, and brake pads.

4. Measurements of lighting equipment (e.g., headlamps, tail lamps, and stop
lamps) for light output (photometric requirements), abrasion/haze, vibration
tests, corrosion protection, weathering effects on optical materials, impact
integrity (e.g., ability to sustain stone damage), and so forth.

5. Interior materials testing for strength, wear resistance, abrasion resistance,
compressibility, softness/hardness, color, gloss/reflectance, chemical resis-
tance of materials (when they come into contact with water, salt, body fluids
[human and pets], oils, gasoline, foods [milk, ketchup], etc.), and endurance
under different loads and temperature ranges.

6. Durability tests to evaluate operability over extended durations and a large
number of cycles of operations under various operating and environmental
conditions.

Many standards and test procedures are available to product design engineers for
verification of requirements on whole vehicles, vehicle systems, and their subsystems
and components (SAE, 2009; NHTSA, 2015). Vehicle-level validation tests are cov-
ered in Chapter 14.

MARKET RESEARCH METHODS

The market research methods commonly employed in the auto industry to evaluate
customer response to various attributes of the whole vehicle as well as its systems are
described in the following subsections.
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Mail Surveys

Mail surveys are administered when responses on one or more product issues are to
be collected from a large number of respondents using a small budget. The advantage
of the mail survey is that the questionnaires can be sent to a large number of respon-
dents within a short period of time and are very inexpensive (only postage costs). The
disadvantage is that the sponsoring agency has no control over who actually com-
pletes the questionnaire and how much of the questionnaire is completed. The return
rate the questionnaire is usually very low (e.g., about 19%—5%). Thus, the reliability of
responses obtained from mail surveys is generally very low or questionable.

Internet Surveys

Internet surveys have many characteristics that are similar to mail surveys, and they
suffer from the same type of disadvantages. However, they can be administered
without incurring postage charges and with a very short delivery and response time.

Personal Interviews

Personal interview is the most commonly used method to obtain feedback from
customers on automotive product design issues. In this method, each participant is
carefully screened to ensure that he or she comes from the population of the mar-
ket segment targeted for the product being developed. Each participant is usually
selected from a database of registered owners of certain models of vehicles in a
selected market segment. Each participant is invited to attend the clinic at a prese-
lected time and place to spend about one-and-half or two hours. The participant is
paid for his/her participation time.

When the participant arrives at the clinic site, his/her identification and vehicle
ownership are verified by checking his/her driver’s license and vehicle registration/
ownership papers. The participant is then asked to fill out a questionnaire on demo-
graphic information (e.g., profession, makes and models of vehicles owned, educa-
tion, income, and vehicle use history). In some market research clinics, additional
information from measurements of the participant’s anthropometric dimensions and
reactions to lists of product features (shown using pictures, videos, or models) is also
obtained. Then, the participant, usually led by an interviewer, is provided with back-
ground information and instructions on the market research clinic and then asked to
view or even to use the product (e.g., to sit in a vehicle buck or to drive a prototype
vehicle) and then respond to a structured set of questions. A large number of par-
ticipants (75-300, depending on the objective of the clinic) are usually interviewed,
and the answers to questions are summarized and analyzed using statistical analysis
techniques. Chapters 11 and 22 provide examples of questions asked during market
research clinics, data collection, and summary.

Focus Group Sessions

The focus group session is also a very commonly used market research technique
in the automotive industry. It is primarily used to obtain qualitative and fact-finding
information on product characteristics. Here, a session leader (or a moderator) pro-
vides background information on one or more product issues and creates discussions
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among the group members to gather information on their views, reactions, likes, dis-
likes, concerns, and so forth. Typically, each group includes about 8—12 individuals.
The individuals are carefully selected to represent a certain type of individual (e.g.,
based on their gender, age, educational level, profession, or vehicle ownership) in the
market segment to promote discussions on the selected product issues.

For example, to understand the problems that customers encounter in using an
electronic climate control system in a luxury car, the vehicle manufacturer invited
eight elderly couples who owned the vehicle. The moderator showed them pictures
of the climate control in various modes of operation and asked them about their
understanding of what the climate control was doing and the problems they had
during setting and operation of the climate control system. The couples described a
number of problems. For example, one older male said that he never sets the climate
control because he cannot read the labels. His wife said that she helps him set the
climate control. But she needs to first open her purse and get her reading glasses; and
then she needs to lean her head closer to the climate control to read the labels. Thus,
the climate control designer realized that the legibility of the labels of the climate
control must be improved to accommodate the needs of elderly customers.

ErcoNoMIC EVALUATIONS

An automotive product is used by a number of users in a number of different usage
situations. To ensure that the vehicle being designed will meet the needs of its cus-
tomers, ergonomic engineers conduct evaluations of all ergonomically associated
vehicle features under all possible usages. A usage can be defined in terms of each
task that needs to be performed by a user to meet a certain objective. A task may
have many steps or subtasks. For example, the task of getting into a vehicle would
involve a user performing a series of subtasks, such as (a) unlocking the door, (b)
opening the door, (c) entering the vehicle and sitting in the driver’s seat, and (d) clos-
ing the door. Ergonomic evaluations are conducted for a number of purposes, such
as (a) to determine whether the users will be able to use the vehicle or its features,
(b) to determine whether the vehicle has any unacceptable features that will generate
customer complaints after its introduction, (c) to compare the user preferences for a
vehicle or its features with other similar vehicles, and (d) to determine whether the
product will be perceived by the users to be the best in the industry.

The evaluations can be conducted by collecting data in a number of situations.
Some examples of data collection situations are

1. A product (a vehicle or one or more of its systems, chunks [portion of the
vehicle], or features) is shown to a user, and the user’s responses (e.g., facial
expressions, verbal comments) are noted (or recorded). (This situation
occurs when a concept vehicle is displayed in an auto show.)

2. A product is shown to a user, and then, responses to questions asked by an
interviewer are recorded. (This situation occurs in a market research clinic).

3. A customer is asked to use a product, and then, responses to a number of
questions asked in a questionnaire or asked by an interviewer are recorded.
(This situation can occur in a drive evaluation.)
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4. A user is asked to use a number of products, and the user’s performance in
completing a set of tasks on each of the products is measured. (This situa-
tion can occur in a performance measurement study using a set of vehicles
[or alternate designs of a vehicle system] in test drives).

5. A user is asked to use a number of products and then asked to rate the prod-
ucts based on a number of criteria (e.g., preference, usability, accommoda-
tion, and effort). (This situation occurs in field evaluations using a number of
vehicles—the manufacturer’s test vehicle and other competitive vehicles).

6. A sample of drivers are provided with instrumented vehicles that record
vehicle outputs and video data of driver behavior and performance as the
participants drive where they wish, as they wish, for weeks or months. This
is probably the only valid method to discover what drivers actually do over
time in the real world. (This situation occurs in naturalistic driving behav-
ior measurement studies; Lee et al., 2007.)

These examples illustrate that an ergonomics engineer can evaluate a vehicle or
its features by using a number of data collection methods and measurements.

Bhise (2014) presents detailed descriptions of the ergonomics methods used in the
automotive industry. The methods can be summarized as

. Databases on human characteristics and capabilities
. Anthropometric and biomechanical human models

. Checklists and score cards

. Task analysis

. Human performance evaluation models

. Laboratory, simulator, and field studies

. Human performance measurement methods

e R R O I S

The application of human factors tools requires the implementer to be knowl-
edgeable about human factors issues and principles and research studies in the sub-
ject area. These tools cannot be easily mastered without sufficient experience with
the variables related to the users, the product, the users’ tasks, and the product usage
situations. The user’s performance in using a product can be affected by a number of
factors, such as familiarity with past models of similar products, adaptability to new
situations, improved performance with practice (learning), or deliberate changes in
behavior to please or displease the evaluator (or experimenter). Thus, many variables
can affect the user’s behavior, performance, and preferences. A trained human fac-
tors professional will generally take the necessary precautions to ensure that biases
are not introduced during the application of the human factors methods.

Databases on Human Characteristics and Capabilities

A number of human factors engineering handbooks, textbooks, and standards pro-
vide data on various human characteristics and capabilities (e.g., anthropometric,
biomechanical, and information processing characteristics) for various populations
(by gender, age groups, occupations, and national origin) (Garrett, 1971; Van Cott
and Kinkade, 1972; Jurgens et al., 1990; Pheasant and Haslegrave, 2006; Kroemer
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et al., 1994; Konz and Johnson, 2004; Sanders and McCormick, 1993; McDowell
et al., 2008; Bridger, 2008; Bhise, 2012; Sanders, 1983; Card et al., 1983; SAE, 2009;
Wickens et al., 1998; Woodson, 1992). In addition, many research reports and jour-
nals related to human factors provide useful data from many studies.

These databases provide information on the distributions and percentile values
of various characteristics and capabilities that are needed to design products to fit
most people in selected product user populations. Such data are needed for designing
products. For example, while designing an automotive product, the designer must
ensure that a short female can reach and operate the pedals and see over the steering
wheel, and a tall male can fit inside the cockpit with sufficient headroom, legroom,
hip room, shoulder room, and elbow room. The designers also need to know the
level of familiarity of the users with the operation of the controls and displays, the
performance characteristics of the product, and the characteristics of the operational
environment. Further, the decision-making and product-operating capabilities of the
users must be known to the product designers.

Anthropometric and Biomechanical Human Models

A number of two-dimensional (2-D) and three-dimensional (3-D) anthropometric
and biomechanical models are presented in the literature, and many are available
commercially for design and evaluation purposes. These models can be configured
to represent individual males and females and in different percentile dimensions
for different populations. Many of the models have built-in human motion, posture
simulations, and biomechanical strength as well as percentile force exertion predic-
tion capabilities. Crash test dummies resembling human biomechanical characteris-
tics are also used to evaluate the crashworthiness of vehicles in accident situations
(Seiffert and Wech, 2003).

Integrated digital workplace and digital manikins and visualization tools are
available in several software applications. Computer-aided design (CAD) tools with
manikin models (digital human models), such as Jack/Jill, SAFEWORK, RAMSIS,
SAMMIE, and the UM 3DSSP, have been used by different designers to assist in the
product development process (Chaffin 2001, 2007; Reed et al., 1999, 2003; Badler et
al., 2005; Human Solutions, 2010). Many of these tools are being updated to incor-
porate additional capabilities.

Before using any of the models in the design process, the ergonomics engineer
should conduct validation studies to determine whether the population of the par-
ticular users of the product being designed can be accurately represented in terms of
their dimensions, postures, motions, strength, and comfort. The postures assumed
by the selected digital human model and their outputs should match closely with the
postures and dimensions of real users under different actual usage situations.

Human Factors Checklists and Score Cards

Checklists and score cards are commonly used by human factors experts to evaluate
products. The checklists aid in evaluating applications of human factors guidelines,
design considerations, and requirements, whereas the scorecards help in summariz-
ing findings of the human factors evaluations and enable tracking quantitative and
comparative assessment of the product over time as the design progresses.
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Human factors checklists typically include a series of questions related to meeting
human factors guidelines. The product is usually evaluated by one or more human fac-
tors experts or the users of the product. Each evaluator uses the product and then answers
each question. The answers to the questions (e.g., “yes” or “no”) or a rating on how
well the human factors guideline was met (e.g., using a 10-point scale, where 10=met
very well, 1=did not meet the guideline) can be used to summarize the responses (e.g.,
percentage of human factors guidelines met, or percentage of guidelines met with ratings
of 8 or above) in key areas such as locations of controls and displays, visibility of dis-
plays, legibility of displays, comprehension or interpretability of controls and displays,
operation of controls, and feedback from controls. Examples of ergonomics checklists for
evaluation of automotive controls and displays are presented in (Bhise, 2012).

Human factors score cards are created to provide feedback to the design teams on
the ergonomics characteristics of the product being designed. Ergonomics experts
systematically develop scoring criteria and evaluation procedures. The product
design is analyzed by conducting evaluations based on objective analyses (e.g., mea-
surements of task completion times, CAD analyses of hand reach to controls, visibil-
ity analyses of the instrument cluster seen through the steering wheel, and legibility
predictions of letters and numerals in displays [Bhise, 2012]) as well as subjective
analyses from ratings of one or more ergonomics experts for each ergonomic consid-
eration. A score card is prepared by summarizing the results of the evaluations. The
score cards are presented and discussed with the design, engineering, and program
management teams during program review meetings.

The data gathered from completion of the checklists can be categorized for com-
parisons by type of users (e.g., based on familiarity/unfamiliarity with the product,
male/female users, and young/mature users), and scores can be developed by type
of users (e.g., older user’s score card, women user’s score card, and unfamiliar user’s
score card).

An example of an ergonomic score card for controls and displays in the interior
of an automotive product is presented in Figure 21.1. The score card represents an
ergonomics summary chart (called the smiley faces chart). The chart lists each con-
trol and display in different interior regions of the vehicle on the left-hand side of the
table. The evaluation criteria are grouped into nine columns located in the middle of
the table. The nine criteria groups are labeled as

. Visibility, obscurations, and reflections

. Forward vision down angle

. Grouping, association, and expected locations
. Identification labeling

. Graphics legibility and illumination

. Understandability/interpretability

. Maximum and minimum reach distance

. Control area, clearance, and grasping

. Control movements, efforts, and operability

O 0 9O B WIN =

A five-point rating scale (with 5=highest score and 1=Ilowest score) is used to
evaluate the vehicle on ergonomic guidelines in each of these nine groups. The ratings
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Control and display evaluation criteria
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are usually obtained by trained ergonomists using inputs from (a) measurements
obtained from a 3-D-CAD model of the occupant package (e.g., reach distances,
down angles), (b) ergonomics review by sitting in an interior buck (if available),
and (c) results from applicable design tools and models (e.g., Society of Automotive
Engineers [SAE] design practices [SAE, 2009; Bhise, 2012]). The ratings are graphi-
cally displayed using a graphic scale of “smiley” faces for each of the nine groups,
for each item listed in each row. The chart provides an easy-to-view format that can
be used to provide the overall ergonomics status of a vehicle interior and was found
by the author to be a useful tool in various design and management review meetings.
The objective of the ergonomics engineer is to convince the design team during the
design review meetings to remove as many “black dots (for ratings of 1 and 2) and
black donuts (for rating of 3)” from the charts and increase the number of “smiley
faces (rating of 4 and 5)” by making the necessary design changes.

Task Analysis

Task analysis is one of the basic tools used by ergonomists in investigating and
designing tasks associated with operating a product or a process. It provides a for-
mal comparison between the demands that each task places on the human operator
and the capabilities that the human operator possesses to respond to the demands.
Task analysis can be conducted with or without a real product or a process, but it is
easier if the real product or equipment is available and the task can be performed
by actual (representative) users under real usage situations to understand the details
within the tasks.

The analysis involves breaking the task or operation into smaller units (called
the subtasks) and analyzing subtask demands with respect to the user capabilities.
The subtasks are the smallest units of behavior that need to be differentiated to solve
the problem at hand. Some examples of subtasks are: grasp a handle, read a display,
select a control setting, and adjust the control to a desired setting. The user capa-
bilities that are considered here are generally sensing, use of memory, information
processing, and response execution (body movements, reaches, accuracy, postures,
forces, time constraints, and so forth).

Task analysis can be conducted using different formats. The tabular format for
task analysis presented by Drury (1983) was found by the author to be useful dur-
ing the automotive design process (Bhise, 2012). The left-hand columns of the task
analysis table describe the subtasks involved in the task along with the purpose of
each subtask. Thus, the description of each subtask makes the analyst think about
the need for each subtask and, perhaps, even suggest a better way to do the task. The
right-hand columns of the table force the analyst to consider various human func-
tional capabilities, such as searching and scanning, retrieving information from the
memory, interpolating (information processing), and manipulating (e.g., hand finger
movements) required in performing each subtask. The last column requires the ana-
lyst to think about possible errors that can occur in each subtask. This last column is
the most important output that can be used to improve the task and/or the product to
reduce the errors, problems, and difficulties involved in performing the task.

If the task analysis is performed on a product that already exists (or if its mock-
up, prototype product, or simulation is available), then a number of user trials can
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be performed, and information can be gathered on how different users perform each
subtask and the problems, difficulties, and errors experienced by the users. The
information then can be used in creating the task analysis table. Even if a product
is not available, the task analysis can be performed on an early product concept by
predicting the possible sequence of subtasks needed to use the product in perform-
ing each task (or product usage). Bhise (2012) provides examples of task analysis
conducted using this format.

Human Performance Evaluation Models

Human factors researchers have developed a number of models to predict the per-
formance of users under different product usage or work situations. The models are
generally based on statistical analysis (e.g., regression models) of data gathered from
experimental research studies. An available human performance model, if found to
apply to a given product usage situation, can be applied to predict the performance
of different users under different product usage situations. The model predictions,
along with the results of additional experimental research, can be used to narrow
down a number of product concepts and designs during the early stages of the prod-
uct development processes.

For example, one of the oldest operator performance models to predict the time
requirements of factory jobs is the methods-time measurement (MTM) (Maynard
et al., 1948). The model is based on breaking down a given task into a series of pre-
defined micro-motions. The times required to perform different micro-motions (e.g.,
reach, move, grasp, release, turn, position, assemble, turn body, leg motions, eye
motions, steps, and side-steps) are provided in tables. The applicable times from the
tables can be added to predict the time to complete a given task. The times are for
an experienced operator handling and assembling small parts. Other predetermined
time prediction models are also used in the industry (Konz and Johnston, 2004).

A human information processing model for prediction of human operator time
requirements in information processing tasks was developed by Card et al. (1980,
1983). The basic approach involves top-down, successive decomposition of a task.
The analyst divides the task into logical steps. For each step, the analyst identifies the
human and device task operators. This approach assumes error-free performance,
well-learned tasks, and particular locations of controls.

Many other models are also available to predict human errors. Leiden et al. (2001)
have provided a review of a number of cognitive models, such as ACT-R, Air MIDAS,
Core MIDAS, APEX, COGNET, D-OMAR, EPIC, GLEAN, SAMPLE, and Soar,
for prediction of human error. Many information processing and workload assess-
ment models are also available in the human factors literature (see Bhise, 2012).
Such models, once the limitations on their applicability are understood, can be used
to evaluate user performance with a given product under a specified usage situation.

Bhise (2012) has described a number of models used for ergonomic evaluations
in the automotive design process. The models include driver positioning and occu-
pant packaging practices incorporated into the SAE practices (SAE, 2009). Bhise
(2012) also described a number of human vision models based on visual contrast
thresholds, and disability and discomfort glare prediction equations. The models
have been used to evaluate automotive headlighting systems (the comprehensive
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headlamp environment systems simulation [CHESS] model; Bhise et al., 1977, 1988,
1989), legibility of displays (Bhise and Hammoudeh, 2004), and veiling glare effects
from sunlight reflections into vehicle windshields (Bhise and Setumadhaven, 2007,
2008a,b; see Chapter 22).

Hankey et al. (2001) developed a model to predict the level of demand placed on
the driver while using in-vehicle devices (e.g., an entertainment system or a naviga-
tion system). The model is identified as the IVIS-DEMAnD model. Jackson and
Bhise (2002) applied the model to evaluate the relative sensitivity of vehicle param-
eters and other external factors, such as traffic demand and driver age, in evaluating
figure of demand during various driving tasks.

Human factors models in general are based on modeling relationships between
many independent variables and assumed characteristics of human operators. The
relationships are usually developed based on analyses of data collected in experi-
mental research. The models are thus approximations of human performance and
should be used with caution. The model results should be validated by performing
studies using real subjects and products under actual usage situations. This issue of
testing with real subjects is covered in the next section.

Laboratory, Simulator, and Field Studies

Early product concepts, product prototypes, and final products (production versions)
are generally evaluated using real subjects performing a number of tasks to verify
and validate the product design. Product evaluation under actual usage situations
involving field testing is generally preferred. However, due to a number of reasons,
such as high costs of building a working model of the product, costs in recruiting
subjects, and time required to perform field tests, other research approaches, such as
laboratory tests, product simulations, use of early prototypes, or testing with simula-
tors, are commonly considered.

Data collection methods employed in human factors studies include (a) observing
subjects performing given tasks with the product, (b) communicating with the sub-
jects to obtain ratings on selected product features or asking the subjects to describe
problems and difficulties in using the product, (c) measuring the performance of the
subjects and the product during product uses, (d) measuring the physiological state
of the subjects while completing different usage tasks, and (e) obtaining subjective
ratings to measure operator workload.

Human Performance Measurement Methods

Human performance in laboratory, field, and simulator studies can be measured
using a combination of methods of observation, communication, and experimenta-
tion. These methods are described in Bhise (2012). Some examples of measurements
in these evaluations include

1. Observable Human Responses: We can observe the human operator’s
responses, such as his/her visual information acquisition behavior, through
measurements of eye movements, head movements, eye glances, and time
spent in viewing different objects (e.g., displays), and control movements
through measurements of movements of body parts, such as hand and foot,
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while operating various controls. We can also measure the physiological
state of the operator by measuring variables such as the operator’s heart
rate, sweat rate, and pupil diameter.

2. Operator’s Subjective Responses: We can also develop a structured ques-
tionnaire and ask the operator a number of questions at different points in a
test procedure (if an experimenter is present) or at the end of the procedure
to understand the operator’s problems, difficulties, confusions, frustrations,
and situational awareness issues. We can also ask the operator to provide
ratings on his/her workload, comfort, ease in using different controls and
displays, and so forth.

3. State of Product/Equipment: We can also record the state of the product (or
the equipment being used) by installing measuring instruments in the prod-
uct to measure product outputs (as functions of time) such as speed, control
positions and movements, distance traveled, vibrations, temperatures, and
energy consumption.

OBJECTIVE MEASURES AND DATA ANALYSIS METHODS

Depending on the task used to evaluate a product, the task performance measurement
capabilities, and the instrumentation available, the ergonomics engineer designs an
experiment and procedure to measure dependent (or response) variables. Objective
measures can be based on physical measures such as time (taken or elapsed), dis-
tance (position or movements in lateral, longitudinal, or vertical directions), veloci-
ties, accelerations, events (occurrences of predefined events), and measures of the
user’s physiological state (e.g., heart rate). The recorded data are reduced to obtain
values of the dependent measures and their statistics, such as means, standard devia-
tions, minimum, maximum, and percentages above and/or below certain preselected
levels. The values of the dependent measures are then used for statistical analyses
based on the experiment design selected for the study. Some examples of applica-
tions involving objective measures are provided in a later section of this chapter.

SUBJECTIVE METHODS AND DATA ANALYSIS

Subjective methods are used by engineers because in many situations, (a) the sub-
jects are better able to perceive characteristics and issues with the product, and thus,
they can be used as the measurement instruments, (b) suitable objective measures do
not exist, and (c) subjective measures are easier to obtain.

Pew (1993) made several important points regarding subjective methods.
Subjective data must come from the actual user rather than the designer; the user
must have an opportunity to experience the conditions to be evaluated before provid-
ing opinions; care must be taken to collect the subjective data independently for each
subject; and the final test and evaluation of a system should not be based solely on
subjective data.

The two most commonly used subjective measurement methods during the vehi-
cle development process are (a) rating on a scale and (b) paired comparison—based
methods. These two methods are presented in the following subsections.
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RATING ON A SCALE

In this method of rating, the subject is first given instructions on the procedure
involved in evaluating a given product, including explanations of one or more of the
product attributes and the rating scales to be used for scaling each attribute. Interval
scales are used most commonly. Many different variations are possible in defining
the rating scales. The interval scales can differ due to (a) how the end points of the
scales are defined, (b) the number of intervals used (note: an odd number of intervals
allows the use of a midpoint), and (c) how the scale points are specified (e.g., without
descriptors vs. with word descriptors or numerals). Bhise (2012, 2014) presents a
number of examples of interval scales.

Table 21.2 illustrates how the direction magnitude and the 10-point acceptance
scales together can be used to evaluate a number of interior dimensions in a vehicle
package. The distribution of responses on each direction magnitude scale provides
feedback to the designer on how the dimension corresponding to the scale was per-
ceived in terms of its magnitude, and the ratings on the acceptance scale provide
the level of acceptability of the magnitude of the dimension. For example, if the
ratings on item number 5 (gas pedal lateral location) in Table 21.2 show that 80% of
the subjects rated the gas pedal location as ‘“Too much to the left” on the direction
magnitude scale, and the average rating on the 10-point acceptance scale was 4.0, the
designer can conclude that the gas pedal needs to be moved to the right to improve
its acceptability. The author found that such use of dual scales was very helpful in
fine-tuning the vehicle dimensions in the early stages of the vehicle design process.

PAIRED COMPARISON—BASED METHODS

The method of paired comparison involves evaluating products presented in pairs.
In this evaluation method, each subject is essentially asked to compare two products
in each pair using a predefined procedure and is asked to simply identify the better
product in the pair on the basis of a given attribute (e.g., comfort or usability). (If the
respondent states that there is no difference between the two products, the instruc-
tion will be to randomly pick one of the products in the pair. The idea is that, if there
truly is no difference in that pair among the respondents, the result will average out
to 50:50.) The evaluation task of the subject is, thus, easier as compared with rating
on a scale. However, if n products have to be evaluated, then the subject is required
to go through each of the n(n—1)/2 possible numbers of pairs and identify the better
product in each pair. Thus, if five products need to be evaluated, the total number of
possible pairs will be 5(5-1)/2=10. The major advantage of the paired comparison
approach is that it makes the subject’s task simple and more accurate, as the subject
only has to compare the two products in each trial and identify the better product in
the pair. The disadvantage of the paired comparison approach is that as the number
of products (n) to be evaluated increases, the number of possible paired comparison
judgments that each subject needs to make increases rapidly (proportional to the
square of n), and the entire evaluation process becomes very time consuming.

We will review two commonly used methods based on the paired comparison
approach: (a) Thurstone’s method of paired comparisons and (b) the analytical
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hierarchy method. Thurstone’s method allows us to develop scale values for each of
the n products on a z-scale (z is a normally distributed variable with mean equal to
zero and standard deviation equal to one) of desirability (Thurstone, 1927), whereas
the analytical hierarchy method allows us to obtain relative importance weights
of each of the n products (Satty, 1980). Both the methods are simple and quick to
administer and have the potential of providing more reliable evaluation results as
compared with other subjective methods whereby a subject is asked to evaluate one
product at a time.

THURSTONE’S METHOD OF PAIRED COMPARISONS

Let us assume that we have five products (or designs or issues) that need to be evalu-
ated. The five products are named L, W, N, P, and R. The 10 possible pairs of the
product are (1) Land W, (2) Land N, 3) Land P, @) L and R, (5) W and N, (6) W
and P, (7) W and R, (8) N and P, (9) N and R, and (10) P and R. The steps to be used
in the procedure are presented in the following subsections.

Step 1: Select an Attribute for Evaluation of the Products

The purpose of the evaluation is to order the five products along an interval scale
based on a selected attribute. Let us assume that the five products are five different
layouts of center stack controls for the operation of navigation, audio entertainment,
and climate controls in a vehicle. The attribute selected is “ease of operation of the
center stack controls.”

Step 2: Prepare the Products for Evaluation

It is further assumed that five test cars have been built for the evaluation of the center
stack controls with identical vehicle models, features, and interiors. The center stack
part of the instrument panel in each vehicle is fitted with the center stack controls in
a different layout.

Step 3: Obtain Responses of Each Subject on All Pairs

It is also assumed that 80 subjects will be selected randomly from the population of
the likely owners of the vehicle for the evaluation study.

Each subject will be brought into the test area separately by an experimenter. The
experimenter will provide instructions to the subject and ask the subject to operate
controls in the center stack by performing a series of preselected tasks related to use
of the navigation system, audio system, and climate control system while driving
each vehicle on a preselected route. Each subject will be asked to evaluate 10 pairs
of vehicles selected in a random order. After completing the test drives for each pair
of vehicles, the subject will be asked to select the center stack layout that is easier to
use in each pair.

The responses of an individual subject are illustrated in Table 21.3. Each cell of
the table contains Yes or No depending on whether the center stack layout shown in
the column was better (easier to use) than the center stack layout shown in the row.
It should be noted that only the 10 cells above the diagonal (marked by x) need to be
evaluated.
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TABLE 21.3

Responses of an Individual

Subject for the Ten Possible

Product Pairs

L w N P R
L X No No No No
w X No No Yes
N X No Yes
P X Yes
R X
Note: A “Yes” response indicates that

the product shown in the column
is better than the product in the

row. A “No” response indicates
that the product shown in the
row is better than the product

shown in the column.

Step 4: Summarize Responses of All Subjects in Terms of Proportion
of Product in the Column Better Than the Product in the Row

After all the subjects have provided responses, the responses are summarized as
shown in Table 21.4 by assigning a 1 to a Yes response and a 0 to a No response.
Thus, the cell corresponding to W column and L row indicates that only 1 out of
the 80 subjects judged center stack layout W to be better than center stack layout L.

The complements of the summarized ratings in Table 21.4 are entered in the cells
below the diagonal, as shown in Table 21.5. For example, the complement of “1/80
responses of product W better than product L is ““79/80 responses of product L bet-

ter than product W.”

TABLE 21.4

Number of Subjects Preferring

Product in the Column over

Product in the Row Divided by

Number of Subjects

L w N P
L x 1/80  3/80  2/80
w X 3/80  30/80
N X 30/80
P X
R

4/80

50/80
50/80
60/80
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TABLE 21.5
Response Ratio Matrix with Lower Half
of the Matrix Filled with Complementary

Ratios

L w N P R
L X 1/80 3/80 2/30 4/80
W 79/%0 X 3/80  30/80  50/80
N 77/80  77/30 X 30/80  50/80
P 78/80  50/80  50/80 X 60/30
R 76/80  30/80  30/80  20/80 X

TABLE 21.6

Proportion of Preferred Responses (p;)

i=1 i=2 i=3 i=4 i=5

L w N P R
ij=1 L X 0.013 0.038 0.025 0.050
j=2 W 0.988 X 0.038 0.375 0.625
j=3 N 0.963 0.963 X 0.375 0.625
j=4 P 0.975 0.625 0.625 X 0.750
j=5 R 0.950 0.375 0.375 0.250 X

The proportions in Table 21.5 are expressed in decimals in Table 21.6. Each cell
in the matrix presented in Table 21.6 thus represents proportion p;, indicating the
proportion of responses in which the product in the ith column was preferred over
the product in the jth row.

Step 5: Adjusting p; Values

To avoid the problem of distorting the scale values (computed in Step 6) of the prod-
ucts when p;; values are very small (close to 0.00) or very large (close to 1.00), the p;;
values in Table 21.6 above 0.977 are set to 0.977 and the p,; values below 0.023 are
set to 0.023, as shown in Table 21.7.

Step 6: Computation of Z-values and Scale Values for the Products

In this step, the values of the proportions (p;) in each cell are converted into Z-values
using the table of standardized normal distribution found in any standard statistics
textbook. For example, the value of p,;=0.023 is obtained by integrating the area
under the standardized normal distribution curve (with mean equal to 0 and standard
deviation equal to 1.0) from minus infinity to —1.995. Thus, a Z-value of —1.995 pro-
vides a p-value of 0.023. The Z-values can also be obtained using a function called
NORMINYV by setting its parameters as (p;,0,1) in Microsoft Excel. The Z-values
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TABLE 21.7
Adjusted Table of p;; (If p;> 0.977, then set
p;=0.977; and if p;< 0.023, then set p;=0.023)

i=1 i=2 i=3 i=4 i=5
L w N P R
j=1 L X 0.023 0.038 0.025 0.050
j=2 W 0977 X 0.038 0.375 0.625
j=3 N 0.963 0.963 X 0.375 0.625
j=4 P 0.975 0.625 0.625 X 0.750
j=5 R 0.950 0.375 0.375 0.250 X

TABLE 21.8
Values of Z; Corresponding to Each p; and Computation of Scale Values (S)

i=1 i=2 i=3 i=4 i=5
L w N P R
j=1 L X —1.9953933102 -1.7804643417 -1.9599639845 —1.644853627
j=2 W 1.9953933102 X —1.7804643417 -0.318639364 0.318639364
j=3 N 1.7804643417  1.7804643417 X -0.318639364 0.318639364
j=4 P 1.9599639845 0.318639364 0.318639364 X 0.6744897502
j=5 R 1.644853627  —0.318639364  -0.318639364 —0.6744897502 X

2 Z;= 7.3806752634 -0.2149289685 -3.5609286834 —3.2717324627 -0.3330851488
S;=  2.0875702114 -0.0607910924 -1.0071827277 —-0.9253856842 —0.094210707

J

Note: Z; =Value of NORMIN V(p,j,O,l) function from Microsoft Excel.

(Z;;) obtained by converting all the proportion (p;) values in Table 21.7 using this
conversion procedure are shown in the matrix on the top part (Z matrix) of Table 15.9.

The Z-values obtained in each column are summed (i.e., summed over all js), and
the scale values for each product (S;) are obtained using the formula (see the last two
rows of Table 21.8)

s=(

where n=number of products used in paired comparisons
The bottom row of Table 21.8 presents the scale values (S;) for each product (note:
using n=5 in the formula). It should be noted that the sum of the scale values (i.e.,
summing over all is) computed from the formula is equal to 0.0 (i.e., Y. S, =0.0).
Figure 21.2 presents a bar chart of the scale values (S;) of the five products shown
in Table 21.8. Thus, using Thurstone’s method of paired comparisons, scale values
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FIGURE 21.2 Scale values of the five products.

of the five products are obtained. The scale values indicate the strength of the rela-
tive preference of each of the products in the set of n products. The unit of the scale
values is number of standard deviations, and the zero value on the scale corresponds
to the point of indifference (i.e., the product with the zero scale value is neither liked
[preferred] nor disliked [not preferred]). Thus, in this example, product L is the best
(most preferred) among the five products, and product N is least preferred.

ANALYTICAL HIERARCHY METHOD

In the analytical hierarchy method, the products are also compared in pairs. However,
the better product in each pair is also rated in terms of the strength of the attribute it
possesses in relation to the strength of the same attribute in the other product in the
pair. The strength of the attribute is expressed using a ratio scale. The scale (or the
weight) value of 1 is used to denote equal strength of the attribute in both the prod-
ucts in the pair; the scale value of 9 is used to indicate extreme or absolute strength
of the attribute in the better product; and the product with the weaker strength is
assigned the inverse of the scale value of the better product. Two examples illustrat-
ing the application of the analytical hierarchy method are provided in Chapter 17.

SOME APPLICATIONS OF EVALUATION
TECHNIQUES IN AUTOMOTIVE DESIGN

CHECKLISTS

A checklist is used to check that the product being designed meets each applicable
guideline (or principle or requirement) in the area covered by the checklist. The
checklist approach is commonly used during the design of many areas, (1) interior



428  Automotive Product Development: A System Engineering Implementation

and exterior package design, (2) controls and displays design, (3) vehicle lighting
design, and (4) special population issues (e.g., older drivers). It should be noted
that the checklists must be comprehensive and complete and must be completed by
trained evaluators. The ergonomic checklists are generally completed by ergonomics
experts based on their knowledge or data available from various ergonomic analyses
and studies (Bhise, 2012).

Pew (1993) has compiled a useful checklist of “poor questions” that should guide
the development of any checklist or questionnaire. Some examples of poor questions
are (a) they produce a narrow range of answers, (b) they require information the
respondent does not know or remember, and (c) their statement is too vague.

OBSERVATIONAL STUDIES

Driver and customer observational studies are conducted to obtain informa-
tion on issues such as problems encountered while entering and exiting vehicles
(Bodenmiller et al., 2002), operating in-vehicle devices (e.g., to study driver under-
standing of various control functions in audio, climate controls, and navigation sys-
tems), and performing vehicle service tasks (e.g., checking fluids, changing fuses and
bulbs, refueling, changing a tire) (see Bhise, 2012).

VEHICLE USER INTERVIEWS

Drivers and other vehicle users are interviewed individually or in groups (e.g., focus
group sessions) to understand their concerns, issues, and wants related to various
vehicle features. For example, Bhise et al. (2005) asked drivers to develop layouts of
center stack and console areas through a structured interview technique (a method
of communication).

RATINGS ON INTERVAL SCALES

Rating methods using different interval scales are used for ergonomic evaluations
of issues such as (a) interior and exterior package dimensions, (b) characteristics of
controls and displays (e.g., acceptability of locations, sizes, and grasp areas; haptic
feedback during movement or activation of controls), and (c) interior materials (e.g.,
visual and tactile characteristics of materials on instrument panels, door trim, seat
areas, armrests, and steering wheels) (Bhise et al., 2006, 2008, 2009).

StupIEs USING PROGRAMMABLE VEHICLE Bucks

Programmable vehicle bucks are used in early package evaluation studies to assess
exterior and interior dimensions such as vehicle width, windshield rake angle, seat-
ing reference point location (e.g., longitudinal distance from the accelerator pedal,
lateral location from the vehicle centerline, and height from the ground), driver eye
location, visibility over the instrument panel, hood, and side windows, and height of
armrest (Richards and Bhise, 2004).
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DRIVING SIMULATOR STUDIES

Driving simulators are now routinely used in many automotive companies to evalu-
ate driver workload issues in operating various in-vehicle devices (Bertollini et al.,
2010). All the three methods of observation, communication, and experimentation
can be used during the simulator tests.

FieLb Stubies AND DRivE Tests

Various studies under actual driving situations on test tracks and public roads under
different road, traffic, lighting, and weather conditions are conducted for evaluation
of issues in areas such as seat comfort, field of view, vehicle lighting, controls and
displays usage, and driver workload (Jack et al., 1995; Owens et al., 2010; Tijerina
el al., 1999).

SYSTEM AND COMPONENT VERIFICATION AND VEHICLE VALIDATION METHODS

Entities requiring objective tests typically require physical testing with test
equipment and measurement instruments. Many physical tests are conducted for
verification of functional requirements on vehicle entities related to mechanical,
electrical, and electronic functions, which usually involve extensive laboratory
and field tests. Tests are also conducted over a large number of operational cycles
for durability and reliability evaluations. Evaluations of software applications are
generally conducted using a variety of simulation tests followed by real-world
field tests. Every vehicle manufacturer has detailed test procedures and test equip-
ment to conduct verification tests at component, subsystem, system, and vehicle
levels.

Vehicle validation methods, which generally involve using customers as the eval-
uators, are covered in Chapter 14.

CONCLUDING REMARKS

Product evaluation activities should be considered as an integral part of the prod-
uct design. The design of any entity in a vehicle must be evaluated to ensure that
it meets its stated requirements and is liked by its intended customers. Early eval-
uations can be conducted using computer-aided engineering (CAE) methods and
design reviews by experts from disciplines related to the functions of the entities. As
the physical components (prototype or early production) are available in the latter
half of the product development process, physical testing and evaluation by experts
in the real world are preferred. Physical tests are generally very costly in comparison
with CAE tests. However, the testing of actual components under real field condi-
tions provides opportunities to evaluate a number of effects of variables related to
real road-, traffic-, and weather-related environments. It should also be realized that
while objective evaluations with measurement equipment and instrumentation can
provide more precise data, some vehicle attributes, such as ride, comfort, styling, and
ergonomics, also need subjective evaluations by experts as well as customers.
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22 Evaluation Studies

INTRODUCTION

During the development of a new vehicle, hundreds of studies are performed to
understand issues, evaluate and select alternatives, and verify and validate the
vehicle design. The purpose of this chapter is to provide the reader with additional
examples of applications of various tools and methods used and types of studies that
are conducted before, during, and after product development programs. The descrip-
tions of the studies covered in this chapter are purposely short, with the intention
of making the reader realize the breadth of issues and the types of evaluations that
are conducted to obtain the required information for making decisions during the
vehicle program.

The examples illustrated in this chapter include (I) benchmarking of low-cost
vehicles, (2) photo-benchmarking of storage areas in sports utility vehicles (SUVs),
(3) computer-aided design (CAD) outputs to illustrate various vehicle design and
assembly considerations, (4) observational studies to design center consoles, (5)
a legibility model to predict letter sizes in displays, (6) modeling of veiling glare
caused by reflection of the sunlit instrument panel, (7) driving simulator and labora-
tory and field tests, (8) package evaluation surveys, and (9) market research clinics
for vehicle concept selection.

BENCHMARKING OF LOW-COST VEHICLES

Benchmarking studies are conducted by all engineering departments and design
teams to learn from the vehicle’s best competitors and to improve their designs. The
benchmarking study described here was conducted by a group of graduate students
in an Automotive Systems Engineering program to determine the feasibility of mar-
keting the Tata Nano in the U.S. market (Hussain and Randive, 2010). The Tata Nano
was developed originally as a low-cost vehicle for the Indian market. Its price was
about $2500 (INR 200,000). This study was conducted in 2010. The project began
with a benchmarking of low-cost vehicles sold in 2009 in the United States.

Benchmarking was conducted as a comparison tool to analyze the competing
vehicles in the U.S. market based on their cost, performance, features, and systems
configurations. The cheapest vehicles sold in the U.S. market and selected for the
benchmarking were the Hyundai Accent Blue ($9985), the Nissan Versa ($9990),
and the Chevrolet Aveo ($11,965). The Honda Fit ($14,900) was included in the
benchmarking study because of its size and popularity. The manufacturer’s sug-
gested retail prices (MSRP) included in the analysis were the starting prices of their
base models, that is, base MSRP (excluding freight charges, tax, title, license, dealer
fees, and optional equipment).

Table 22.1 presents the price, exterior and interior dimensions, overall weight,
and body type of the vehicles. The Tata Nano, with 122 in overall length, was
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significantly shorter than the benchmarked vehicles, which ranged between 159 and
176 in. Table 22.2 presents powertrain performance and details. The Tata Nano has a
very small two-cylinder 34 hp engine, as compared to the other vehicles, which had
four-cylinder and over 100 hp engines. Other technical details, such as fuel economy
and emissions standards, safety provisions, and features offered, are provided in the
report prepared by Hussain and Randive (2010).

The data in the study showed that the Tata Nano was the shortest and lightest
vehicle among the five vehicles. The Honda Fit had the highest price, because it
had many extra features and safety systems (e.g., a security system, a vehicle stabil-
ity with traction control system, a cruise controls system, air-conditioning, a tilt-
telescopic steering column, an AM/FM/CD audio system, and power door locks and
windows) as the standard equipment in the base model. The other vehicles did not
provide some of these features in their base model, and this was compensated by
their lower price.

The benchmarking exercise identified $10,000 as the base price of a low-cost
vehicle in the U.S. market, and it also raised the question of what features must
be included in the base model as the standard equipment. Although the relation
between cost and features seems obvious, it is important to understand the answers
to questions such as: What are the minimum features to be provided? How impor-
tant are the provided features to the customers in this low-cost vehicle market seg-
ment? How much would the customer be willing to pay for the provided features?
Such questions were not discussed in depth during the initial definition of the low-
cost vehicle.

PHOTO-BENCHMARKING

Photo-benchmarking is a useful and effective tool for providing pictorial informa-
tion to allow comparison between products and their features. A team of students in
the author’s automotive systems engineering class were asked to compare the storage
spaces provided in the interiors of large SUVs. Figure 22.1 shows pictures obtained
to compare storage spaces within the center console area, such as small item storage
bins and cup holders, and the main console storage space in three large SUVs: the
Ford Explorer, the GMC Acadia, and the Toyota Highlander. Similarly, Figure 22.2
shows pictures of storage areas in the driver’s door and rear cargo area behind the
third row seat and with the second and third row seats folded to provide the maxi-
mum cargo space. The side-by-side photo comparisons provide information on dif-
ferences in possible configurations of these storage areas. The figures also provide
approximate storage volumes for all the spaces.

QUALITY FUNCTION DEPLOYMENT

Table 22.3 presents a partial quality function deployment (QFD) chart (show-
ing the relationship diagram and importance ratings) conducted to translate (i.e.,
relate) the customer needs of the interior storage spaces to functional specifications
of the storage spaces to functional specifications of the storage spaces illustrated in
Figures 22.1 and 22.2.
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Center console

Ford Explorer GMC Acadia Toyota Highlander
storage area

Small items
storage bin

Cupholder
storage

Main
storage bin

FIGURE 22.1 Comparison of storage areas in center console.

The three most important functional specifications from the QFD analysis are (a)
volume and dimensions of the storage spaces, (b) meeting the minimum and maxi-
mum reach zone requirements (i.e., the storage items should not be too close to the
occupants or too far to reach), and (c) operability (i.e., the storage areas should be
easy to operate and use).

CAD EVALUATIONS

CAD systems allow comparisons between designs of many different vehicles and
their systems by (a) creating views for side-by-side comparisons or (b) superimposing
views of the same systems in different vehicles obtained from the same viewing point.
Sequential views can be created to illustrate the effect of changes in systems over time.
Comparisons with addition and/or deletion of certain entities in the vehicles can also
help in visualizing problems such as packaging space and the assembly process. These
views can also be generated from various different viewing locations to visualize and
get a better understanding of spaces, clearances, and interferences between systems.

SUPERIMPOSED DRAWINGS

Superimposing similar views of different vehicles by coinciding on a preselected
common reference point (e.g., the accelerator heel point, the seating reference
point [SgRP], driver eye points) is a powerful tool to understand differences and
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Interior

Ford Explorer GMC Acadia Toyota Highlander
storage area

Door bottle
storage bin

Storage space
behind
third-row seat

Maximum
cargo capacity

2285L 3287 L 2371L

FIGURE 22.2 Comparison of storage areas in driver’s door and rear cargo compartment.

similarities between different characteristics, such as vehicle entry/exit space for
feet, legs, and torso, or field of view available to the drivers, of the vehicles. For
example, Figure 22.3 illustrates how a rear door opening can be modified to provide
additional room during entry into a vehicle. The original and modified door open-
ings were superimposed with respect to the SgRP of the rear occupant (as a common
reference point).

ComposITE VIEWS OF LEFT SIDE AND RIGHT SIDES OF DIFFERENT VEHICLES

Creating two half models (left half and right half) and placing the halves together
on a common vertical XZ plane passing through the vehicle centerline allows com-
parisons of dimensions and differences between the exteriors of two vehicles (see
Figure 22 .4).

SEQUENTIAL VIEWS OF ASSEMBLY

Views can be created at different points in time during the product development,
production, and/or assembly processes to provide a better idea of the sequence of
events and differences between different events over time. For example, Figure 22.5
presents 15 sequential pictures showing how a vehicle based on a space-frame design
is assembled. The first picture shows the floor section of the space frame. The second
picture shows the addition of the front part of the space frame. The third picture
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- Original door opening (dotted line)
Rear door opening and modified door opening (solid line).

FIGURE 22.3 TIllustration of superimposed door opening outlines for improved rear door
entry and exit.

(o)

FIGURE 22.4 Composite views of SUV version (left) and hatchback sedan version (right).

shows the addition of the rear part of the space frame. The fourth picture shows the
installation of the roof members. The fifth picture shows the addition of the engine
block and the fuel tank. The following pictures progressively show the installation
of engine components, exhaust pipe, suspensions, wheels, instrument panel, floor
pan, seats, and other components. Finally, the 15th picture shows the state of the



Evaluation Studies 445

FIGURE 22.5 Sequential views of a vehicle during assembly.

completed vehicle just prior to installation of the exterior body panels, lamps, and
trim components.

DyNAMIC ACTION SIMULATIONS/ VIDEOS

Most CAD models (with computer-aided engineering [CAE] capabilities) can simu-
late the motion of various components (e.g., displacements and deformations of com-
ponents, or a human operator’s hand and body motions during completion of a task)
and dynamically display changes in states or variables such as force or stress level,
temperatures, or fluid flows during the motion by using different color codes as func-
tions of time. Such video simulations are useful in visualizing and understanding the
behavior and/or performance of various entities under different vehicle motion con-
ditions. Additional examples of videos are (a) outputs of crash tests captured by use
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of high-speed video recordings (Autoblog, 2010) and human operator movements in
a work station illustrated by use of Jack models (Siemens, 2015).

OBSERVATIONAL STUDIES IN DESIGNING A CENTER CONSOLE

A center console that extends rearward from the instrument panel and occupies the
space between the two front passenger seats of automotive products started out as a
styling and convenience feature in sporty cars in the 1950s. Early console designs
typically incorporated floor-mounted gear shift levers, hand brakes, and ash trays.
Later, in the 1980s, cup holders and storage spaces for items such as audio cassettes,
coins, and so on were incorporated. Now, the latest automotive center consoles offer a
number of controls for features such as heated seats, power windows and locks, info-
tainment (e.g., multi-function controls such as the BMW’s iDrive), power points, and
CD holders. Recent advances in technologies (e.g., digital, wireless, and data storage),
design trends, and customer demands have created a number of additional features,
and many of them could be incorporated in the center stack and center console units.

Thus, a project was undertaken to develop a methodology to understand customer
needs so that future consoles can be designed to satisfy the customers (Bhise et al.,
2005). Two studies were conducted in the project. The first study involved an obser-
vational survey of 150 vehicles in three parking lots to determine what items people
store in their vehicles and the observed locations of the items in the vehicles. The
data obtained from the survey provided a list of all the stored items, their distribu-
tion, and their locations inside the vehicle. Papers, bottles, cups, books, bags, and
sunglasses were the most frequently observed items in the vehicles. The center con-
sole area was the most frequently used, followed by the front passenger’s seat, the
right rear passenger seat, and the floor area in front of the front passenger seat.

The second study was conducted to determine storage preferences of items in the
center console. A foam-core center console with Velcro surfaces was built inside a
minivan. Thirty-six drivers were asked to select items that they would carry most
often in their vehicles and place them on the center console surfaces. The results
showed that most subjects preferred to have cup/bottle holders on the top side of the
console, large storage areas under the armrest (for items such as CD cases, coins,
purses, phones, maps, and tissues), and an area for various power and data ports (i.e.,
120 V, 12 V, USB, and headphones). Many also wanted trunk, fuel release, and seat
controls on the console, paper holders on the sides of the console, a pen storage area
on the top side of the console, and an entertainment screen on the rear part of the
console for the rear passengers. Subjects differed considerably regarding the loca-
tions of cell phones, garage door openers, and sunglasses. The resulting layouts of
stored items were summarized. The summary data were provided to four teams of
industrial design and engineering students to create design concepts for future auto-
motive center consoles, which are presented in Bhise et al. (2006).

MODELS FOR ERGONOMIC EVALUATIONS

Human factors models in general are based on modeling the relationships between
many independent variables, the characteristics of the human operators, and their
responses (performance or behaviors) in performing certain tasks. The relationships
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are usually developed from the data collected in experimental research. The models
are thus approximations of human performance and should be used with caution.
The model results should be validated by performing studies using real subjects and
products under actual usage situations.

Bhise (2012) has described a number of models used for ergonomic evalua-
tions in the automotive design process. The models include driver positioning and
occupant packaging practices incorporated in the Society of Automotive Engineers
(SAE) practices (SAE, 2009). Bhise (2012) also described a number of human vision
models based on visual contrast thresholds, and disability and discomfort glare pre-
diction equations. The models have been used to evaluate automotive headlighting
systems (Comprehensive Headlamp Environment Systems Simulation [CHESS]
model; Bhise et al., 1977a,b, 1985, 1988, 1989), legibility of displays (Bhise and
Hammoudeh, 2004) and veiling glare effects from sunlight reflections into vehicle
windshields (Bhise, 2007; Setumadhaven, 2008a,b).

A legibility model and a veiling glare prediction model are briefly described in
the following subsections.

LeciBiLiTy PREDICTION MODEL

The visibility model developed by Bhise (2012) allows a user to evaluate the vis-
ibility of targets illuminated by a light source by inputting its intensity and other
variables (target size, distance of the target from the source, distance of the observer
from the target, reflectance of the target and the background, ambient illumination,
observer age, percent confidence, and ease in detecting). For legibility computations,
the model provides options to evaluate externally illuminated or backlighted dis-
plays. The target (letters or numerals) to be read is specified by its size (i.e., letter
height and stroke width [see Figure 22.6]), and other input variables are viewing dis-
tance, observer’s age, level of confidence and ease in reading, and target illumination
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FIGURE 22.6 Speedometer display showing letter height and strike width measurements.
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characteristics. The user is provided with three options for entering illumination
data: inputting (a) light source intensity, distance from source to target in English or
metric units, (b) illumination directed at the target (letter or numeral to be read) and
its background and the reflectance characteristics of the target and its background,
or (c) the luminance of the target and its background. Depending on the method of
data entry selected, the program shows open data entry boxes and grayed-out boxes
(when not needed) for required reflectance or transmittance values. If Option (c) is
selected, then the luminance of the target and its background need to be measured
using a photometer (see Figure 22.7).

Two versions of the model are available: one Excel based and the other an exe-
cutable file from a Visual Basic program. The Excel-based program is useful for
students and researchers who want to understand the basic computational proce-
dure. They can also easily modify this version for their own custom applications.
The Visual Basic version provides easy-to-input screens and options to exercise the
model when inputs are provided under different conditions (e.g., directly inputting
target luminance as compared with computing from source candlepower, distance,
and target reflectance). Detailed information on the model can be found in Bhise and
Hammoudeh (2004).

Figure 22.8 presents a graph developed from repeatedly running the model to
illustrate the letter height required as a function of the observer’s age for easy read-
ing of a typical automotive speedometer-type display. The easy reading condition
was simulated to achieve target-to-background contrast at least five times that of the
threshold contrast level for the observer with the given age. The figure shows three
curves for the following conditions: (a) letter to background luminance contrast (C)
=5, illumination falling on the face of the speedometer (E)=300 lux, (b) C=20 and

Background luminance measurement area

Letter luminance measurement area

|
2
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‘ h‘"’-‘lfi.:g \wan® 8
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FIGURE 22.7 Luminance measurements using a Spectra radiometer.
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FIGURE 22.8 Letter height required for easy reading of speedometer numerals as a func-
tion of driver age.

E=5 lux, and (¢) C=5 and E=45 lux. (Note: most automotive speedometers have
miles per hour printed with white numerals about 6 mm high on a black background).

WINDSHIELD VEILING GLARE PREDICTION MODEL

When a vehicle is driven toward the sun (i.e., when the sunlight passing through the
windshield strikes the top of the instrument panel, and the illuminated top of the
instrument panel reflects into the windshield), the driver looking through the reflec-
tion of the instrument panel top in the windshield will have the veiling luminance of
the reflection superimposed on his visual scene. The veil decreases the visibility of
the objects in the driver’s visual field. The upper part of Figure 22.9 shows the light
path from the incident sun rays to the reflected light from the top of the instrument
panel seen by the driver (driver’s eyes located by use of the SAE eyellipses) and the
driver’s sightline through the windshield to view an outside target. When the outside
target is dimly lit, such as inside a tunnel (or a parking structure), the veil created
by the incident sunlight can reduce the visibility of the target (see the lower part of
Figure 22.9).

This veiling glare effect has been measured and was modeled by Bhise (2007)
and Setumadhaven (2008a,b). The model can be used to study the effects of relevant
parameters such as level of illumination falling on the windshield, sun angle, instru-
ment panel angle, windshield angle, gloss level of the top of the instrument panel
material, reflection characteristics of the windshield, and driver vision characteris-
tics (age and visual contrast thresholds). The model can be used to predict trade-offs
between the windshield angle, the instrument panel angle, and the gloss level of the
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Windshield
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FIGURE 22.9 Veiling glare situation of a driver approaching a target in a darker tunnel
while the sunlight falls on the windshield.

material to ensure that the driver is able to see all important targets in the types of
situation shown in Figure 22.9.

SIMULATOR, LABORATORY, AND FIELD STUDIES

Early product concepts, product prototypes, and final products (production versions)
are generally evaluated by using real subjects performing a number of tasks to verify
and validate the product design. Product evaluation under actual usage situations
involving field testing is generally preferred. However, due to safety and other rea-
sons, such as the high cost of building a working model of the product and the costs
and time required to perform field tests, other research approaches, such as laboratory
tests, product simulations, the use of early prototypes, or testing with simulators, are
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commonly considered. The data collection methods employed in the human factors
studies conducted in laboratory and driving simulators include (a) observing subjects
performing given tasks with the product (e.g., operating a new radio), (b) communi-
cating with the subjects to obtain ratings on selected product features, or asking the
subjects to describe problems and difficulties in using the product, (c) measuring the
performance of the subjects (e.g., time taken to complete a task, or number and type
of errors committed in performing the task) and the product during product uses, (d)
measuring the physiological state of the subjects while completing different usage
tasks, and (e) obtaining subjective ratings to measure operator workload.

DRIVING SIMULATORS

Driving simulators are increasingly used during the design and evaluation of many
vehicle systems. In a driving simulator, a large number of driving maneuvers under
different driving and traffic conditions can be generated, and the responses of many
drivers and vehicle systems can be observed, measured, and recorded for further
analyses. The simulators are especially useful to evaluate complex in-vehicle devices
(e.g., display screens presenting outputs of navigation, radio, and climate control
systems) that could increase driver workload.

Figure 22.10 shows a driving simulator used to evaluate controls and displays of
various designs of audio products (Bhise et al., 2003). While driving the simulator
and performing a number of tasks (e.g., turn on the radio and find a FM station with
a specified frequency) with different radio designs, driver eye glances, lateral devia-
tions in the lane, and vehicle speed variations were measured. The combination of
the driving simulator, the use of working prototypes of the radios, a data acquisition
system, and data analysis capabilities was found by the author to be a very powerful
approach to the development process of driver information systems.

FIGURE 22.10  Subject operating a radio while driving in a vehicle simulator.
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LABORATORY AND FIELD TESTS

Many laboratory tests are conducted to evaluate the performance of vehicle systems.
Some examples of such tests are measurements of vehicle body characteristics, such
as stiffness, deflections, and vibrations, in a laboratory; engine dynamometer tests in
a laboratory to measure engine torque versus speed, fuel consumption, and emissions;
and aerodynamic tests to measure air flows, drag, and wind noise in a wind tunnel.
The laboratory tests help verify whether each of the tested systems meets its respec-
tive system design and performance requirements before the systems are installed in
vehicles for whole-vehicle tests in later phases of the product development process.

Many field tests are also performed using early prototype vehicles to evaluate
whole-vehicle performance in actual driving situations on test tracks and public
roads. Some examples of evaluations are vehicle handling tests (in maneuvers
such as lane changes, serpentine paths, braking in a straight line and in turns,
and on pavements with different friction coefficients), ride and seat comfort, and
ergonomics tests on ease of operability of in-vehicle system. In addition, several
early prototype vehicles are used for crash tests to validate safety performance
in meeting front, side, and rear collisions, and rollover situations. Such tests are
described in Chapter 14.

PACKAGE EVALUATION SURVEYS

The vehicle package is generally developed by package engineers assigned to the
vehicle program along with the inputs from design (styling), engineering, and
marketing professionals. However, it is generally desirable to get an independent
confirmation on the vehicle package by conducting a market research clinic in
which a representative group of prospective owners are asked to evaluate the over-
all vehicle package. A full-size interior buck of the vehicle with the passenger
compartment and trunk/cargo area is created. The buck includes all the interior
surfaces (i.e., instrument panel, door trim and roof-liner surfaces) with storage
areas and major vehicle controls (i.e., pedals and steering column with the steering
wheel) and seats.

The package variables that need to be evaluated are selected by the vehicle design
team with the concurrence of the chief vehicle program manager. Table 22.4 presents
a partial list of vehicle package variables along with details on the evaluation ratings
data to be collected. The ratings using the direction magnitude scales are used to get
insights into the perception of the magnitudes of the variables, and the acceptance
ratings using a 10-point scale provide the acceptability of the magnitudes of the
variables.

For example, the first variable shown in Table 22.4 is the longitudinal (fore/aft)
location of the steering wheel. The participants, once seated at their preferred driv-
ing position in the interior buck, are asked the following questions: How is the steer-
ing wheel positioned in terms of its fore/aft location? Is it too far from you, too close
to you, or at about the right distance from you? Next, please rate the acceptability
of the longitudinal location of the steering wheel using the 10-point scale, where 10
equals very acceptable and 1 equals very unacceptable.
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Usually, about 100-300 participants are invited to evaluate the vehicle buck.
An interviewer in the market research clinic asks each participant a series of
questions on all the variables covered in the survey. The responses of each partici-
pant are recorded and summarized over all the participants. Table 22.5 presents
an example of the summarized outputs showing percentages of responses to each
of the three levels of the direction magnitude scales and average rating values on
the 10-point acceptability scale for each of the variables included in Table 22.4.
The items with low average acceptance ratings scores (five or below) revealed
the following problems experienced by many drivers: (a) the gear shifter was
located too close to the driver, (b) the armrest on the center console was too low,
(c) the space above the driver’s head was too low, (d) the obscuration from the left
A-pillar in the driver’s forward field of view was perceived to be too large, and
(e) the obscuration from the right C-pillar in the driver’s rear field of view was
perceived to be too large.

CONCEPT SELECTION MARKET RESEARCH

This section covers a case study involving a market research clinic conducted to
evaluate three vehicle concepts created to replace an existing vehicle. The existing
vehicle, called the reference vehicle, was evaluated along with two other two leading
competitor vehicles, Competitor #1 and #2. Let us assume that 150 current owners
and principal drivers of the reference vehicle were invited to participate in the mar-
ket research clinic.

Each participant was asked to rate each of the subattributes of the attributes of
each vehicle using the 10-point scale (where 10=excellent—liked very much and
1 =very poor—disliked very much) presented in Table 22.6. The averages of ratings
provided by participants are also provided in the table.

The overall results show that Concepts W and P were liked better than the ref-
erence vehicle. However, these two leading concepts had the same overall rating
average (7.3) as Competitor #1, which had the best overall package rating (7.3). The
ratings on the subattributes of each of the three attributes provided in Table 22.6
present further insights into possible improvements that should be incorporated into
the two top concepts. Concepts W and P both received higher ratings for exterior
styling and appearance; however, they received lower ratings for rear legroom. The
design team need to discuss and understand the results and decide on which concept
to select. The selected concept should be improved further by considering the ratings
data on various subattributes.

CONCLUDING REMARKS

This chapter provided several examples of design and evaluation problems addressed by
the application of a number of product evaluation tools and methods at different stages
of the vehicle development process. Such applications must be included in the system
design and evaluation procedures manuals and communicated to the design team mem-
bers to ensure that the right tools are used at the right time during the vehicle develop-
ment process. It is very important to create a thorough plan for vehicle development
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TABLE 22.6
Summary of Ratings Data Collected in Market Research Clinic
Vehicle Concept Concept Concept Reference  Competitor Competitor
Attribute Subattribute w P J Vehicle #1 #2
Exterior Front view 9 6 10 7 9 6
styling and
appearance
Side view 10 8 7 5 8 5
Rear view 7 10 8 8 7 7
Front quarter 8 7 6 5 8 8
view
Rear quarter 6 9 8 7 7 7
view
Average score 8.0 8.0 7.8 6.4 7.8 6.6
Interior styling  Instrument 7 9 8 6 9 7
and panel
appearance
Driver’s door 8 8 5 6 7 6
Center console 8 7 6 7 8 7
Rear door 6 8 6 6 5 9
Driver’s seat 6 7 6 5 6 7
Gear-shifter 8 9 6 7 8 6
knob
Steering wheel 8 8 8 5 5 7
Gas and brake 6 4 7 6 5
pedal
Average score 7.1 7.5 6.5 6.0 6.6 6.9
Vehicle Interior 8 7 8 4 8 9
package spaciousness
Front legroom 7 5 6 5 8 7
Front headroom 6 7 7 6 7 6
Shoulder room 8 7 6 5 9 7
Front door 7 6 7 7 8 6
armrest
Center armrest 8 7 8 4 8 7
Console storage 6 8 7 6 7
space
Rear legroom 5 4 6 7 8 7
Rear headroom 6 6 5 6 5 7
Rear shoulder 6 7 6 8 7 7
room
Trunk space 7 8 7 6 8 8
Average score 6.7 6.5 6.6 5.8 7.5 7.2
All above Average score 73 7.3 7.0 6.1 7.3 6.9

with the help of attribute engineering managers and systems engineers to ensure that the
vehicle being designed meets all vehicle attribute requirements. The systems engineer-
ing management plan should include details of the content and timings of all important
steps to be followed by the design team. The tools and methods to be used during the
design, verification, and validation processes must be also documented.
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23 Developing a
Passenger Car
A Case Study

INTRODUCTION

The case study presented in this chapter is based on a number of projects com-
pleted by graduate students on developing proposals for planning a target car for
introduction into the U.S. market as a 2021 (MY) vehicle. The reference car for
the project was a late MY (2016 or 2017 MY) vehicle sold in the United States,
and the target car was developed to replace the reference car. Two competitors’
vehicles were also selected for benchmarking. The competitors’ vehicles were
also late models of leading competitors in the same market segment as the refer-
ence vehicle.

The objective of the chapter is to illustrate outputs of analyses conducted by the
students as class projects in AE 500, a one-semester course in Automotive Systems
Engineering application in vehicle development. The course is entitled “Automobile:
An Integrated System.” Appendices 1 through 5 provide descriptions of the class
projects. Selected portions of the project reports prepared by Thodupunuri et al.
(2016) were modified and edited for inclusion in this chapter. The vehicles selected
for the project were (a) 2021 Ford Focus as the target car, (b) 2016 Ford Focus as
the reference car, and (c) 2017 Hyundai Elantra and 2016 Toyota Corolla as the two
competitors’ vehicles. Figure 23.1 presents pictures of the 2016 Ford Focus and its
two current competitors.

The outputs covered in this chapter include (a) customer characteristics, (b) cus-
tomer needs, (c) market segment, (d) benchmarking of the vehicles, (e) specification
of the target vehicle, (f) Pugh diagrams comparing the target vehicle characteris-
tics with those of the reference and competitors’ vehicles, (g) a technological plan,
including changes, design challenges, and key open issues in the proposed vehicle
development plan, (h) program timings and gateways, and (i) sales forecasts and
financial analysis.

CUSTOMER CHARACTERISTICS, NEEDS, MARKET SEGMENT,
BENCHMARKING, AND VEHICLE SPECIFICATION

Technical, market, and customer information about the reference and benchmarked
vehicles was collected from several sources, which included vehicle brochures,

manufacturers’ websites, car magazines, visits to local dealers, and customer
interviews.

461
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2016 Ford Focus

2017 Hyundai Elantra

2016 Toyota Corolla

FIGURE 23.1 Three 2016 benchmarked vehicles.

CusTOMER CHARACTERISTICS

The characteristics of the customers who currently purchase a compact sedan were
as follows:

1. Customers are of all ages and belong mostly to the middle class.

2. Affordability is one of the main criteria for a buyer of this car. The price
range (under about $23,000) and the mileage per gallon of gas (about 30-32
mpg combined city and highway driving) are important considerations for
the customers.

3. These customers come from many social groups and are influenced by rec-
ommendations of friends, colleagues, and family members.

4. It is also a popular vehicle among students and commuters.
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CusTOMER NEEDS

Customers in this market segment are looking for a compact affordable vehicle with
the following characteristics:

. Compact size

. Better styling and appearance

. Good fuel economy

. Reliability; for example, the car should be able to start even at very low
temperatures

. Improved driver comfort

. Improved quality of interior features

. Better ergonomics and seats

. Simplified and less complicated infotainment system

. More entertainment features

10. Increased safety features

11. Comfortable rear passenger compartment

12. Good vehicle handling

13. Responsive engine

14. Low noise and vibrations

15. Increased availability of optional features, for example, heated seats, Wi-Fi

hot spot, voice recognition in navigation. and keyless access control

16. Better climate control and internal air circulation system

17. Rear passenger window defogger

18. Increased security systems

AW N =

S O 0 a0 W

MARKET SEGMENT

The market segment for the project was the compact economy car. Compact car is
a largely North American term denoting an automobile smaller than a mid-size car,
but larger than a subcompact car. Compact cars usually have wheelbases between
100 (2540 mm) and 109 in (2769 mm). The U.S. Environmental Protection Agency
(EPA) defines a compact car as measuring between 100 (2.8 m?) and 109 cu. ft
(3.1 m?) of combined passenger and cargo volume capacity. Currently, this compact
market segment contains about a 16% share of the U.S. light vehicle market. The
Ford Focus falls in the compact-size car segment. Examples of other cars that fall in
this segment are the Honda Civic, the Toyota Corolla, the Chevrolet Cruze, and the
Hyundai Elantra.

BENCHMARKING

The benchmarking comparison of our reference model (2016 Ford Focus) and the
two competitors (2017 Hyundai Elantra and 2016 Toyota Corolla) is presented in
Table 23.1. The specifications of the target vehicle (developed by the graduate stu-
dents) are also included in this table to facilitate comparisons. The primary changes
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468  Automotive Product Development: A System Engineering Implementation

in the target vehicle are in the areas of fuel efficiency (to meet EPA regulations
for 2021 MY passenger cars), fuel capacity, rear passenger legroom, horsepower,
weight, and electrical and safety features.

DESCRIPTION OF THE TARGET VEHICLE

The 2021 Ford Focus compact sedan car will be launched as a global vehicle in
many countries. The 2021 Focus will have a powerful but fuel-efficient engine and a
tuned transmission with enhanced mileage, reduced emissions, better acrodynamics,
alluring interior and exterior styling, and improved brakes. It will be competitively
priced to project high value by considering its price and operating expenses. The key

features of the target vehicle are presented in Table 23.2.
The unique characteristics of the target vehicle are

1. Engine Downsizing: The engine has been downsized from 2.0 to 1.5 L
and has been optimized to give best-in-class emissions without much com-
promise on performance. Other technologies, such as turbo charging and
direct injection, have been employed for improvement of fuel efficiency and
performance with a downsized engine.

2. Weight Reduction: Weight reduction measures of material change from
steel to aluminum body panels have been employed. The doors, hood, and
tailgate have been made out of aluminum to improve the overall weight,
saving by about 260 Ib.

TABLE 23.2

Basic Characteristics of the Target Vehicle

Engine
Performance
Emissions
Fuel economy
Drivetrain
Brakes

Suspension/steering

Wheels and tires
Curb weight
NHTSA crash rating
Ground clearance
Interior volume
Fuel tank capacity

1.5 L I-4 turbo-charged direct injection gasoline with flex-fuel

155 hp @ 6000 RPM, 146 1b-ft @ 4000 RPM

220 g/mile

30 city/40 highway/35 combined

Six-speed power-shift automatic (DCT), front-wheel drive

Four-wheel power-assisted ventilated disc brakes with ABS, EBD, and
traction control

Front: independent MacPherson strut with 23.5 mm stabilizer bar. Rear:
Control Blade™ multilink independent with 19.0 mm stabilizer bar. Rack
and pinion electric-assisted power steering with 35 ft curb—curb turn
radius.

17 in. aluminum alloy wheels with 205/50R17

2800 1b

5 stars

54 in.

90 cu. ft

12.4 gal
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3. Safety: The body and chassis design has been improved to promote
overall crash safety. New knee and door air bags have been employed
to improve the crashworthiness and occupant safety of the vehicle. The
target for National Highway Traffic Safety Administration (NHTSA)
safety is set at 5 stars as compared with the 4.5 stars for the reference
car.

4. Electrical and Electronics: The cold-cranking current has been reduced to
390 A by the downsized engine, and external light-emitting diode (LED)
headlights are used to reduce the power generation capacity of the alternator.

CHANGES IN THE TARGET VEHICLE

Table 23.3 shows the technology plan for the target vehicle. It presents major changes
in different vehicle systems proposed for the target vehicle. Technological challenges
and open issues that will be faced during the implementation of the changes are
described briefly in the third and fourth columns of this table.

ASSESSMENT OF TARGET VEHICLE

This section presents three separate Pugh diagrams to compare the proposed 2021
MY vehicle and its current two competitors by using the reference vehicle as the
“datum.” The three Pugh diagrams presented in Tables 23.4 through 23.6 com-
pare the vehicles based on customer needs, vehicle attributes, and vehicle systems,
respectively. Comparison of the total scores presented in the bottom lines of each of
the tables shows that the 2021 MY vehicle would be substantially improved over the
existing vehicles.

CustoMER NEEDS PuGH DIAGRAM

The data in Table 23.4 show that the 2021 vehicle has a total score of 14, which
means that the 2021 model will be perceived by the customers as satisfying many of
their needs at higher levels as compared with the current 2016 reference car.

VEHICLE ATTRIBUTES PUGH DIAGRAM

The total score presented in the last row shows that the 2017 Hyundai Elantra’s
score of 9 is very close to the 10 score of the target car. This finding should sound
a wake-up alarm to the design team, as it shows that their design would not be
perceived to be very advanced. Additional improvements in many attributes are
needed.

VEHICLE SYSTEMS PUGH DIAGRAM

The data in Table 23.6 show that the 2021 vehicle has a total score of 14, which
means that the 2021 model will be perceived by the customers to have improved
vehicle systems as compared with the current 2016 reference car.
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TABLE 23.4
Pugh Diagram for Customer Needs

2016
Ford Focus 2017 2021 Ford Focus
Titanium Hyundai 2016 Toyota  Titanium (Target
Customer Needs (Datum) Elantra Corolla Car)
Styling and appearance + S +
Packaging and interior quality
Safety
Infotainment system and
center console

+ o+ +

+
S
+

+ 4+ +

Keyless access control

Climate control system

+ o+ o+
|

Fuel economy
Vehicle handling

Engine performance - -

Noise and vibrations

Driver comfort and ease of use

+ + +
+ w»n

Rear passenger comfort

+ v+ v w o+ + o+ o+

Battery and cold cranking -
Cost

Voice recognition

Wi-fi

Rear door window defogger
Memory rear view mirror

Heated steering

v wn v v v nun +
+ 4+ttt @

Security

Sum of (+)
Sum of ()
Sum of (S)
Total score 8

—_
—_

o W
—_ 0 LNV WY LY »nn +
A~ = G

=

PROGRAM TIMINGS, SALES, AND FINANCIAL PROJECTIONS

ProGRAM TIMINGS

The vehicle program to develop the proposed 2021 Ford Focus sedan was estimated
to begin with the formation of the core product development team at approximately
40 months before Job#1. Job# 1 is scheduled on September 15, 2020.

PROJECTED SALES

It is estimated that the company will sell about 120,000 Focus sedan vehicles per
year. The manufacturer’s suggested retail price (MSRP) of the 2021 Focus is esti-
mated to be about $28,000.
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TABLE 23.5
Pugh Diagram for Vehicle Attributes
2021 Ford
2016 2017 2016 Focus
Ford Focus Hyundai  Toyota Titanium
Vehicle Attribute Titanium (Datum) Elantra Corolla (Target Car)
Styling and appearance + + +
Vehicle package + S +
Safety + S +
Driver information and + S +
interface
Climate control + - +
Performance S +
Vehicle handling - +
Noise, vibrations and harshness + - S
Ergonomics + - +
Emissions + + +
Cost + S _
Weight + + +
Security S S +
Sum of (+) 10 3 11
Sum of (-) 1 4 1
Sum of (S) 2 6 1
Total score 9 —1 10

FINANCIAL PROJECTIONS

Over the estimated 5 year sales period (MY 2021-2026), the total sales of the Focus
are estimated at 484,500 vehicles with a total revenue of about $14.2 billion and net
earnings of about $7.8 billion. The maximum cumulative cost incurred in the total
Focus program (all Focus models) is estimated at about $0.5 billion just prior to
Job#1. The cost breakeven point is estimated to occur at about 6 months after Job#1.

CONCLUDING REMARKS

The goal of the outputs presented in this chapter was to provide the students with an
understanding of the early part of the automotive product development by perform-
ing the data-gathering and decision-making tasks. The projects required the students
to develop specifications for the 2021 Ford Focus by undertaking benchmarking of
the latest available models of the Ford Focus, Hyundai Elantra, and Toyota Corolla,
studying applicable government regulations, and researching future trends in design
and technologies.

It should be realized that the data provided in the tables included in this chap-
ter were gathered by the students by searching through various sources, such as
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TABLE 23.6
Pugh Diagram for Vehicle Systems
2016
Ford Focus 2017 2016 2021 Ford
Titanium Hyundai Toyota Focus Titanium
Vehicle System (Datum) Elantra Corolla (Target Car)
Body-in-white S S S
Closures (doors, hood, and trunk) S S +
Seat system + S +
Instrument panel system + + +
Exterior lamp system S + +
Rear vision system S S +
Underbody frame S S S
Suspension system - - S
Steering system S S +
Braking system S S S
Wheels and tires + - S
Engine S - -
Transmission - - +
Fuel system + + S
Electrical system - - +
Climate control system S - +
Seat belts and airbag system S S +
Wiping and defrosting system S S +
Security lighting and locking system S S +
Driver assistance system S S +
Audio system + + +
Navigation system S S +
Sum of (+) 5 4 15
Sum of (-) 3 6 1
Sum of (S) 14 12 6
Total score 2 -2 14

the vehicle brochures, the websites of the vehicle manufacturers, and automotive
magazines, in a very limited time (all the projects presented in Appendices 1 through
5 were completed within one semester by a team of no more than four graduate
students). The Pugh analyses were conducted using data gathered under conditions
of severely restricted time and scarcity of benchmarked vehicles. Similarly, the
financial analyses were conducted using a number of assumptions on items such
as time required to perform various design tasks, manpower needs, pay rates and
costs associated with different evaluations, and so forth. Therefore, the data and the
information provided in this chapter are expected to be very approximate and crude.
However, from the viewpoint of educational value, it was felt that readers of the book
and students should understand the need for and use of such data during the develop-
ment of a new automotive product.
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The important observations from the projects are briefly described in the follow-
ing list:

1. The use of benchmarking competitive products provides an understand-
ing of similarities and dissimilarities between vehicle dimensions (exterior
and interior), various vehicle systems and features, their configurations,
and issues related to packaging and interfacing. The similarity in vehicle
dimensions and major vehicle systems among the benchmarked vehicles
makes one realize that all vehicle manufacturers must be closely study-
ing and learning from their competitors’ products and using similar design
considerations.

2. The need to meet the NHTSA/EPA corporate average fuel economy
(CAFE) and emissions requirements described in Chapters 3 and 6 will
have a major impact on design of the powertrain and the vehicle body struc-
ture. The engines need to be smaller but must generate more power from
turbo-boosting or by supplemental electric motors (hybrid powertrains).
In addition, the use of lightweight materials, power-saving features (e.g.,
stop/start, low-friction tires and bearings), or regeneration of power during
deceleration must also be considered.

3. The creation of a technology plan is a “must,” as it helps the design team
understand all the design changes, challenges, and risks involved in devel-
oping a new vehicle.

4. The program timing chart and milestones provide an understanding of time
constraints, scheduling of various activities, and the need for simultaneous
engineering.

5. The financial plan allows the program team and the company management
to understand the overall resource needs to cover the cumulative costs,
breakeven point, and revenue potential.

6. The need for and role of product evaluations during vehicle development are
quickly realized during the preparation of Pugh diagrams. Pugh diagrams
based on customer needs, vehicle attributes, and vehicle systems allow the
design team to get a better idea about the positioning of the target vehicle in
comparison with the reference vehicle and other competitor vehicles.

7. The projects quickly make the students realize the value of teamwork,
involvement of professionals from different disciplines, and coordination of
systems engineering tasks in automotive product development.
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24 Developing a
Pickup Truck
A Case Study

INTRODUCTION

The purpose of this chapter is to provide a case study of the product development
of a future model of a pickup truck. The target vehicle selected for this exercise
was the 2021 Ford F-150 Pickup truck. Thus, the current model (2016 model year
[MY]) of the Ford F-150 was used as the reference vehicle, and the 2016 Chevrolet
Silverado and the 2016 Dodge Ram 1500 were used as the competitive vehicles for
benchmarking.

The analysis presented here was originally prepared as a series of class projects
by Ludwick et al. (2016) for the author’s course entitled “Automobile: An Integrated
System (AE 500)” taught in the 2016 winter term. Appendices 1 through 5 provide
descriptions of the class projects. Selected portions of the project reports were modi-
fied and edited for inclusion in this chapter.

The outputs covered in this chapter include (a) customer characteristics, (b) cus-
tomer needs, (c) market segment, (d) benchmarking of the vehicles, (e) specification
of the target vehicle, (f) Pugh diagrams comparing the target vehicle characteristics
with those of its reference and competitors’ vehicles, (g) a technological plan includ-
ing changes, design challenges, and key open issues in the proposed vehicle develop-
ment plan, (h) program timings and gateways, and (i) sales forecasts and financial
analysis.

The technical, market, and customer information about the reference and bench-
marked vehicles was collected from several sources, which included vehicle bro-
chures, manufacturers’ websites, automotive magazines, visits to local dealers, and
customer interviews. Figure 24.1 provides pictures of the three 2016 MY pickup
trucks.

CUSTOMER CHARACTERISTICS AND NEEDS, MARKET
SEGMENT, BENCHMARKING, AND VEHICLE SPECIFICATION

CusTOMER CHARACTERISTICS

The F-150 has great diversity in its customer base. Its customer base includes busi-
nesses (small to large), farmers, construction crews, government agencies, people
who own campers or boats, people who need a vehicle to haul material around, and
people who just like driving trucks because of the higher view of the road. To keep
the same number of anticipated customers as in previous years (if not to expand it),

479
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2016 Dodge Ram 1500

FIGURE 24.1  Three pickup trucks.

the 2021 F-150 will continue to offer a large range of trims and options to appeal to
all customers.

Most customers and drivers (about 75%—85%) are expected to be males, and
this should be kept in mind during the entire product development and marketing.
However, it should still be possible for a small (e.g., Sth percentile) female to drive
the vehicle. The ages of the principal drivers of these vehicles predominantly range
from about 36 to 55. The median annual household income of pickup truck owners
is around $66,000. About 45% of truck owners spend at least $1000 on customiza-
tion, and 17% spend at least $3000. About 40% of owners have given nicknames to
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their trucks (they are very passionate about their trucks—just like pets), and about
64% consider their truck as an extension of their personality. The majority of them
work full time, are married, and live in single-family homes. Many owners use their
vehicles for work as well as family purposes. These vehicles are popularly used
in building construction and hauling materials. Many of the vehicles are also used
occasionally for towing trailers and plowing snow, especially in northern states.

CusTOMER NEEDS

Below is a list of the most important customer needs for the 2021 F-150:

. A vehicle that can haul at least 1600 Ib of payload
. A vehicle that can tow at least 7600 1b
. A vehicle that has features to help keep the occupants safe
. A vehicle that is available at an affordable price
. A vehicle that is comfortable and enjoyable to drive
. A vehicle that provides good fuel economy compared with other trucks
. A vehicle that is able to handle tough terrain (4 X 4, ground clearance,
angles of approach, departure and ramp break-over, and tire quality)
8. A vehicle that is maneuverable (min. turn radius)
9. A vehicle that has convenience feature options (power lock, power windows)
10. A vehicle that can seat from two to six people
11. A vehicle that has an attractive appearance and looks tough

e R R O I S

The specific needs of the vehicle will depend on its usage, as follows:

1. Use as Work Vehicle
a. Payload and towing capabilities
1. Payload: min: 1500 Ib; class leading: 3270 Ib
ii. Towing: min: 5000 Ib; class leading: 12,200 Ib
Low-end torque
Trailer brake
Trailer backup assist
Durability:
i. Might overload accidentally at some point.
ii. Owners expect to be able to load up the vehicle every day if
necessary.
iii. Owners expect to be able to use vehicle in adverse/harsh conditions
without an issue.
f. Bed-liner option
g. Step into truck bed
i. Corner bumper step
ii. Tailgate ladder
h. Selectable gear shifting for automatic transmission
2. Use as Commuter/Everyday Vehicle
a. Front/rear sensors and rear camera because of size of vehicle.

o0 T
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b. Good view of the road:
i. High seating position.
ii. Good view out of windshield and side windows.

c. Luxury options:

i. Adaptive cruise control.
ii. Heated/cooled seats.
iii. Power seats.
iv. Heated steering wheel.
v. Navigation system.
vi. Leather interior.
vii. Premium stereo.
viii. Bluetooth.
ix. 1Pod/mp3 player connectivity.

d. Competitive fuel economy:

i. Not too worried about it, but can’t be way off from the competitors.

e. Optional power folding side view mirrors.

f. Space in cab for some cargo that can’t be transported in the bed (e.g.,
groceries).

g. Precise steering to be able to place vehicle where the customer wants
on the road, but not so precise or fast that the vehicle feels twitchy
(like a sports car). This steering characteristic is particularly impor-
tant to avoid while pulling a trailer or when the vehicle is weighed
down.

h. Handling characteristics need to make vehicle feel planted but not too
aggressive or nervous on the road.

3. Off-Road/Inclement Weather Use

a. Competitive approach, departure, and break-over angles

b. Tires that allow vehicle to operate in snow/mud/sand up to reasonable
point

c. Four-wheel drive option

d. Locking rear differential

e. Ability to turn traction control on/off

4. Customizability for Specific Customer Needs

a. Multiple bed length options (short, medium, long in line with the
competition)

b. Multiple cab style options
i. Regular cab
ii. Super cab
iii. Crew cab

c. Multiple rear axle ratio options

d. Multiple powertrain options

e. Multiple max payload and towing options

5. Safety Needs under All Uses

a. Airbags: front, rear, and side

b. Night vision camera

c. Lane change assist



Developing a Pickup Truck 483

MARKET SEGMENT

The pickup trucks listed in the Introduction and sold in the North American
market fall within the light-duty (Class 2) pickup truck market segment. These
vehicles have a gross vehicle weight rating (GVWR) range of 6,001-10,000 1b
(2,722-4,536 kg). (Note: Class 2 is subdivided into Class 2a and Class 2b, with
Class 2a being 6,001-8,500 1b [2,722-3,856 kg] and Class 2b being 8,501-10,000
Ib [3,856-4,536 kg]. Class 2a is commonly referred to as a light-duty truck,
with class 2b being the lowest heavy-duty class, also called the light heavy-duty
class.) These pickup trucks are sold in the North American market with a maxi-
mum seating capacity of six occupants and with three bed lengths of about 5.5,
6.5, and 8.0 ft. They are available in 4 X 2 and 4 X 4 (wheels X drive wheels)
configurations, and the combined fuel consumption of 2016 MY pickups ranged
between about 15 and 24 mpg. The price of these vehicles is approximately
$26,000-$60,000.

BENCHMARKING AND VEHICLE SPECIFICATION

Table 24.1 presents benchmarking data comparing 2016 MY vehicles with the
2021 target vehicle. The table presents data on various vehicle characteristics
to allow comparisons between the 2016 MY vehicles and the 2021 MY target
vehicle (shown in the last column). The exterior dimensions of the 2021 F-150
are unchanged from the current 2015 F-150. The driver’s headroom and hip room
are increased for the 2021 F-150. The vehicle body, chassis, and powertrain are
improved to maintain the overall vehicle weight at 5577 Ib in spite of the added
weight due to the 3.5 L hybrid engine and larger battery. The payload and towing
capacity of 2021 F-150 is substantially increased over the three 2016 benchmarked
vehicles.

DESCRIPTION OF TARGET VEHICLE

The 2021 Ford F-150 target vehicle will be designed to give tough competition in
the light-duty pickup truck segment. To continue forward as a market leader in sales
within the segment, cutting-edge features, new technologies, and numerous innova-
tions will be added to the 2021 Ford F-150 to maintain the best-in-class position. The
major features of the target vehicle developed in the projects are briefly described in
this section:

1. Carbon-Fiber Body with Aluminum Frame: Fully boxed aluminum frame
with carbon-fiber body for reduced weight, durability, and better efficiency
(25 mpg) to satisfy corporate average fuel economy (CAFE) standards. The
new vehicle body exterior will also be attractively styled.

2. Safety:Designed fora5-star National Highway Traffic Safety Administration
(NHTSA) safety rating with features such as lane-keeping assistance, hill
climb assist, collision avoidance system, air bag system (front, rear, and side
impact), and seat belts with pre-tensioners.
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3. Powertrain: All-new 3.5 L hybrid engine with a single-drive electric hybrid
powertrain for improved performance and economy and reduced emissions
(335 g/mile equivalent for CO,).

4. Electrically Boosted Brakes with Antilock Braking System (ABS) and
Electronic Brake Force Distribution (EBD): Necessary improvements
are made to the brakes to come up with ABS with EBD for better control
and handling to satisfy Federal Motor Vehicle Safety Standards (FMVSS)
requirements.

5. Automatic Driver Controls: Automatic driving controls (e.g., automatic
braking for crash avoidance) are added to the vehicle to make the vehicle
innovatively attractive.

6. New Improved Infotainment System with Apple CarPlay: A new touch-
screen infotainment display with SYNC technology with Apple Car Play.

7. Other Features: Other features such as lane-keeping assist, parking assist,
and automatic light-emitting diode (LED) headlamps.

CHANGES IN THE TARGET VEHICLE

Table 24.2 shows the technology plan for the target vehicle. It presents major changes
in different vehicle systems proposed for the target vehicle. Technological challenges
and open issues that will be faced during the implementation of the changes are
described briefly in the fourth and fifth columns of the table.

ASSESSMENT OF THE TARGET VEHICLE

This section presents three separate Pugh diagrams to compare the proposed 2021
MY vehicle and its current two competitors by using the reference vehicle as the
“datum”. The three Pugh diagrams presented in Tables 24.3 through 24.5 com-
pare the vehicles based on customer needs, vehicle attributes, and vehicle systems,
respectively. Comparison of the total scores presented in the bottom lines of each of
the tables shows that the 2021 MY vehicle would be substantially improved over the
existing vehicles.

CustoMER NEeDS PUGH DIAGRAM

The total scores presented in the last row of Table 24.3 show that the proposed 2021
target vehicle with its total score of 14 will be perceived by its customers to be more
satisfying than the three existing pickups.

VEHICLE ATTRIBUTES PUGH DIAGRAM

The total scores presented in the last row of Table 24.4 show that the proposed 2021
target vehicle with its total score of 7 will be perceived by its customers to be better
than the three existing pickups. The proposed pickup will perform better than the
existing pickup in over eight different attributes.
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TABLE 24.3
Pugh Diagram of Customer Needs
Chevrolet Ram
Ford F150 Silverado 1500 Ford F150
Customer Needs 2016 (Datum) 1500 2016 2016 2021 (Target)
Payload capacity + - +
Towing capacity + - +
Engine torque + - +
Fuel economy - - +
Safety - - S
Trailer brake S S S
Trailer backup assist S S S
Durability - - +
Warranty S S S
Bed liner S S +
Step into truck S S S
Selectable gear shift - - +
Front camera S S S
Rear camera S S S
Seating position S S S
Adaptive cruise control S S S
Heated/cooled seats S S S
Power seats S S S
Heated steering wheel S S S
Navigation S S +
Leather interior S S S
Premium stereo + + +
Bluetooth S S S
iPod/mp3 player S S S
connectivity
Power mirrors S S +
Storage space in cab S S S
Handling S S S
All-weather tires S S +
Four—wheel drive S S S
option
Rear differential S
Traction control on/off S S S
Customizability - -
Sum of + 4 1 14
Sum of — 5 8 0
Sum of S 23 23 18

Total score -1 -7 14
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TABLE 24.4
Pugh Diagram of Vehicle Attributes
Ford F150 Chevrolet
2016 Silverado Ram 1500  Ford F150 2021
Vehicle Attributes (Datum) 1500 2016 2016 (Target)
Package S S S
Ergonomics S S +
Safety - - S
Styling and appearance S - +
Aerodynamics S S +
Performance + - +
Drivability S S S
Dynamics - - +
Noise, vibrations and harshness S S +
Interior climate control S S S
Weight +
Security S S S
Communication and + +
entertainment
Costs - + -
Emissions - +
Customer life cycle S S S
Product life cycle S S -
Sum of S 10 9 6
Sum of + 2 9
Sum of — 5 6 2
Total score -3 -4 7

VEHICLE SYSTEMS PUGH DIAGRAM

The total scores presented in the last row of Table 24.5 show that the proposed
2021 target vehicle with its total score of 14 will be perceived by its customers
to have improved vehicle systems compared with the three existing pickups. The
proposed pickup will have at least 10 better vehicle systems than the existing
pickups.

PROGRAM TIMINGS, SALES, AND FINANCIAL PROJECTIONS

PrOGRAM TIMINGS

The vehicle program to develop the proposed 2021 Ford F-150 was estimated to
begin with the formation of the core product development team at approximately 40
months before Job#1. Job# 1 is scheduled on September 15, 2020.
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TABLE 24.5
Pugh Diagram of Vehicle Systems
Ford F150 Chevrolet

2016 Silverado Ram 1500 Ford F150
Vehicle System (Datum) 1500 2016 2016 2021 (Target)
Body—in—white - - +
Closures system S S +
Seat system S S +
Instrument panel S S +
Exterior lamps S S S
Glass system S S S
Rear vision system S S S
Door frame - - +
Headlamps S S S
Suspension system S S S
Steering system S S S
Braking system - - +
Wheels and tires - - S
Power side mirrors S S +
Engine + + +
Transmission - - +
Fuel system + + +
Battery - - +
Alternator S + S
Power controls S S S
Climate control system S S S
Safety system - - +
Security system S S S
Driver interface system S S S
Audio system + + +
Navigation system S S S
CD player/iPod connectivity S S S
ApplePlay + + +
Sum of + 4 5 14
Sum of — 7 7 0
Sum of S 17 16 15
Total score -3 -2 14

PROJECTED SALES

It is estimated that the company will sell about 700,000 F-150 vehicles per year. The
manufacturer’s suggested retail price (MSRP) of the 2021 F-150 hybrid is estimated
to be about $32,000.
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FINANCIAL PROJECTIONS

Over the estimated 3 year sale period (MY 2021-2023), the total sales of F-150 are
estimated at 2.1 million vehicles with a total revenue of about $86.0 billion and net
earnings of about $43.3 billion. The maximum cumulative cost incurred in the total
F-150 program is estimated at about $ 2.1 billion just prior to Job#1. The cost break-
even point is estimated to occur at about 3 months after Job#l.

CONCLUDING REMARKS

The goal of the outputs presented in this chapter was to provide the students with an
understanding of the early part of automotive product development by performing
the data-gathering and decision-making tasks. The projects required the students
to develop specifications for the 2021 Ford F-150 by undertaking benchmarking of
the latest available models of the Ford F-150, Chevrolet Silverado, and Ram 1500,
studying applicable government regulations and researching future trends in design
and technologies.

It should be realized that the data provided in the tables included in this chap-
ter were gathered by the students by searching through various sources, such as the
vehicle brochures, websites of the vehicle manufacturers, and automotive magazines
in a very limited time (all the projects presented in Appendices 1 through 5 were
completed within one semester by a team of no more than four graduate students).
The Pugh analyses were conducted using data gathered under conditions of severely
restricted time and scarcity of benchmarked vehicles. Similarly, the financial analyses
were conducted using a number of assumptions on items such as time required to per-
form various design tasks, manpower needs, pay rates and costs associated with differ-
ent evaluations, and so forth. Therefore, the data and the information provided in this
chapter are expected to be very approximate and crude. However, from the viewpoint
of educational value, it was felt that readers of the book and students should understand
the need for and use of such data during the development of a new automotive product.

In addition to the observations included in the concluding remarks section of
Chapter 23, the important observations from the projects are briefly described here:

1. The light pickup trucks covered in this chapter are an important and differ-
ent type of automotive product. They are used for a greater variety of pur-
poses (e.g., carrying cargo, towing trailers on construction sites, on farms,
and in cities for commercial as well as personal use) than passenger cars.
The crew cab version allows up to six passengers to be accommodated.

2. The number of models and powertrains offered on the pickup trucks is
also greater than those offered in passenger cars and sports utility vehicles
(SUVs).

3. A hybrid powertrain such as the one proposed in the analyses in this chapter
may be necessary to meet government emissions and economy regulations,
but success of the 2021 MY F-150 within the market is dependent on cus-
tomers accepting this powertrain, which is difficult to predict because of
constantly changing economic and oil price situations.
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4. Radical weight savings as well as increased stiffness and safety are achieved
by using carbon fiber and aluminum for the vehicle body and frame to keep
the overall vehicle weight the same as for the current MY F-150 (due to the
increase in powertrain weight from batteries and motors).

5. The use of carbon-fiber body components will be a challenge:

a. A large supply of carbon fiber will be needed, along with a major pro-
duction facility that can support the demand of a mass-market vehicle
such as the F-150.

b. Retooling of the vehicle production lines will be required to install the
carbon-fiber components.

c. Body shops and repair facilities will need to be trained to work with the
carbon-fiber components to maintain consumer confidence that their
vehicles can be repaired and maintained locally.
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25 Developing a Sports
Utility Vehicle

A Case Study

INTRODUCTION

The purpose of this chapter is to provide a case study of the product development
of a future model of a sports utility vehicle (SUV). The target vehicle selected for
this exercise was the 2021 General Motors Truck Company (GMC) Acadia. Thus,
the current model (2016 model year [MY]) of the Acadia was used as the reference
vehicle, and the 2016 Ford Explorer and 2016 Honda Pilot were used as the competi-
tive vehicles for benchmarking. Figure 25.1 presents exterior views of the reference
and the two competitive vehicles.

The analyses presented here were originally prepared as a series of class proj-
ects by Subramanian et al. (2016) for the author’s course entitled “Automobile: An
Integrated System (AE 500)” taught in the 2016 winter term. Appendices 1 through
5 provide descriptions of the class projects. Selected portions of the project reports
were modified and edited for inclusion in this chapter.

The outputs covered in this chapter include (a) customer characteristics, (b) cus-
tomer needs, (c) market segment, (d) benchmarking of the vehicles, (e) specification
of the target vehicle, (f) Pugh diagrams comparing the target vehicle characteris-
tics with its reference and competitors’ vehicles, (g) a technological plan, including
changes, design challenges, and risks in the proposed vehicle development plan, (h)
program timings and gateways, and (i) sales forecasts and financial analysis.

Technical, market, and customer information about the reference and bench-
marked vehicles was collected from several sources, which included vehicle bro-
chures, manufacturers’ websites, car magazines, visits to local dealers, and customer
interviews.

CUSTOMER CHARACTERISTICS AND
NEEDS AND MARKET SEGMENT

CusTOMER CHARACTERISTICS

The customers for SUVs can be classified primarily as millennials with families.
They do not want a minivan. The customers are about evenly split between males
and females. The rugged looks and sporty feel appeal to men, and females tend to
like the ability to easily load and unload children and the large storage space in the
rear. The drivers also like the high command seating position, which offers excel-
lent visibility over the hood and the beltline. The majority of customers are college

497
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2016 Honda Pilot Touring

FIGURE 25.1 Reference and two benchmarked vehicles used for developing 2021 GMC
Acadia as the target vehicle.

educated and middle class, with an average annual income above about $55,000.
They like to take long road trips with family/friends. They are typically well adapted
to electronics, do not want to sacrifice style for utility, and are looking for good value
for a family hauler, not for expensive extras. Because of their ruggedness, good han-
dling, and power, some of these vehicles are also used for police work with special
police package optional features.

CusTOMER NEEDS
The customer needs of the 2021 model year SUVs are
1. Capacity to seat up to seven adults with adequate leg room in both second

and third rows
2. Comfortable ride
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(98]

. Safety features for occupants in all rows
4. Good visibility from the driver’s seat for driving and maneuvering in park-
ing lots (i.e., command seating position)
5. Strong acceleration, handling, and braking capabilities (especially for the
police package demands)
. Cruise control for highway driving
. Traction and stability control
8. Accident avoidance features (e.g., blind area sensors, forward collision
automatic braking)
9. Mild off-road capabilities
10. Average fuel economy in mid- to upper 30s miles per gallon range
11. Climate control system capable of independent temperature and airflow
controls in front and rear
12. Easy access to third row
13. Anchors for child car seats
14. Second and third row seats split to fold down independently
15. Large cargo area with second and third row seats folded down
16. Cargo tie down anchors throughout rear of vehicle
17. Storage bins and cup holders accessible from all seating positions
18. Roof rails for attaching and carrying cargo on the roof
19. Power and communication ports in all three rows of seats (12 V, USB, and
120 V)
20. Bluetooth connectivity for mobile/handheld devices (e.g., phones, tablets,
music streaming devices)
21. Hands-free voice control for infotainment and climate control features
22. Ability to tow lighter loads (e.g., a small cargo trailer or jet ski)
23. Quiet interior
24. Stylish design
25. Quality product and very dependable
26. Good value (more features and quality for the price)

N

MARKET SEGMENT

The SUVs considered here belong within the affordable (nonluxury) large-size SUV
market segment. At the high end of this segment are body-on-frame SUVs such as
the Chevrolet Suburban, GMC Tahoe, and Ford Expedition. The basic market seg-
ment characteristics of these vehicles are (a) three-row seating (seven to eight occu-
pants), (b) about 200 in. overall length, 75-80 in. overall width, and 70 in. overall
height, (c) more than 80 ft3 of cargo volume, and (d) greater than 30 mpg of com-
bined fuel economy (in 2021 MY). These SU Vs provide about 5000 Ib of towing and
about 150 ft3 of interior passenger space.

Car-based SUVs (crossovers) provide better fuel economy and a more dynamic
driving experience than truck-based (body-on-frame) vehicles. Higher-end trim lev-
els provide additional luxury features for several thousand more dollars, but the base
models offer the value side of this market segment. People shopping in this seg-
ment generally only want the utilitarian features without all of the expensive luxury
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add-ons. The majority of the vehicle sales are in North America, but these vehicles
are also exported to Europe, China, and the Middle East. Explorers are also sold in
North America to police departments (known as the Police Interceptor version).

DESCRIPTION OF THE TARGET VEHICLE

The important changes proposed for the development of the 2021 Acedia were as
follows:

1. Engine downsizing to 2.5 L 14 with turbo-boost and slightly higher horse-
power than the 2016 reference vehicle

2. Nine-speed automatic transmission

. Reducing weight by about 800 1b

4. Meeting National Highway Traffic Safety Administration/ Environmental
Protection Agency (NHTSA/EPA) fuel economy and emissions require-
ments for 2021 MY

. Optional regenerative braking

. Semiactive optional suspension

7. Advanced safety features (e.g., night vision system, lane-departure warning
system)

. Improved climate control system (three-zone temperature control)

9. Additional occupant comfort and convenience features

(98]

(e V)]

[es)

BENCHMARKING DATA

Table 25.1 provides data to compare the three 2016 MY SUVs with the 2021 target
vehicle. The specifications for the 2021 vehicle were determined by the design
team by considering (a) customer needs, (b) applicable government requirements,
and (c) projected manufacturer’s needs.

TECHNOLOGY PLAN

Table 25.2 presents the technology plan for the target vehicle. It presents changes in
the major systems proposed for the target vehicle. Technological challenges and open
issues that will be faced during the implementation of the changes are described
briefly in the fourth and fifth columns of the table.

ASSESSMENT OF THE PROPOSED VEHICLE

This section presents three separate Pugh diagrams to compare the proposed 2021
MY vehicle and its current two competitors by using the reference vehicle as the
“datum.” The three Pugh diagrams presented in Tables 25.3 through 25.5 com-
pare the vehicles based on customer needs, vehicle attributes, and vehicle systems,
respectively. Comparison of the total scores presented in the bottom line of each of
the tables shows that the 2021 MY vehicle would be substantially improved over the
existing vehicles.
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TABLE 25.3
Pugh Diagram of Customer Needs
GMC Acadia GMC Acadia
2016 (Reference  Ford Explorer Honda 2021 (Target
Customer Needs Vehicle) 2016 Pilot 2016 Vehicle)
Comfort S S +
Convenience + S +
Low cost of maintenance + + S
Appealing aesthetics + S +
Commanding seating - + S
position
Noise isolation S S S
Sufficient interior storage S + +
Less emission S + +
Good fuel mileage S + +
Good reliability + + +
Must be ergonomically S S +
designed
Powerful engine + + +
Comfortable ride S S S
Safety S - +
Large cargo space - - -
Security + - +
Total (+) 6 7 11
Total (-) 3 3 1
Total S 7 6 5
Total score 3 4 10

Table 25.3 shows that the total score of the target vehicle is 10 based on the cus-
tomer needs, and it is substantially higher than the total scores of the three 2016 MY
SUVs. The target vehicle can be further improved for customer needs in the follow-
ing areas: noise isolation, comfortable ride, and low maintenance costs.

Table 25.4 presents a weighted Pugh diagram for comparison of the proposed
vehicle with the three benchmarked vehicles on important vehicle attributes. The
sum of the weighted scores shown in the last row of the table is highest for the target
vehicle. However, the target vehicle can be further improved in the following vehicle
attributes: package, costs, and product and process compatibility.

From the total scores data provided in Table 25.5 for vehicle systems, the tar-
get vehicle has a very high score of 18 in comparison with the three benchmarked
vehicles. However, it should be noticed that both the 2016 MY competitors, the Ford
Explorer and the Honda Pilot, have a higher total score of 7 over the datum, and they
will continue to be tough competitors when the 2021 MY vehicles are introduced
into the market. Thus, every effort should be made to improve many vehicle systems
of the target vehicle, especially those where it has received a rating of S (same as the
datum) (e.g., climate control system).
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TABLE 25.5
Pugh Diagram of Vehicle Systems
Datum—GMC Ford Honda GMC Acadia
Acadia 2016 Explorer Pilot 2021 (Target
Vehicle System Subsystem (Reference Vehicle) 2016 2016 Vehicle)
Body system Body-in-white N N S
Closures system S S S
Seat system S S S
Instrument panel S S S
Exterior lamps N S +
Glass system S + +
Rear vision system S S S
Chassis system Underbody framework S S S
Suspension system N S +
Steering system S S S
Braking system S + +
Wheels and tires S N S
Powertrain system Engine + + +
Transmission N + +
Shafts and joints S S S
Final drive and axles S + +
Fuel system Fuel tank - - -
Fuel lines S S S
Electrical system Battery S S +
Alternator + - +
‘Wiring harnesses S S S
Power controls S S S
Climate control Heater S S S
system
Air conditioner S S S
Climate controls N N S
Safety and security ~ Air bag system + S +
system
Seat belt system + N +
Wiping and defroster S S +
systems
Security lighting and + S +
locking system
Driver assistance systems + + +
Driver interface and ~ Primary and secondary S + +
infotainment vehicle controls and
system displays
Audio system S + +
Navigation system + + +
CD/DVD Player S — _
Total (+) 10 11 21
Total (=) 3 4 3
Total (S) 29 27 18

Total score 7 7 18
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TABLE 25.6
2021 Acadia Program Milestones

Month- Definition of
Year Code Gateway
Apr-16 PD Program definition
Sep-16 PKO Program kick-off
Oct-16 TF Team formation
Dec-16 TS Targets set
Feb-17 CR Concepts reviewed
Apr-17 CS Concept selection
Jun-17 EL Engineering launch
Dec-17 SD System design
approval
Apr-18 ES1 Engineering sign-off
Aug-18 PA Program approval
Oct-18 VTI1 Verification tests 1
Apr-19 PTV Prototype test
vehicles
May-19 VT2 Verification tests 2
Dec-19 PF Final prototypes
Feb-20 VT3 Verification tests 3
Mar-20 MFS Marketing and field
support plan launch
May-20 PR Production readiness
Nov-20 MS Final manufacturing

sign-off

Description of Gateway

GMC Acadia MY2021 program defined

Program proposal accepted by senior
management. Program and team leaders selected

Teams formed for various vehicle systems and
chunks. Benchmarking of selected competitive
vehicles initiated

Functional specifications targets are set. Several
concept designs created

Vehicle concepts selected by senior management
reviewed with benchmarks

Market research data and program team
recommendations reviewed by senior
management and concept selected for further
development

System-level design initiated considering
functional and engineering feasibility

Managers of various engineering offices review
and approve the design

Team leaders sign off current design for further
detailed engineering work

Vehicle program reviewed and approved by
senior management. Funds released

Initial verification tests conducted. System- and
subsystem-level tests conducted and results
incorporated in the design. Tests also conducted
on benchmark vehicle components for
comparison

Prototype vehicles developed for vehicle-level
verification tests

Further component testing done and results
incorporated in the design

Final production prototype vehicles developed
and reviewed by experts

Final testing done to ensure durability for desired
service life

Marketing field support personnel are provided
with required information and tools

Manufacturing plants retooled and tested for
vehicle build

Manufacturing plant managers sign off on the
functionality and build quality

(Continued)
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TABLE 25.6 (CONTINUED)
2021 Acadia Program Milestones

Month- Definition of

Year Code Gateway Description of Gateway

Nov-20 ES2 Engineering sign-off All team leaders sign off on the functioning,
2 reliability, and durability of the vehicles

Nov-20 JB1 Job 1 Management approves release of the production

vehicles for sale

Jan-21 PSR Program status Customer feedback, sales, warranty, and costs
reviews reviewed periodically

Sep-25 STOP Termination of Production of vehicle terminated. Cars sold from
production inventory

Jan-26 END Termination of Project terminated. Serviceable parts maintained
project in inventory to support in-use vehicles, plant

retooled for production of other vehicles

PROGRAM TIMINGS, SALES, AND FINANCIAL PROJECTIONS

PrROGRAM TIMINGS

The vehicle program to develop the proposed 2021 GMC Acadia was estimated to
begin with the formation of the core product development team at approximately 50
months before Job #1. Job #1 is scheduled on November 20, 2020. The program tim-
ings and gateways are shown in Table 25.6.

PROJECTED SALES

It is estimated that the company will sell about 200,000 vehicles per year. The manu-
facturer’s suggested retail price (MSRP) of the 2021 Acadia is estimated to be about
$48,000.

FINANCIAL PROJECTIONS

Over the estimated 4 year sales period (MY 2021 to 2025), the total sales of the
GMC Acadia are estimated at 726,000 vehicles with a total revenue of about $31.0
billion and net earnings of about $18 billion. The maximum cumulative cost incurred
in the total Acadia program is estimated at about $2.0 billion just prior to Job #1. The
cost breakeven point is estimated to occur about 3 months after Job #1.

CONCLUDING REMARKS

The goal of the outputs presented in this chapter was to provide the students with an
understanding of the early part of automotive product development by performing
the data-gathering and decision-making tasks. The projects required the students
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to develop specifications for the 2021 GMC Acadia by undertaking benchmarking
of the latest available models of the GMC Acadia, Ford Explorer, and Honda Pilot,
studying applicable government regulations, and researching future trends in design
and technologies.

It should be realized that the data provided in the tables included in this chapter
were gathered by the students by searching through various sources, such as vehicle
brochures, websites of the vehicle manufacturers, and automotive magazines, in a
very limited time (all projects presented in Appendices 1 through 5 were completed
within one semester by a team of no more than four graduate students). The Pugh
analyses were conducted using data gathered under conditions of severely restricted
time and scarcity of benchmarked vehicles. Similarly, the financial analyses were
conducted using a number of assumptions regarding items such as time required to
perform various design tasks, manpower needs, and pay rates and costs associated
with different evaluations. Therefore, the data and the information provided in this
chapter are expected to be approximate and crude. However, from the viewpoint of
educational value, it was felt that readers of the book and students should under-
stand the need for and use of such data during the development of a new automotive
product.

In addition to the observations included in the concluding remarks section of
Chapter 23, the important observations from the projects are briefly described here:

1. The SUV segment covered in this chapter is an important and different type
of automotive product. SUVs carry more passengers, have greater load-car-
rying capacity, and provide more flexibility in seating as compared with
passenger cars.

2. Three major changes proposed to increase the fuel efficiency of the SUV
were (a) engine downsizing, (b) implementation of a hybrid powertrain, and
(c) reducing the overall weight of the vehicle.

3. The market share of SUVs has been steadily growing, and thus, this repre-
sents a substantially lucrative opportunity to increase future profits.

REFERENCE
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Appendix I: Benchmarking
and Preliminary Design
Specifications

OBJECTIVES

1. To conduct a benchmarking study of competitor vehicles with the reference
vehicle selected for the AE 500 project work

2. To develop preliminary specifications of the target vehicle

3. To develop Pugh diagrams to determine how the target vehicle and bench-
marked vehicles compare with the reference vehicle

PROCEDURE

a. Select a reference vehicle (for your 2021 model year [MY] target vehicle
to be studied/developed for all projects). The reference vehicle must be a
recent model year (2015 or 2016 MY) vehicle sold in the U.S. market.

b. Select at least two other recent vehicles that are leading competitors of your
reference vehicle in the same market segment for benchmarking.

c. Conduct a benchmarking exercise (i.e., comparing the two competitor
vehicles with the reference vehicle by considering all important dimen-
sions and vehicle features and determining improvements needed to
define the target vehicle). Collect data on vehicle dimensions and features
from Internet searches (e.g., vehicle manufacturer’s brochures), articles in
automotive magazines and journals, visiting dealerships, the Detroit auto
show, and your own measurements, observations, and photographs of the
vehicles and their chunks and systems, for side-by-side comparisons (i.e.,
photo-benchmarking).

Prepare a benchmarking table comparing the reference vehicle with
its two benchmarked comparators based on exterior and interior dimen-
sions, features, and characteristics of their corresponding systems (see
Table 1.1 for listing of vehicle systems) and available standard and optional
equipment.

d. Describe the market segment based on the characteristics of the target vehi-
cle, its customers, and its market location.

The market segment can be defined using categories such as vehicle size
(subcompact, compact, intermediate, large), body-style (sports car, sedan,
coupe, station wagon, sports utility vehicle [SUV], van, pickup truck), econ-
omy/entry-luxury/luxury/ultra-luxury, and countries where the vehicle will
be sold and used. Other characteristics to consider are the seating capacity,
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weight, and cargo/trunk volume of the target vehicle, and its customers
(i.e., owners and principal users). Also see https://en.wikipedia.org/wiki/
Car_classification, https://en.wikipedia.org/wiki/Truck_classification, and
https://en.wikipedia.org/wiki/Commercial_vehicle

The customer characteristics to consider are male-to-female ratio, ages,
education, professions, life-stage (e.g., single/married, student, nonstudent/
working, retired), lifestyle (e.g., activities for which they would like to use
the vehicle: commuting to work, vacation trips, trips with kids), income,
make and models of other vehicles in the household, and so forth.

e. Prepare a list of customer needs, that is, the needs of the anticipated cus-
tomers of the target vehicle.

To prepare the list, observe how the reference vehicle and the bench-
marked vehicles are used (e.g., for commuting, long trips with family, or
hauling work equipment/materials) in the real world (e.g., observe in traffic,
parking lots, gas stations, rest areas, airports, etc.). Also, talk to a few users/
owners of the vehicles about their needs and the problems and features they
like, dislike, and want in these vehicles. Based on the information gathered,
develop a list of customer needs for your target vehicle and group the cus-
tomer needs into categories of vehicle uses.

The customer needs list must cover all major customer wants. (Note:
This list should be comprehensive and as complete as possible to define all
the characteristics and features of the vehicle. Note that you will later use
the customer needs to develop attribute and subattribute level requirements
for the vehicle.)

f. Target vehicle specifications: Add a column (for 2021 MY target vehicle) to
the benchmarking table prepared in part (d), and add rows to include a brief
description and characteristics of each major system of the vehicle (see
Table 1.1) along with the preliminary specifications of your target vehicle,
the current reference vehicle, and the benchmarked competitors.

The specifications should cover the entire vehicle and all its major vehi-
cle systems. The information provided in this column should be sufficient
to communicate basic information on each vehicle system (such as system
type/configuration [e.g., type of engine: 2.3 L gasoline with turbo-boost,
McPherson suspension in the front and trailing arm suspension in the rear]
and its capabilities [e.g., 240 hp, 0—60 mph acceleration in 8.0 s, 60—0 mph
deceleration within 125 feet braking distance]) to the design engineers of
each vehicle system.

The specifications should also include (a) exterior dimensions (e.g., over-
all length, width and height, wheelbase, front and rear track width, and
ground clearance), (b) interior dimensions (e.g., legroom, headroom, shoul-
der room, and hip room for each seat row; luggage space volume), (c) capac-
ities (e.g., engine size, horse power, torque), (d) characteristics (e.g., curb
weight, front and rear suspension type, brake type and size), (¢) capabili-
ties (e.g., 0—60 mph acceleration time, 60—0 mph braking distance, miles
per gallon city/highway/combined, and CO, emissions in grams per mile),
and (f) features (e.g., navigation system, smart headlamps, lane-departure
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warning system). Thus, this last added column should include complete
specifications of your target vehicle.

Refer to the Environmental Protection Agency/National Highway
Traffic Safety Administration (EPA/NHTSA) final rule on fuel economy
and emissions requirements (see Figures 3.1 through 3.4) and determine the
minimum requirements (fuel consumption and emissions) for your target
vehicle. The target vehicle must meet the requirements based on its foot-
print. Include the target vehicle footprint data and these requirements in
your specification table.

g. Develop three separate Pugh diagrams to compare your target vehicle and
the benchmarked vehicles with your reference vehicle (i.e., your reference
vehicle is the “datum”) based on (a) customer needs, (b) vehicle attributes,
and (c) vehicle systems. (See Tables 2.2 and 1.1 for the list of vehicle attri-
butes and vehicle systems, respectively.)

The left-hand column of each Pugh diagram should include all items
(one in each row) in the category (i.e., customer needs, vehicle attributes,
or vehicle systems) for which the Pugh diagram is to be created. Using the
reference vehicle characteristics as the “datum” for each row, evaluate each
vehicle (benchmarked and target vehicle) by comparing the item (customer
need, vehicle attribute, or vehicle system assigned to the row) and assign +,
—, or S symbols in the columns for the benchmarked vehicles and the target
vehicle.

h. Describe important product design/development issues and challenges in
creating the target vehicle, including footprint-based fuel economy (in miles
per gallon) and emissions (in grams per mile of equivalent CO,) targets and
safety-related changes.
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Appendix II: Quality
Function Deployment,
Requirements Cascade,
and Interface Analysis for a
Selected Vehicle System

OBJECTIVES

L.

2.

To understand development of functional specifications through the appli-
cation of quality function deployment (QFD) to a selected vehicle system
To understand automotive systems, subsystems, and interfaces between sys-
tems and their requirements

. To cascade vehicle attributes’ and subattributes’ requirements to a vehicle

system and its subsystem requirements

. To understand coordination in system design tasks between different design

and engineering activities and issues associated with trade-offs

PROCEDURE

L.

2.

Select one of the following vehicle systems of your reference vehicle for this

project:

a. Body closures system (doors, hood, trunk-lid or liftgate, hinges, latches,
glass, and so forth)

b. Rear suspension system (control arms, linkages, axles, wheel hub,
wheels and tires, shock absorbers, cradle/frame, and so forth)

c. Electrical system (alternator, battery, wiring harnesses, switches, relays,
fuses, and so forth)

d. Instrument panel system (cross-car beam, brackets, air registers, dis-
plays and controls, passenger air bag, glove box, and so forth)

e. Fuel system (fuel tank, fuel module with fuel pump, fuel filter, fuel
level sensor, pressure release valve, gas cap, fuel pipe, fuel lines, and so
forth)

Study the selected system in the selected reference vehicle and list all

subsystems of the system. Prepare a decomposition tree for the selected

system. Your decomposition tree should include all subsystems, sub-sub-
systems, and major components of the selected system. Also, list all other
vehicle systems (e.g., body system) that interface with the selected system.
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3. Prepare a QFD chart for a subsystem of the selected vehicle system with
the following details:

a. Determine the selected subsystem’s customer needs (interview at least
six customers to understand what they would like and dislike in the
selected system and its selected subsystem). Provide descriptions of
each of the customer needs.

b. Determine its functional specifications/requirements through discus-
sions in your team (members from different functional areas will pro-
vide more complete information on design issues). Provide a description
of each of the functional specifications.

c. Develop relationship and correlation matrices (using the QFD symbols
to convey strengths).

d. Determine (estimate) importance ratings of the customer needs.

e. Evaluate your selected system (of the reference vehicle) along with the
same systems in two other competitor products and plot their ratings for
customer needs and functional specifications.

Provide targets for each of the functional specifications.

g. Determine relative importance rating scores (last row) of functional
specifications. Determine the top few most important specifications of
the chunk.

4. Prepare a table listing of all attributes and major subattributes of the ref-
erence vehicle, and provide at least one major vehicle-level requirement
for each of the major subattributes. (Note: The first column should list all
vehicle attributes. The second column should list all major subattributes
of each attribute. The third column should list at least one vehicle-level
requirement for each of the subattributes. Thus, each row of the table pres-
ents an attribute, a subattribute, and a requirement for each subattribute.)

5. Cascade the subattribute requirements (provided in Column 3 of the table
created in Step 4), provide at least one engineering design requirement for
each applicable subattribute for the selected system, and include them as
the fourth column in the table prepared in Step 4.

6. Provide at least one requirement for each of three major subsystems of the
selected system for each applicable subattribute, and add them to the table
prepared in Step 4 as Columns 5, 6, and 7. (Note: Include only three major
subsystems to limit the size of the table.)

1. Develop an interface diagram for the selected vehicle system including all
major subsystems of the system and other vehicle systems. All interfaces
between the subsystems of the selected system and other vehicle systems in
the vehicle should be shown by arrows. Specify interface code(s) for each
link in the interface diagram by placing the applicable letter code next to
each arrow. Use the letter codes functional (F), physical (P), spatial-pack-
aging space (S), energy exchange (E), material flow (M), and information
flow (I).

8. Develop an interface matrix including all of the subsystems (of the selected
system) and other vehicle systems. Specify characteristics (e.g., type of
interface: functional [F], physical [P], spatial-packaging space [S], energy



Appendix Il 531

10.

11.

12.

exchange [E], material flow [M], information flow [I], or none [0]) of each
of the interfaces corresponding to each cell in the matrix.

. Provide (describe) two interface requirements for each subsystem of the

selected system.

Describe at least two major trade-offs that you need to consider in design-

ing the selected system to fit and work with other systems in the vehicle.

Prepare a report including all the items from Steps 2 through 10, and sum-

marize your observations and insights gained from this project.

Your written report (file in MS Word or pdf format) should include

a. A decomposition tree of the selected system

b. Your QFD analysis, including your completed QFD analysis chart,
pictures/sketches of the selected system (showing parts/features),
description of customer needs and definitions of functional specifica-
tions, descriptions of findings/observations, discussion of three to five
most important functional specifications and overall findings, and
conclusions.

c. A requirements cascade table (Excel file) showing vehicle attributes,
their major subattributes, vehicle-level subattribute requirements, and
cascaded requirements on applicable subattributes for the selected sys-
tem and its three major subsystems.

d. An interface diagram showing all major subsystems of the selected sys-
tem and all other interfacing vehicle systems.

e. An interface matrix (Excel file) showing all major subsystems of the
selected system and all other interfacing vehicle systems (all as rows
and columns) and types of interface for each cell of the matrix.

Two interface requirements for each subsystem of the selected system.

g. Descriptions of two major trade-offs observed in the design of the
selected vehicle system.



Appendix Ill: Business
Plan Development

OBJECTIVES

To create a business plan for development of your target vehicle
Contents of the report:

1. The business plan should include

a. A description of the proposed (target) vehicle including vehicle
features, options, and unique characteristics of its vehicle systems
(1 page).

b. Competitors (makes and models) of the proposed vehicle and compari-

sons of key dimensions and features (1 page).

A description of its market segment (0.5 pages).

Characteristics of anticipated customers (0.5 pages).

Selling price and sales projections (1 page).

Timing plan and gateways (1-2 pages) (see Figure 2.4, illustrating a
timing chart, and Table 2.1 for definitions of gateways. Time should be
indicated in months with respect to Job #1).

g. Costs and revenue summary table and plots of curves of life-cycle costs
and revenues (with assumptions related to hourly rates, interest, and
inflation) for the vehicle program (2-3 pages).

h. Benchmarking, changes, and risks: a benchmarking table compar-
ing the specifications of the target vehicle with the reference and
benchmarked vehicles. The table should include two additional col-
umns: a “comments” column and a “risks” column. The comments
column should briefly describe important changes to be included in
the target vehicle, and the “risks” column should briefly describe any
major risks to the vehicle program in implementing the changes (2-3
pages).

2. Conclusions and discussions

a. Summarize major accomplishments and findings. Describe why your
vehicle with its proposed characteristics will sell well (1 page).

b. Discuss what worked well and what failed or did not get done to your
satisfaction, and describe lessons learned and recommendations for
future work (1 page).

-0 0

Page limits on your P-3 report: The page limit requirements (shown in parentheses)
are based on 8.5" x 11" page size with minimum 1" margins. Use 12 point font for the
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text and minimum 10 point font for tables and figures. Present information in tabular
and/or graphic format (charts, plots, flow diagrams, etc.) where possible. Maximum
page limit on the entire report=14 pages (excluding your cover page and table of
contents). Pages over the above page limit will not be graded. 1llegible text, figures,
tables, plots, and illustrations will not be graded.



Appendix IV: Conceptual
Design of the Proposed
Vehicle and Technology Plan

OBJECTIVES

1. Search for additional information from benchmarking and trends in design
and technologies and refine your vehicle definition

2. Illustrate vehicle configuration and preliminary packaging with key interior
and exterior dimensions and details of the vehicle concept

3. Present a technology plan for selected technologies and features

PROCEDURE

Here, you will assume that the business plan that you submitted in Appendix III was
accepted by the senior company management. Now, to kick off your concept design
process, you will need to gather your team and provide them with information on
vehicle details, for example, overall vehicle characteristics, program plan, timings,
milestones, tasks of major teams, responsibilities, and key open issues.

In your next design team meeting, you should present an initial drawing of the
vehicle concept. This drawing should help the team to visualize the vehicle in terms
of its overall size, package, and engineering issues and to start work in the design
studios—to create initial sketches and computer-aided design (CAD) models and to
develop exterior and interior surfaces.

You also need to start a technology plan to define new features in the vehicle.

Thus, your assignments for this project are

1. Prepare an initial drawing containing the side view and plan view (drawn
to scale, either hand drawn or using a CAD package) of the vehicle with the
following details:

a. Overall vehicle envelope showing overall length, overall width, and
overall height.

b. Show locations of the four wheels and specify dimensions of wheel-
base, front and rear overhangs, and front and rear tread widths.

c. Show locations of cowl and deck points, engine envelope, firewall and
back of rear seatback, vehicle floor and headliner height, gas pedal
location, front and rear seating reference points, and center of the steer-
ing wheel.

d. Show locations and envelopes of major entities such as gas tank, batter-
ies, and powertrain.
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2. Prepare an initial technology plan using a tabular format. Your table should
include all major vehicle systems (as rows). The major vehicle systems
should be serially listed with the serial numbers in the first column of the
table and the name of the systems in the second column. The third column
should describe major changes planned (one-line bullet-point descriptions).
The fourth column should briefly describe major technological challenges.
The fifth column should provide comments on key open issues (where
additional developmental and analysis work is needed to better understand
the issues and associated problems and trade-offs), such as possible modi-
fications of existing hardware/software, recommended technologies, risks
associated with implementing the technology, alternative solutions, future
actions that need to be taken, make versus buy decision recommendations,
and potential suppliers.

To develop your technology plan, search for information on the latest
advances and developments in the following areas:

a. Powertrain technologies to meet the upcoming Environmental
Protection Agency (EPA) and National Highway Traffic Safety
Administration (NHTSA) fuel economy and emissions requirements

b. Other fuel-saving technologies, such as low-friction bearings, low—
rolling resistance tires, power regenerative methods, and stop-start

c. Applications of new lightweight and other recyclable automotive
materials

d. Safety technologies for active and passive safety devices (e.g., driver
warning systems, collision avoidance systems, and driver assistance
systems)

e. Telematics devices (applications of information, communications, com-
puters, and wireless and global positioning system [GPS] technologies)

f. Automotive electronics (applications of microprocessors, sensors, actu-
ators, and integrations of electronic control units (ECUs)

g. Electrical systems architecture (configuration of the electrical system)

h. Driver interface technologies (e.g., steering wheel-mounted controls,
touch screens, Bluetooth, programmable/reconfigurable controls and
displays, display technologies, voice controls, and gesture controls)

i.  Vehicle lighting technologies (light-emitting diode [LED] lamps, fiber
optics, smart headlamps, etc.)

Briefly summarize your recommendations in the fifth column of the table pre-
pared to present your technology plan in Step 2.



Appendix V: Systems
Engineering Management
Plan and Vehicle Brochure

OBJECTIVES

1.

2.

3.

Develop a systems engineering management plan (SEMP) for the develop-
ment of your target vehicle

Provide lists of important vehicle characteristics and features for inclusion
in the brochure for your target vehicle

Prepare a brochure for the target vehicle

CONTENTS OF THE REPORT

1.

SEMP: Assume that your business plan was approved by the senior man-
agement and alternate conceptual designs are being developed by your
vehicle design and development teams. Now, your major challenge is to
ensure that the right vehicle (with the right combinations of levels of attri-
butes and trade-offs between attributes) is developed within the planned
program schedule and budget. To meet the challenge, you must prepare a
SEMP and present it to your teams so that they understand the process (i.e.,
the steps they need to undertake and the tools and techniques they must
apply during the vehicle development process). Thus, your next assignment
is to develop a SEMP and document it in an easy-to-read format.

Make sure that your report begins with the inclusion of the following
information on your target vehicle: (1) make, (2) model, (3) vehicle body-
style, (4) market segment, and (5) two competitor vehicles.

Your SEMP must include all important steps, analyses and evaluations
needed to implement the systems engineering process shown in Figures 2.2
and 2.3. Each step must include specific design/development task(s) to be
addressed in the target vehicle program.

Present your SEMP using a tabular format as follows:

Column 1: Step number

Column 2: Description of the step (tasks/work that must be com-
pleted) and timings (i.e., step initiation and completion times in months
before [] or after [+] Job #1)

Column 3: Analyses, tests, and evaluations to be performed, includ-
ing methods/tools to be used, and design reviews to be conducted

Column 4: Disciplines/departments responsible for the step, and any
comments and/or additional details on the step
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2. Provide three lists of engineering details to help the company’s marketing
department in preparing a vehicle brochure for the prospective customers.
The marketing department wants you to organize the relevant vehicle
details (such as values of important vehicle dimensions and capabilities of
vehicle features) by preparing three separate lists as follows:
a. Three attributes of the vehicle that will be most desired by its customers
b. Three new and unique features that will create a “Wow” impression
among its prospective customers (i.e., the customers have not seen such
features in vehicles of the market segment of your target vehicle)
c. Five features that in your opinion would be most desired by the custom-
ers (i.e., “Must Have” for their buying decision)

3. Prepare a brochure for the vehicle for prospective customers. The brochure
should include (1) vehicle exterior and interior dimensions, (2) key selling
points, standard and optional features/contents of the vehicle, and techni-
cal superiority—related considerations (e.g., major engineering accomplish-
ments, comparisons with leading competitors showing why your vehicle is
better than some of its key competitors), and (3) sketches and drawings to
illustrate the capabilities of the vehicle.



Index

A

AACN, see Advanced automatic crash
notification (AACN)
ABS, see Antilock braking system (ABS)
Accelerator heel point, 367, 371, 374, 375,
380, 385
Accident prevention costs, 331-332
Accidents, costs due to, 332
Active rollover protection (ARP) systems, 111
Active safety characteristics, 253
Actuator interface, see Sensor
Adaptive cruise control system, 110
Adaptive forward lighting systems, 111
Advanced automatic crash notification (AACN),
111-112
Aerodynamic drag reduction, 118
AHP, see Analytical hierarchy process (AHP)
Aluminum, 117
Analytical hierarchy process (AHP), 282-285
application for multi-attribute, 286
multiattribute weighting, 286—289
for paired comparison approach, 423, 427
Analytical hierarchy techniques, 60
Ankle angle, 374
Anthropometric and biomechanical human
models, 414
Antilock braking system (ABS)
electrically boosted brakes with, 490
pump, 147
subsystem, 142, 146
A-pillars, obscurations caused by, 398
driver’s field of view determination
procedure through mirrors, 400
inside mirror location, 398
mirror field of view requirements, 398
outside mirror location, 398, 400
Apple CarPlay and infotainment system, 490
Appraisal costs, 331
ARP, see Active rollover protection (ARP)
systems
Aspiration level, 276
Assembly costs, 331
Attribute, 42, 45-46; see also Vehicle attributes;
Vehicle system
importance of, 47
-level measures, examples of, 48—49
management of, 46
and requirements cascade, 129-131, 151
brake system and subsystem
requirements, 156—165

to lower levels, 153, 154
for systems design requirements
development, 155-156
vehicle attributes subattributes, 153
requirements of, 46
allocation to vehicle systems, 124—131
Auditory displays, 113
Automated braking system, 110
Automated lighting systems, 112
Automatic driver controls, 490
Automotive product; see also Product
development (PD)
as system, 11, 12—13
Autonomous cruise control, see Adaptive cruise
control system

B

Backup camera system, 110
Ball of driver’s foot (BOF), 367, 371, 374, 379,
380
Belt height, 375
Benchmarking, 32, 34, 37, 72, 75-77, 125,
127, 261, 297, 298-299; see also
Breakthrough; Photo-benchmarking
competitors’ vehicles, 80—-90
Ford F-150 pickup truck (2021), 483, 484-485
of General Motors Truck Company (GMC)
Acadia, 500, 501-513
of low-cost vehicles, 435-439
mid-size cross-over SUV example, 77-78
and passenger car development, 463—468
and preliminary design specifications,
525-527
system, subsystem, and component-level, 87
BIW, see Body-in-white (BIW)
Blind spot monitoring system, 110—111
BMW i3 electric car (2014), 118
Body system, 11, 12, 31-32, 104, 128-129,
131, 139, 141, 146, 367, 483, 486,
516-517, 521
and engineering, 22
team, 25
Body engineers, 87
Body-in-white (BIW), 241
BOF, see Ball of driver’s foot (BOF)
Book-shelved entity, 20
Brake system, 12, 34, 97, 105, 110, 128, 138,
151-152, 156-165, 253, 490, 515
engineers, 87
interfaces, 141-146
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Breakthrough, 75, 79-80, 297, 299
differences with benchmarking, 80
Brochure creation, for vehicles, 247-248
contents
exterior and interior colors and
materials, 251
key vehicle attributes, 253
model types optional packages of
features, 249
optional features, 250
picture galleries, 251
powertrain and fuel economy, 252-253
safety features, 253
special feature categories, 253255
standard features, 250
vehicle dimensions, 252
vehicle models, 249
vehicle packages, 250
vehicle price, 251
versus website creation, 248-249
Business plan, 37, 63, 93, 298, 318-320, 345, 347
contents of, 93-96
development, 533—-534
make versus buy decisions, 99
preparation process, 96
product programs risks, 97-99

C

CAD, see Computer-assisted design (CAD)
CAE, see Computer-aided engineering (CAE)
CAE, see Computer-aided engineering (CAE)

CAM, see Computer-aided manufacturing (CAM)

CAPP, see Computer-aided process planning
(CAPP)
Carbon fiber, 117
Cargo space, 244
Carryover components, 20
CATIA, see Computer-aided three-dimensional
interactive application (CATIA)
CAVEs, see Computer-aided aided virtual
environments (CAVEs)
Center console designing observational
studies, 446
Chassis system, 12, 52, 104, 111, 139, 241, 469,
470, 483, 484, 486, 515-516, 521
and body frame, 171
and engineering, 22
Chevrolet Aveo, 435
Chevrolet Corvette Stingray (2014), 118
Chevrolet Cruze, 463
Chevrolet Silverado, 479, 480
Chevrolet Suburban, 499
Clay models, 168, 170
Climate control system, 13, 49, 105, 139, 216,
367,412, 471, 499, 500, 518, 521
and engineering, 22

Index

CMM, see Coordinate measurement machines
(CMM)
CNC, see Computerized numerical control
(CNC) machines
Co-location, 19
Commonizing, 330
Communication methods, 65, 408—409
Compact cars, 463
Computer-aided engineering (CAE), 226
product visualization tools, 226227
versus tests and prototype builds, 228
Computer-aided engineering (CAE), 34, 168, 233,
259, 263, 322, 429
Computer-aided manufacturing (CAM), 226
Computer-aided methods, 20
Computer-aided process planning (CAPP), 322
Computer-aided technologies, 223-224
advantages of, 224-225
CAD advantages, 229-230
computer-aided engineering (CAE) methods
and visualizations, 226
product visualization tools, 226-227
disadvantages of, 225
specialized engineering activities design tools
CAE versus tests and prototype
builds, 228
concept design, 227-228
design review meetings, 228
validation tests, 229
verification tests, 228
Computer-aided three-dimensional interactive
application (CATIA), 227, 228
Computer-aided virtual environments
(CAVEs), 370
Computer-assisted design (CAD), 123, 168,
170, 171, 226, 322, 323, 355, 366,
415, 535
advantages, 229-230
evaluations, 440
assembly sequential views, 441, 444-445
composite views of left and right sides of
different vehicles, 441, 444
dynamic action simulations/videos,
445-446
superimposed drawings, 440—-441
models, 227
and package bucks, 370-371
and packaging tools, 262-263
Computerized numerical control (CNC)
machines, 322
Concept development, 16
Concept selection, 16
market research, 455, 458
Concurrent engineering, 19
Configuration management plan, 208
Coordinate measurement machines (CMM),
259, 264
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Correlation matrix, 305
Cost management software applications, 349, 35
Cost risks, 97-98, 103, 291
Cowl point, 365, 366
Crankshaft, 107
Crash-avoidance and crashworthiness, 253
Critical path method (CPM), 202
Customer experience, 35
Customer needs, 60
business needs determination, 66—67
competitive assessment of, 306
EPA’s greenhouse gas (GHG) emissions and
NHTSA'’s corporate average fuel
economy (CAFE) standards, 67-68
footprint-based standard rationale, 68—70
global customers and suppliers, 71-72
government safety requirements, 67
and inputs, 64
additional methods, 66
communication methods, 65
experimentation method, 65-66
observation methods, 64—65
list of, 61
business needs, 63
government requirements, 63
heavy-duty pickup truck, 62
mid-size sports utility vehicle (SUV),
61-62
primary vehicle controls, 62—-63
new technologies implementation
readiness, 70
relationship with systems design, 121-124
understanding, 17
vehicle comparison based on, 72
vehicle features, 71
Customer satisfaction, 360
Cylinder deactivation, 108

D

Data management plan, 208
Datum, 261, 278, 297, 299, 300
Decision-making, 4, 5, 21, 93, 99, 137, 173, 198,
227,267-268, 318, 414, 475, 494, 523
alternatives, outcomes, payoffs, and risks in,
272,274-277
analytical hierarchy process (AHP)
application for multi-attribute, 286
multiattribute weighting, 286—289
data gathering for, 277
early, importance during product
development, 295
informational needs in, 289-290
maximum expected value principle, 273-275
multi-attribute decision models, 278
analytical hierarchy method, 282-285
Pugh diagram, 278-280
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weighted Pugh analysis, 280-281
weighted total score for concept selection,
281-282
and problems, 268-269
in product design
key decisions in product life cycle, 269-270
trade-offs during design stages, 270-271
product development and product uses
risks, 290
risk definition and risk types in product
development, 291-292
risk types during product use, 292
risk analysis, 292-293
risk matrix, 293
risk measurement problems, 294—295
risk priority number (RPN), 293-294
robustness evaluation through sensitivity
analysis, 278
timely, importance of, 278
Deck point, 365, 366
Deployment plan, see Installation plan
Design failure modes and effect analysis
(DFMEA), 262, 313
Design for six sigma (DFSS), 303
Design intent, 323
Design reviews, 20
DFMEA, see Design failure modes and effect
analysis (DFMEA)
DEFSS, see Design for six sigma (DFSS)
Digital displays, 113
Direct fuel injection, 108
versus carburetor-based engines, 107
Dodge Ram 1500, 479, 480
Door handles, 392
Driver’s eyes, 369, 382
tall and short, 383
Driver’s seating location determination, 367
Driver aids and safety technologies, 109-112
Driver information interface technologies, 112—114
Driver interface and infotainment system, 13, 86,
87,90, 131, 139, 141, 148, 359, 472,
490, 517, 521
Driver monitoring and alertness warning
systems, 110
Drivers; see also individual entries
with long legs, 391-392
older, obese, and mobility-challenged,
390-391
short driver problems, 395-396
with short legs, 389-390
tall driver problems, 396
with tall torso, 391
Driving simulators, 451
Driving simulator studies, 429
Dynamic tests
objective, 232
subjective, 232-233
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E

EBD, see Electronic brake force distribution
(EBD)
Elbow room, 377, 378
Electrical interface, 135
Electrical systems, 6, 11, 13, 87, 131, 139, 141,
146-148, 156, 215, 230, 245, 302, 329,
367, 517, 521, 529, 536
engineering, 22
Electric vehicles, 109
Electronic brake force distribution (EBD), 490
Engine downsizing, 468
Engineering analysis tools, 263
Entrance height, 375
Environmental Protection Agency’s greenhouse
gas emissions and NHTSA’s corporate
average fuel economy (CAFE)
standards, 67-68
footprint-based standard rationale, 68—70
Ergonomic evaluations, 412—413
anthropometric and biomechanical human
models, 414
human characteristics and capabilities,
databases on, 413—414
human factor checklists and score cards,
414-417
human performance evaluation methods,
418-419
human performance measurement methods,
419-420
laboratory, simulator, and field studies, 419
task analysis, 417-418
Ergonomic evaluations models, 446—447
legibility prediction model, 447-449
windshield veiling glare prediction model,
449-450
Ergonomics engineers, 60, 87, 245, 358-360,
389, 400, 413, 414, 417, 420
Evaluation studies, 435
benchmarking, of low-cost vehicles, 435-439
CAD evaluations, 440
assembly sequential views, 441, 444-445
composite views of left and right sides of
different vehicles, 441, 444
dynamic action simulations/videos,
445-446
superimposed drawings, 440—441
center console designing observational
studies, 446
concept selection market research, 455, 458
ergonomic evaluations models, 446—447
legibility prediction model, 447-449
windshield veiling glare prediction model,
449-450
package evaluation surveys, 452455,
456-457

Index

photo-benchmarking, 436, 440, 441
quality function deployment (QFD), 436, 440,
442-444
simulator, laboratory, and field studies,
450-451
driving simulators, 451
laboratory and field tests, 452
Exhaust system, 516
Experimental methods, 409
Experimentation method, 65—-66
External customers, 32
External failure costs, 331
Eye gaze-operated controls, 113
Eyellipse, 382-383
Eyellipsoids, 382—-383

F

Failure modes and effect analysis (FMEA), 262,
298, 313-315
example of, 314, 316-318
Failure modes and effects and criticality analysis
(FMECA), 318
FAST, see Functional analysis systems
technique (FAST)
FCC, see Federal Communication
Commission (FCC)
Federal Communication Commission (FCC), 115
Federal Motor Vehicle Safety Standards
(FMVSS), 67, 111, 118, 151, 232, 242,
243,260, 363, 398, 400
Field of view issues, 244
Field studies and drive tests, 429
Financial analysis, in automotive programs, 325
costs and revenue estimation challenges, 347
costs and revenue types in vehicle programs,
325-326
costs and revenues in product life cycle,
326-328
make versus buy decisions, 329-330
manufacturing costs, 331
nonrecurring and recurring costs, 326,
328-329
parts and platform sharing, 330
product termination costs, 332
quality costs, 330-331
safety costs, 331-332
total life-cycle costs, 332
product pricing approaches
cost management software applications,
349, 351
market price-minus profit approach, 349
trade-offs and risks, 351
traditional costs-plus approach, 347
program financial plan
cash flow example, 333—-353
time, effect on costs, 333



Index

Financial analysis tools, 265
Firewall location, 367
Fixed costs, see Nonrecurring costs
Fluidic interface, 134
FMEA, see Failure modes and effect analysis
(FMEA)
FMVSS, see Federal Motor Vehicle Safety
Standards (FMVSS)
Foam-core bucks/mock-ups, 168
Focus group sessions, 183, 411-412
Footprint-based standard, 68—70
Forced induction, 103, 107
Ford Escape, 281
Ford Expedition, 499
Ford Explorer, 436, 440, 441, 497, 498, 519
Ford F-150 pickup truck (2021), 479
assessment of, 490
customer needs Pugh diagram, 490
vehicle attributes Pugh diagram, 490, 492
vehicle systems Pugh diagram, 492
benchmarking and vehicle specification, 483,
484-485
customer characteristics, 479-481
customer needs, 481-482
description of, 483, 490
financial projections, 494
program timings, 492
projected sales, 493
technology plan for, 486—489, 490
Ford Focus, 461, 468, 474
Ford Motor Company, 402
Frontal impact, 242
Fuel economy, 240, 252-253, 302
versus vehicle performance, 270-271
Fuel sources, alternate, 108—109
Fuel system, 13, 139, 242, 367, 471, 516, 521, 529
Functional analysis systems technique
(FAST), 129
Functional interface, 135

G

Gantt chart, 41, 202, 203, 302
Gasoline engines, 70, 80, 103, 107-109, 300
Gasoline turbo direct injection (GTDI), 300
Gateways, 20, 297, 302
definition and location in vehicle program
timing, 41-44
task decision, 208
General Motors Truck Company (GMC) Acadia,
436, 440, 441
assessment of, 500, 519-521
description of, 500
benchmarking, 500, 501-513
financial projections, 523
program timings, 522-523
projected sales, 523
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technology plan, 500, 514-518
2021 model, 497
customer characteristics, 497-498
customer needs, 498-499
General Motors Truck Company (GMC)
Tahoe, 499
Gesture-based controls, 113
Ground intercept distance, 394
GTDI, see Gasoline turbo direct injection
(GTDI)
G value, 386

H

Haptic controls, 113

Hardware development plan, 209

Head clearance envelopes, 383

Headroom, effective, 376

Heavy-duty pickup truck, 62

Higher-efficiency transmissions, 109

High raked windshield versus costs, 271

High-strength steel (HSS), 117

Hip angle, 374

Hip room, 378

Honda Civic, 463

Honda Fit, 435, 436

Honda Pilot, 497, 498, 519

House of Quality, see Quality function
deployment (QFD)

H-point, 371-372

location fixtures, 372373
location model, 372

HR reference plane, 385-386

HSS, see High-strength steel (HSS)

Human characteristics and capabilities, databases
on, 413-414

Human factor checklists and score cards, 414—417

Human factors and ergonomics tools, 263264

Human factors engineering and ergonomics, 22

Human information processing model, 418

Human interface, 135-136

Human performance evaluation methods,
418-419

Human performance measurement methods,
419-420

Hurwicz principle, 277

Hybrid powertrains, 109, 477, 494

Hydraulic subsystem, 142, 146

Hyundai Accent Blue, 435

Hyundai Elantra, 461, 462, 463, 469

Ideal Design of Effective and Logical Systems
(IDEALS), 80

IDEALS, see Ideal Design of Effective and
Logical Systems (IDEALS)
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IDEF, see Integration definition of function
modeling (IDEF)
IMA, see Intersection movement assist (IMA)
Industrial design, 22
Inflatable seat belts, 112
Installation plan, 209
Instrument panel location, 370
Insurance costs, 332
Integration definition of function modeling
(IDEF), 129
Interaction matrix, see Interface
Interface, 52-54, 133; see also individual entries
common entities sharing across vehicle lines
and, 148
control plan, 209
diagram, 138
examples of, 139, 141, 143
driver information interface technologies,
112-114
iterations to improve and eliminate, 147—148
matrix, 138—141
examples of, 141, 144-145
meaning and significance of, 133—-134
representation, 137—138
requirements of, 136—137
types of, 134—-136
vehicle brake system, 141-146
trade-offs, 146-147
Interior package evaluation, 370
Interior package reference points and seat track-
related dimensions, 371-374
Interior spaciousness, 185
Internal customers, 32
Internal failure costs, 331
Internet surveys, 411
Intersection movement assist (IMA), 115
Interview error, 191
IronCAD, 228
IVIS-DEMAnND model, 419

J
Jeep Cherokee, 78, 279-281

K

Kano model of quality, 71
Knee angle, 374
Knee clearance, 378-379

L

Laboratory, simulator, and field studies, 419
Laboratory and field tests, 452
Lane-departure warning systems, 110
Laplace principle, 276

Left turn assist (LTA), 115

Index

Legibility prediction model, 447-449
Legroom, 376

Lightweighting technologies, 116—118
Lightweight materials versus cost, 271
LTA, see Left turn assist (LTA)

M

Machine Minimum and Man Maximum”, 270
Magnetic interface, 135
Mail, web-based, and telephone surveys,
183, 411
Make versus buy decisions, 99, 329-330
Manufacturing, production, and assembly
engineering, 22
Manufacturing costs, 331
Manufacturing development, 16
Marketing plans, 16—17
Market price-minus profit approach, 349
Market research, 22, 179-180
clinics
error sources, 190-191
exterior buck preparation and evaluation
setup, 187188
exterior evaluation characteristics,
185-186
interior buck preparation for package
surveys, 188—189
interior evaluation characteristics,
186-187
precautions for clinics to avoid biases,
189-190
static versus dynamic clinics, 194—195
survey questions and data analyses,
191-194
vehicle characteristics evaluation
examples, 184-185
data obtaining methods, 182—183
exterior clinic issues, 180—181
interior clinic issues, 181
methods, 410
focus group sessions, 411-412
internet surveys, 411
mail surveys, 411
personal interviews, 411
pros and cons of, 181-182
tools, 265
Material Transfer Interface, see Fluidic
interface
Maximin principle, 276
Maximum expected value principle, 273-275
Maximum reach, 384-387
Maxmax principle, 276-277
Measurement tools, 264
Mechanical (hardware) packaging, 357
Mechanical interface, 134
Mechanical packaging, 363-367
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Mechanical subsystem, 142, 146
Mercedes-Benz, 118

Methods-time measurement (MTM), 418
Microsoft Excel, 205, 260, 402

Microsoft Project, 205

Mid-size sports utility vehicle (SUV), 61-62
Milestones, see Gateways

Minimum reach, 387-388

Monte Carlo simulation, 278

MTM, see Methods-time measurement (MTM)
Multifunction controls, 112—-113

N

National Highway Traffic Safety Administration
(NHTSA), 67, 115, 151, 260, 363, 398,
469, 483
New technologies, implementing, 101-102
aerodynamic drag reduction, 118
driver aids and safety technologies, 109-112
driver information interface technologies,
112-114
lightweighting technologies, 116118
powertrain development design trends
gasoline engines, 103, 107-109
higher-efficiency transmissions, 109
reasons for changes affecting future vehicle
designs, 102
risks in, 103
self-driving vehicles, 116
technology plan creation, 102—103, 104-106
vehicle-to-X (V2X) technologies, 114—115
NHTSA, see National Highway Traffic Safety
Administration (NHTSA)
Night vision system, 111
Nissan Versa, 435
Noise, vibration, and harshness, 241-242
Nomographs, 293
Noncritical method, 202
Nonrecurring costs, 326, 328-329
Normalized weights, 285
NX software, 228

(0)

Objective measures, 406
Observational methods, 64—-65, 407-408
Occupant packaging, 356—357, 367-370
Occupant space, 243-244

versus vehicle system space, 270
OEM, see Original equipment manufacturer

(OEM)

Operations and maintenance plan, 209
Optical interface, 135
Optional packages, 250
Original equipment manufacturer (OEM), 250
Overhead costs, 331
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P

Packaging and ergonomics, 243-245
Packaging interface, 134
Paired comparison-based methods, 421, 423-427
Parking brake subsystem, 142
Participant selection error, 190
Parts and platform sharing, 330
Parts sharing, 173
Passenger car development, 461
benchmarking, 463—468
customer characteristics, 462
customer needs, 463
financial projections, 475
program timings, 474
projected sales, 474
target vehicle
assessment of, 469, 474-476
changes, 469, 470-473
description, 468—469
Passive safety characteristics, 253
Payoffs, 267, 272
PD, see Product development (PD)
Pedal plane angle, 371, 375
determination of, 379-380
Pedal reference point (PRP), 367, 371, 381
People maximum and machine minimum
principle, 360
Personal interview method, 65, 182—-183
Personal interviews, 411
PFMEA, see Process failure modes and effect
analysis (PFMEA)
Photo-benchmarking, 78-79, 436, 440, 441
Physical interface, see Mechanical interface
Physical mock-ups, 323
Physical tests, with measurement instruments,
409-410
Pickup truck development, 479, see also
Ford F-150 pickup truck
market segment, 483
Platform sharing, 173
Polar plots, 401-402
Port fuel injection, 107-108
Posture angles, 374
Powertrain, 12, 31, 34, 48, 52, 104, 128, 131, 139,
146, 171, 172, 215, 239-240, 267, 273,
300, 367, 436, 438—-439, 470, 483, 485,
487,490, 494, 514, 521, 536
development design trends
gasoline engines, 103, 107-109
higher-efficiency transmissions, 109
engineering, 22
and fuel economy, 252-253
hybrid, 109, 477, 494
noise, vibration, and harshness, 241
selection decision problem, 274
vehicle brochure contents creation, 252
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Pre-program planning, 16
Prevention costs, 330-331
Primary vehicle controls, 62—63
Pro/ENGINEER, 228
Process, definition of, 3—4
Process failure modes and effect analysis
(PFMEA), 262, 313
Product development (PD), 8; see also individual
entries
automotive, 11, 13-14
disciplines, 22
flow diagram of, 14
frequently asked questions during vehicle
development, 21
program timings, 18—19
timing chart of, 14—17
vehicle development programs scope,
17-18
vehicle programs management
considerations, 19-21
decision making during, 21
processes and phases in, 9-11
Product development and product uses risks, 290
risk definition and risk types in product
development, 291-292
risk types, during product use, 292
Production process, 8—9
Product liability costs, 332
Product life-cycle, 7-8
Product life cycle, costs and revenues in,
326-328
Product planning, 17, 22
Product planning tools, 261-262, 297-298
benchmarking, 298-299
breakthrough, 299
business plan, 318-320
CAD tools, 322
failure modes and effects analysis (FMEA),
313-315
example of, 314, 316-318
failure modes and effects and criticality
analysis (FMECA), 318
physical mock-ups, 323
program status chart, 320, 321
prototyping and simulation, 323
Pugh diagram, 299
application, 300-302
quality function deployment (QFD),
303-307
advantages and disadvantages of, 311
cascading, 311, 312
example of, 307-311
standards, 320, 322
technology assessment tools, 323-324
timing charts and gateways, 302
Product programs risks, 97-99
Product termination costs, 332

Index

Program (and project) evaluation and review
technique (PERT), 203-204
Program/project management tools, 264-265
Program leader selection, 22-23
Programmable vehicle bucks, 428
Programmable vehicle models (PVMs), 371
Program management, 197
complexity in, 219
cost management, 221
project management challenges, 221
project management timings, 220
program manager and, 197-198
versus project management, 199, 200-201
detailed project plan development, 200
program management functions, 199-200
project planning steps, 201-202
project planning tools
critical path method (CPM), 202
Gantt chart, 202, 203
program (and project) evaluation and
review technique (PERT), 203-204
project management software, 205
work breakdown structure (WBS), 205
systems engineering management plan
(SEMP), 206, 537
contents of, 206210
critical information checklist, 210
example of, 211-219
system engineer role, 210-211
value of, 211
Programmatic risks, 98, 291-292
Program status chart, 320, 321
Project management, see Program management
Prototype vehicles, 35
PRP, see Pedal reference point (PRP)
Pugh diagram, 84, 94, 125, 137, 261, 278-280,
282,297,299, 319, 527
application of, 300-302
for concept selection and improvements,
175-176, 177
customer needs, 469, 474, 490, 491, 519
vehicle attributes, 469, 475, 490, 492, 520
vehicle systems, 469, 476, 492, 493, 521
PVMs, see Programmable vehicle models
(PVMs)

Q

QFD, see Quality function deployment (QFD)
Quality costs, 330-331
Quality function deployment (QFD), 60, 137,
261-262, 282, 297-298, 303-307, 361,
436, 440, 442-444, 529-531
advantages and disadvantages of, 311
cascading, 311, 312
example of, 307-311
Quality tools, 263
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R

Radar cruise control, see Adaptive cruise control
system
Rear impact, 243
Rear view camera, see Backup camera system
Recurring costs, 326, 328-329
Red-Yellow-Green charts, see Program status
chart
Reference vehicle, 455
Relationship matrix, 305
Respondent error, 191
Reversing camera, see Backup camera system
Ride comfort versus handling, 271
Rigid barrier test, see Frontal impact
Risk analysis, 292-293
risk matrix, 293
risk measurement problems, 294—295
risk priority number (RPN), 293-294
Risk management plan, 210
Risk priority number (RPN), 293-294, 313

S

SAE, see Society of Automotive Engineers
(SAE) practices
Safety and security system, 13, 85, 139, 471, 521
Safety costs, 331-332
Safety engineering tools, 264
Schedule risks, 98, 103, 291
Seatback angle, see Torso angle
Seat location, 370
Seat track length, 373, 380-382
determination, 369
Self-driving vehicles, 116
Sensor, 135
SE, see Systems engineering (SE)
SgRP, 370-372, 374, 375, 379-38]1, 385,
386, 390
couple distance, 389
lateral section and foot movement areas,
392-393
locations, and body opening clearances,
393-394
Shanghai auto show (2015), 180
Shoulder room, 377
Shusha (chief program engineer), 23
Siemens PLM Software, 228
Slide impact, 243
Smiley faces chart, 415
Society of Automotive Engineers (SAE)
practices., 363, 371-374, 380-387,
396-398, 418
Software development plan, 209
Software interface, 135
Spectra radiometer, 448
Speedometer display, 447
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Sports utility vehicle (SUV), 497; see also
General Motors Truck Company
(GMC) Acadia
market segment, 499-500
Static tests
objective, 232
subjective, 233
Static versus dynamic clinics, 194—195
Steering system, 12, 105, 367, 485, 486, 515,
Steering wheel location, 369, 375, 388
Steering wheel-mounted controls, 112
Stop/start method, 108
Storage space, 244
Subcritical path, see Noncritical method
Subjective measures, 406
Subjective methods and data analysis, 420
paired comparison-based methods, 421,
423-427
rating on scale, 421, 422
Sun visor design issues, 396
Supercharger, 107
Supplier-related risks, 99
Suppliers, treatment as partners, 26
Suspension system, 12, 84, 98, 118, 135, 147, 214,
238, 367, 515, 529
SUYV, see Sports utility vehicle (SUV)
System
automotive product as, 11, 12—13
definition of, 4
System integration plan, 209
Systems engineering (SE), 4-5, 206, 267,
272,324
advantages of, 28
basic characteristics of, 6—8
complex product management, 49-50
decomposition tree, 50-52
customer focused, 6
disadvantages of, 28
evaluations, verification, and validation
tests, 56
gateways definition and location in vehicle
program timings and, 41-44
implementation, 31-33
model with loops, 39, 40
process, 33-35
V model, 35-39
importance of, 27-28
management plan and vehicle brochure,
537-538
multidisciplinary approach to, 6
process, management of, 39, 41
requirements setting and analyzing, 54
characteristics of, 55-56
development of, 55
specification of, 54-55
schedule, 208
systems approach, 5
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systems engineering management plan
(SEMP), 206, 260, 265
contents of, 206-210
critical information checklist, 210
example of, 211-219
system engineer role, 210-211
value of, 211
vehicle attribute, 42, 45-46
importance of, 47
management, 46
relationship with vehicle systems, 50,
52,53
requirements, 46
vehicle-level target setting, 47
target setting and measures, 47-49
vehicle systems interfaces, 52—54

T

Tactile displays, 114
Task analysis, 417-418
Task procurement plan, 208
Tata Nano, 435-436
Team structure and teams, formation of, 24-26
Technical review plan, 209
Technical risks, 97, 103, 291
Technology assessment tools, 323-324
Technology plan, 101, 102-106, 118, 209, 213,
469, 470473, 477, 486-488, 490,
500, 514-518, 535-536
Thigh room, 378, 379
Thurstone’s method of paired comparisons,
423-427
Thurstone’s method of paired comparisons, 60
Timing charts, 14-17, 297, 302
Tire-pressure monitoring system (TPMS), 112
Tools, 259-260; see also individual tools
during vehicle development phases, 260
CAD and packaging tools, 262-263
design standards and guidelines, 260-261
engineering analysis tools, 263
financial analysis tools, 265
human factors and ergonomics tools,
263-264
market research tools, 265
measurement tools, 264
product planning tools, 261-262
program/project management tools,
264-265
quality tools, 263
safety engineering tools, 264
spreadsheets, 260
Top-down approach, 8
Torso angle, 374, 382
Total life-cycle costs, 332
Total quality management (TQM), 263
Touchless controls, 112

Index

Touch pads, 112

Touch screens, 112

Toyota Corolla, 461, 462, 463

Toyota Highlander, 436, 440, 441

TPMS, see Tire-pressure monitoring system
TQM, see Total quality management (TQM)
Traditional costs—plus approach, 347
Training plan, 209

Trimmed body opening, 375

Turbo-boost gasoline engines, 107

Turbo charging, 107

U

U.S. Environmental Protection Agency, 463
USDOT Federal Highway Administration, 207,
209, 210

\%

Validation plan, 208, 231
Validation tests, 229
Variable costs, see recurring costs
Vehicle and technology plan, proposed, 535-536
Vehicle attributes, 42; see also Attribute; Vehicle
system
engineering, 25
relationship with vehicle systems, 50, 52, 53
requirements, 123
Vehicle concept development, 167
creation of, 167-172
evaluation, 177
number and variations, 174
product variations and differentiation, 173
vehicle exterior and interior designing as
system, 174, 177
vehicle platform definition, 173—174
early, 24
models, packages, and optional features
planning and, 177-178
process of, 172—173
Vehicle concept selection, 179
market research, 179-180
clinics, see under Market research
data obtaining methods, 182—183
exterior clinic issues, 180—181
interior clinic issues, 181
pros and cons of, 181-182
new concept vehicle, 180
Vehicle development programs, scope of, 17-18
Vehicle evaluation methods, 405
applications
checklists, 427-428
driving simulator studies, 429
field studies and drive tests, 429
observational studies, 428
programmable vehicle bucks, 428
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ratings on interval scales, 428
system and component verification and
vehicle validation methods, 429
data collection methods and analysis
communication methods, 408—409
experimental methods, 409
observational methods, 407-408
data collection types and measurement
methods, 406—-407
during development, 409
ergonomic evaluations, 412-420
market research methods, 410-412
physical tests with measurement
instruments, 409—-410
objective measures and data analysis
methods, 420
product evaluation methods, 405-406
subjective methods and data analysis, 420
paired comparison-based methods, 421,
423-427
rating on scale, 421, 422
Vehicle floor line location, 367
Vehicle packaging
driver field of view, 394
command seating position, 395
short driver problems, 395-396
sun visor design issues, 396
tall driver problems, 396
visibility of and over hood, 394
wiper and defroster requirements, 396-397
engineering
and ergonomics, 358—360
specialization within, 356-357
entry and exit considerations, 389
body opening clearances from SgRP
locations, 393-394
door handles, 392
problems, 389-392
SgRP lateral section and foot movement
areas, 392-393
fields of view measurement methods,
400-401
polar plots, 401-402
meaning of, 355-356
obscurations caused by A-pillars, 398
driver’s field of view determination
procedure through mirrors, 400
inside mirror location, 398
mirror field of view requirements, 398
outside mirror location, 398, 400
organizations, 356
personnel, 357-358
principles, 360
procedure
CAD models and package bucks, 370-371
engineering tasks and process, 360—-363
interior dimensions, 374-379
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interior package reference points and seat
track-related dimensions, 371-374
mechanical packaging, 363—-367
occupant packaging, 367-370
standard practices, 363
steps and calculations, 379-389
vehicle dimensions and issues, 402
Vehicle performance versus vehicle weight, 271
Vehicle programs
external factors affecting, 27
internal factors affecting, 2627
Vehicle program steering team, 2425
Vehicle roof crush, 243
Vehicle system, 12—13; see also Interface;
Vehicle attributes
attribute requirements allocation to vehicle
systems, 124
cascading, see under Attribute
for proposed vehicle, 125-127
of refinement, 127-128
and vehicle function specifications,
128-129, 130
vehicle specifications development, 124—-125
interfaces between, 52—-54
system design specifications, 131
technology plan, 104—106
Vehicle-to-X (V2X) technologies, 114-115
Vehicle validation testing, 231-232
evaluation methods, 233
company employees and management
personnel, 238
customer ratings, 233-238
expert reviews, 238
laboratory and controlled field tests,
238-239
examples, 239
comfort, 240-241
crash safety, 242-243
electrical and electronics, 245
noise, vibration, and harshness, 241-242
packaging and ergonomics, 243-245
styling and appearance, 243
vehicle performance, 239-240
whole-vehicle tests, 232-233
Verification plan, 208
Verification tests, 228
Virtual reality (VR) tools, 262—-263
Virtual reality simulations, 168
V model, 35-39, 327
Voice controls, 113
VR, see Virtual reality (VR) tools

w

WBS, see Work breakdown structure (WBS)
Website creation, for vehicles, see under
Brochure creation, for vehicles
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Weighted Pugh analysis, 280-281

Weight reduction, 468

‘Whole-vehicle tests, 232—-233

Windshield veiling glare prediction model,
449-450

Wiper and defroster requirements, 396—-397

Wireframe model, 168, 171

Index

Wireless interface, 135

Work breakdown structure (WBS), 201,
205, 219

A

Z-values, 425-426
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