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Abstract

Among consumers and manufacturers alike, there is an increasing realization about
the need for fuel efficient vehicles. One effective way to accomplish this is through
vehicle lightweighting, which can be achieved by material substitution, novel vehicle
component design, and changes in processing.

Although primary vehicle mass reduction is often associated with additional costs
to the automaker, a decision to lightweight may, depending on when in the vehicle
development process the decision is taken, result in additional secondary mass sav-
ings such that the value derived from lightweighting is greater than the costs.

In this study, the concept of secondary mass savings, or mass decompounding, is
developed using regression analysis. Moreover, the full, both primary and secondary,
mass savings potential is assessed at different times in the vehicle development proc-
ess. Lastly, powertrain and market trend modeling are employed to estimate the value
of the compounded mass savings in terms of improved fuel economy and acceleration.

This methodology is applied to a collected vehicle dataset in order to generate a
model by which the value of and the subsystem-specific amount of secondary mass
savings may be easily estimated during the early stages of vehicle development. In
summary, this analysis may be employed to evaluate the economic competitiveness of
vehicle lightweighting options at different times in the vehicle development process.
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Chapter 1

Introduction

There is a growing interest in automotive weight reduction, which to a large extent
stems from the need for improved fuel efficiency and reduced emissions. Improved
vehicle efficiency can be achieved in a number of different ways, including through
improved engine and transmission efficiency, reduced aerodynamic drag, and de-
creased rolling resistance. However, the most effective means of achieving improved
fuel efficiency is deemed to be by reducing the overall weight of the vehicle.
Realizing the still considerable potential for vehicle lightweighting, the automo-
tive industry has focused much attention on reducing the weight of the various vehicle
subsystems and subcomponents. Additionally, weight reduction in one vehicle sub-
system can often allow for the downsizing or lightweighting of other vehicle compo-
nents. Hence, great secondary weight savings can be achieved, which result in even

further benefits of and motivations for automotive weight reduction.

1.1 Automotive Weight Reduction

Automotive manufactures have made substantial progress in vehicle weight reduction
over the last 25 years. During this time, the average weight of a new automobile in
the U.S. has dropped from over 2200 kg to 1500 kg. This large reduction in weight
has been brought about largely by the downsizing of vehicles and by the elimination

of unnecessary vehicle features [1].
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This approach, however, is no longer sustainable due to consumer demand for im-
proved automobile characteristics. Improved occupant safety systems and features,
increased interior space, supplementary comfort-oriented accessories, reduced noise
and vibration, and additional exhaust purification equipment have added significant
weight to the vehicle and forced automakers to turn to alternative lightweighting

strategies to reach vehicle lightweighting targets.

1.1.1 Motivations for Automotive Weight Reduction

Managing the total mass of a vehicle is recognized as a critical task during the devel-
opment of a new automobile; specifically, because of the numerous economic driving
forces for minimizing or optimizing the gross vehicle mass of a vehicle [2-4].

First, the recent increases in the price of gasoline and the subsequent importance
of fuel economy in the minds of car buyers have lead vehicle manufactures to place
renewed emphasis on increasing fuel efficiency and, by extension, on weight reduc-
tion. It has been shown that while improvements of 10% in vehicle aerodynamics or
rolling friction provide a 3% fuel economy improvement, that same magnitude of
mass reduction provides a roughly 7% increase in fuel economy [5]. Other studies
have suggested fuel economy improvements in the range of 2% to 8% for a similar
decrease in vehicle mass [6]. This topic is of high interest to the automotive light-
weighting community and will be discussed in detail in Section 2.3.2. In addition to
having a measurable effect on fuel economy, vehicle mass reduction has been shown
to positively impact other vehicle attributes, such as acceleration performance, cost,
durability, and ease of assembly [7].

Second, increased market competition and consumer demand for high-feature,
high-performance vehicles pose additional pressure on auto-makers to minimize the
weight of vehicle components. Targeted weight reduction becomes especially impor-
tant in light of the non-negligible mass increases associated with additional features
such as rear passenger entertainment systems, trailer towing packages, and powered

seats and windows, as well as with more powerful engines. Safety enhancement fea-
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tures that are desired by the consumer, such as side impact air bag systems, stability
control, and anti-lock brakes, also add to the overall weight of the vehicle [8].

Third, auto-makers may perceive direct incentives in reducing vehicle weight.
There are immediate benefits in that lighter vehicles will require less raw material and
may therefore cost less to produce, but also long term benefits in that lighter cars may
be more durable and result in fewer warranty claims [7].

Lastly, there are a number of societal and legislative pressures motivating automo-
tive weight reduction. The preservation of the environment and in particular concerns
about air pollution, smog, global warming, waste disposal, and depletion of natural
resources has a high priority today. Accordingly, many individuals and interest
groups seek to persuade auto-makers to produce lighter and more fuel efficient auto-
mobiles with reduced emissions.

One example of legislative pressure is the Corporate Average Fuel Economy
(CAFE) standard. During the peak of the oil crises in 1975, the U.S. government en-
acted the CAFE standards as part of the Energy Policy and Conservation Act [9]. The
intent of CAFE was to reduce U.S. reliance on foreign oil through prescribed in-
creases in the fuel efficiency of vehicles. Compliance is measured by calculating the
fuel efficiency of an auto-maker's product line by a sales-weighted average formula
and financial penalties are imposed for failure to comply with the regulations. Re-
cently, Congress passed a bill that raises the fuel economy standards from today’s
27.5 miles per gallon (mpg) for cars and 20.7 mpg for trucks to a 35 mpg combined
corporate fleet sales average by year 2020. Consequently, automakers will be forced
to respond by actively pursuing ways to improve the fuel efficiency of their vehicles,
for instance through vehicle weight reduction.

Alternatively, automakers may pay a penalty fee in lieu of meeting the CAFE stan-
dards. The current penalty for failing to meet CAFE standards is $5.50, per tenth of a
mpg under the target value, times the total volume of those vehicles manufactured for
a given model year [10]. Should the automaker’s fleet average, on the other hand,
surpass the established standard for a given year the firm earns CAFE “credits.” The

CAFE credits can be used to offset deficiencies in future years’ CAFE performance.
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In spite of the option to pay a penalty fee, the CAFE program has been shown to
contribute positively to increasing the fuel economy of the U.S. light-duty vehicle
fleet. The CAFE program has been particularly effective in keeping fuel economy
above the levels to which it might have fallen otherwise, especially during the decline
in gasoline prices in the early 1980’s [11]. In turn, the improved fuel economy has
helped to reduce U.S. dependence on imported oil and to reduce carbon dioxide emis-
sions. If the fuel economy had not improved, gasoline consumption has been esti-
mated to be about 114% of what it is today [11].

There are also several international agreements that affect vehicle emissions, such
as the Kyoto Protocol. In 1997, as part of the United Nations Framework Convention
on Climate Control (UNFCCC), 36 developed nations agreed to reduce their green-
house gas emissions by a combined amount of 5% from 1990 levels by the years 2008
to 2012 [12]. One of the six particularly targeted gases is carbon dioxide, which
places further emphasis on the need for increased automotive fuel efficiency and
greater weight reduction.

An even more recent example is WP.29. Since 1958, Europe has had a coordi-
nated set of regulations known as the United Nations/European Economic Commis-
sion (UN/EEC) Working Party on the Construction of Vehicles (WP.29). In 2000,
however, an agreement signed by the governments of the United States, Canada, Ja-
pan, Germany, France, the United Kingdom, Russia, and the E.U., transformed WP.29
to a global entity known as the World Forum for Harmonization for Vehicle Regula-
tions [13]. This international set of automotive standards, which includes restrictions
on emissions of hydrocarbons, nitrogen oxides, and carbon monoxide released into
the atmosphere during incomplete combustion of fossil fuels, may force all auto-

makers to consider additional methods of weight reduction.

1.1.2 Methods of Automotive Weight Reduction

There are many different methods of automotive weight reduction, most of which fall
into one of the following three categories: material substitution in favor of lighter or

lower density materials, design changes aimed at optimizing, improving, or eliminat-
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ing different vehicle components, and novel processing techniques. A few examples

of automotive weight reduction technologies are listed in Table 1-1.

Table 1-1: Examples of targeted material substitution, design modifications, and
novel processes that may be employed in vehicle lightweighting [14].

Lightweighting Technology

Material Substitution
High strength steel optimization of the body structure
Utilization of carbon fiber in the underbody
Switching to a die cast aluminum engine block

Design Change

Seat frame shape optimizations
Reduced engine wall thickness
Instrument panel optimization
Minimized feature tires and wheels
Body structure joint improvements
Suspensions shape optimization
Downgauging of the fuel tank

Novel Processing
Tailor-welded blanks for the closure panels

Aluminum super plastic forming

Material Substitution

The primary material for use in automobile body manufacturing has typically been
mild steel, but manufactures are now investigating applications utilizing alternatives
such as advanced high-strength steel (AHSS). AHSS is considered an enabler in
terms of part shape and design optimization. Although inferior to mild steel, the
formability of AHSS is superior to regular high strength steels. The improved form-
ability permits designs that increase the vehicle mass efficiency by placing the mate-
rials where they are most effective at achieving performance requirements with mini-

mum mass [15].
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In addition to AHSS, other alternative materials such as aluminum, titanium, mag-
nesium, and composite materials are also being looked to as a means for reducing ve-
hicle mass. Although the mass-saving potentials of these materials have been long
known to the auto industry, the lack of cost-competitiveness, as well as difficulties
with parts production and assembly using these materials, has prevented them from
being considered for large scale production vehicles. Today's higher fuel costs and
increased emphasis on improving fuel economy, however, may be sufficient to offset

the higher costs [5].

Design Changes

Downgauging, parts elimination, and other design changes that result in reduced ma-
terial usage are also effective means of reducing the overall weight of the vehicle.
Even parts consolidation may achieve this goal if it makes the constituent parts inter-
face simpler, thus reducing the need for additional brackets, connectors, and other ve-
hicle subcomponents.

One such example involves a hybrid bumper system, whose main components are
the impact beam, the fascia, and the step pad. A hybrid bumper system is devised to
combine the high strength and stiffness of steel with the design flexibility of thermo-
plastics. By integrating these parts and material properties, higher bending stiffness
and reduced total mass can be achieved, while satisfying the structural requirements

of the bumper system [16].

Novel Processing Techniques

Novel processing, manufacturing, and assembly techniques should also be considered
when investigating lightweighting strategies. New processing techniques may help to
reduce vehicle mass by enabling novel, more elaborate, and leaner designs. One ex-
ample of a novel processing technique is tailor rolling technology, which presents the
opportunity to reduce vehicle weight by varying the thickness of the steel in a con-
tinuous manner. This allows the material thickness to be adjusted exactly to meet the

material performance required for the part [17].
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1.1.3 Barriers to Automotive Weight Reduction

Although the motivations for and benefits of automotive weight reduction are plenti-
ful, a number of barriers exist to the development of lighter, more stream-lined, and
mass-efficient vehicles. First, consumers seem to value larger and more high-tech
vehicles, which has resulted in a trend of increasing new vehicle weight in the U.S.,
as shown in Figure 1-1. A net increase of 1% annually has also been demonstrated in
the weight of new European vehicles [4, 5].

Second, safety is a big concern. Although lighter-weight vehicles are engineered
to be structurally equivalent and to meet the same structural requirements as their
heavier counterparts, there is a common perception that lighter-weight vehicles are
less safe [18].

Another limiting factor is the rate of development of new enabling technologies
and strategies in the domain of lightweight materials, processing, and design. With-
out cost and resource effective means of achieving lighter vehicles, automotive mass
reduction is not possible.

Lastly, a significant barrier to automotive weight reduction is the cost to the auto-
maker. Unless vehicle lightweighting results in some kind of positive value proposi-
tion for the automaker, it is not likely to occur. Ultimately, the growing desire for

lightweight designs must be balanced against economic considerations.
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Figure 1-1: Increasing trend in automobile curb mass since 1980.

1.2 Importance of the Secondary Mass Effect

The current emphasis on reducing the weight of existing and new vehicle designs
makes an understanding of the secondary effects of vehicle mass changes particularly
important. If the full effects of vehicle lightweighting are to be realized and the full
benefits are to be gained, it is essential to be able to identify and quantify the secon-
dary mass that may be saved in the various vehicle subsystems or subcomponents as a
result of primary weight reduction.

The secondary weight savings may be considerable and may help to turn the eco-
nomic argument in favor of automotive lightweighting. Realizing the full, both pri-
mary and secondary, mass savings potential results in higher automotive mass- and
fuel-efficiency, which translates into higher consumer value.

A detailed analysis of secondary mass savings necessitates a better understanding
of the subsystem mass interdependencies and a quantification of the subsystem-

specific mass decompounding effect. However, because of the complex nature of
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many of the factors and design considerations that govern vehicle weight, the specific
details of how vehicle mass changes result in further vehicle mass changes are not
well understood. Furthermore, the procedure to estimate the subsystem-specific sec-
ondary mass savings may be costly and time consuming, as large amounts of input
data and design information about a specific lightweighting strategy may be required.
Therefore, the approach taken in this study has been to collect the required and di-
verse sets of inputs and present a methodology by which the secondary mass savings

may be easily estimated during the early stages of a vehicle development program.

1.2.1 Concept of Secondary Weight Savings

The concept of secondary weight savings derives from the qualitative understanding
that "mass begets mass," which exists in many manufacturing industries [19]. As ve-
hicle weight increases, the weight of tires, wheels, suspensions, brakes, steering, and
structure must also increase to provide the same level of performance and function.
Moreover, as vehicle weight increases, the engine size and drivetrain torque capacity
need to increase to maintain equivalent acceleration performance and functionality.

This empirical effect has also been observed to work in reverse, allowing for sec-
ondary weight to be saved as a result of any primary weight reduction. For instance,
following a primary weight reduction somewhere in the vehicle, the designs of all the
other vehicle subsystems (tires, suspensions, powertrain, body structure) may be up-
dated to account for the overall lighter vehicle. The lighter vehicle is associated with
lighter loads, less friction and drag, and requires less power to be accelerated.

By establishing how the masses of the different subsystems of the vehicle depend
on the total weight of the vehicle, it is possible to calculate and provide estimates of
the amount of secondary mass that could be saved in any given subsystem following

primary vehicle lightweighting.
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1.2.2 Importance of Timing

A vehicle is an integrated set of subsystems, each made up of many individual com-
ponents that go through stages of design, development, and validation. Generally, ve-
hicle requirements define subsystem requirements, which in turn define component
requirements. Components designed, developed, and validated to meet the top level
requirements are combined into subsystems, which are developed and validated be-
fore coming together as a vehicle.

The complex interdependent tasks put pressure on design deadlines to ensure that
the vehicle development project finishes on time. In particular, the design of certain
subsystems must be locked in before that of certain other subsystem designs. For ex-
ample, many components in the vehicle depend on the design details of the power-
train to be employed in the vehicle. Therefore, it is paramount that the powertrain
design be fixed early on in the vehicle development process. Design decisions re-
garding other subsystems, such as exterior styling and finishing, however, do not play
as important a role in impacting the design decisions of the rest of the vehicle and
may therefore become locked in relatively later in the development process.

Since the secondary weight saving potential depends on the subsystem availability
for re-engineering and design optimization, the vehicle development process timing

becomes a key factor in quantifying the mass decompounding potential.

1.2.3 Cost and Value Proposition

As mentioned in Section 1.1.3, lightweighting can be expensive and the cost to light-
weight often exceeds the economic value derived from primary lightweighting.
When, on the other hand, the additional benefits of the secondary weight savings are
taken into consideration, the cost and value proposition changes.

The cost to carry out primary lightweighting can be analyzed using a variety of
different methods, included process-based cost modeling (PBCM). PBCM is a
method that comprehends the technical requirements to run a process and attaches

specific cost elements to each of the resources required. In doing so, it provides a

23



means for estimating the costs of all inputs necessary to produce a part. Furthermore,
because the cost is built up from the underlying resources and process requirements,
the influence of changes to the production conditions, such as the production volume,
on costs can easily be explored.

Also the cost of the secondary weight savings may be analyzed using PBCM.
However, this is only possible if the details of the design changes that result in secon-
dary weight savings are known.

The value of the secondary mass savings can be quantified using performance and
market trend modeling. First, the mass-driven performance improvements, such as
fuel economy and performance of the vehicle, may be analyzed through powertrain
modeling. Second, the performance-driven increases in consumer value can be quan-
tified using market modeling. In short, as the vehicle becomes lighter, its overall per-

formance and by extension its associated consumer value increase.

1.3 Role of the Present Work

Based on the realization that a mass reduction in one subsystem can generate addi-
tional, secondary mass savings in other subsystems and thus help to sway the eco-
nomic argument in favor of lightweighting, the present study was initiated in collabo-
ration with leading automotive OEMs.

The “primary” weight savings is just a piece of the equation and is often insuffi-
cient (when considering the costs) to justify. But secondary weight savings could be
significant and help to change the value proposition. A quantitative analysis of the
magnitude of these secondary effects as well as of the influence of subsystem design
deadlines in the vehicle development process are therefore needed to understand the
full value of lightweight design strategies.

It is believed that a better understanding of secondary weight changes, both posi-
tive and negative, will be of importance during the early stages of vehicle planning
and lightweighting. Furthermore, the cost and value proposition of mass decompound-

ing is not well understood and will therefore be addressed explicitly in this study.
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The goal is to be able to analytically determine and quantify the subsystem-specific
secondary weight savings and to estimate their importance for vehicle lightweighting

at different times in the vehicle development process.

1.3.1 Relationship to Prior Work on Secondary Weight Sav-
ings

To date, there are few publications on the topic of secondary mass savings, but some
papers quote industry "rules of thumb," where the mass decompounding potential is
expressed as a fraction of secondary to primary mass saved. Ten recent mass decom-
pounding figures, ranging from as low as 23% to as high as 150% for sedan class
automobiles, are summarized in Table 1-2. The quoted numbers imply that for every
one kilogram of primary mass saved in the vehicle, an additional 0.23 kg to 1.50 kg,
respectively, may be saved in secondary mass.

While these estimates may provide a very rough estimate of the expected amount
of secondary mass that can be saved, they do not provide sufficient granularity or ac-
curacy for more detailed vehicle mass prediction. Moreover, the large range in these
numbers indicates that there is no consensus about how much secondary mass savings
can be achieved. Therefore, in order to assist in vehicle benchmarking and mass tar-
get setting and to provide a valuable means for comparing different lightweighting
options, estimates that specifically relate to vehicle class and subsystem type are
needed.

One detailed set of approaches to mass prediction and estimation was discovered
in literature pertaining to the aircraft and missile industries. There, physical relation-
ships are used to predict the mass properties of each component of the craft, based on
the requirements on performance, reliability, cost, and technical feasibility that the
component needs to meet. One recent study outlines the method to measure the iner-
tia properties of different subsystems in a vehicle. Knowing these properties allows
for more accurate descriptions of the structural integrity requirements placed on each

subsystem [20]. The systems engineering role in mass management is also empha-
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sized to ensure that any changes in gross vehicle mass are communicated to and op-
timized for at the subsystem levels [21].

In a large automotive vehicle program, however, it is a challenging task to obtain
all the necessary mass information to make decisions regarding potential weight sav-
ings on a per subsystem basis; moreover, the above approach does not directly lend
itself to vehicle mass target setting and estimation in the early development phases.

One study that addresses this issue was commissioned by the Auto/Steel Partner-
ship [14]. This report models the subsystem-specific mass decompounding behavior
using statistical regression analysis. The study employs mass data from 15 sedan ve-
hicles to determine the subsystem-specific mass decompounding coefficients, which
are presented in Table 1-3. The conclusions from the analysis suggest that 1.5 kg of
secondary mass may be saved for every 1.0 kg of primary mass saved in the sedan
vehicle.

The methodology proposed by the Auto/Steel Partnership study is interesting and
appropriate; however, the statistical nature of the analysis warrants the use of a larger
input dataset and a thorough investigation into the presence of any outliers. More-
over, in order to be able to predict secondary mass savings, it is important to break-
down the vehicle into its most basic subcomponents in order to decide which masses
may or may not be subject to mass decompounding. Lastly, the study suggests a
methodology for finding the expected value of the mass decompounding coefficient;
however, the confidence bounds on the mass decompounding coefficient are not pre-
sented.

In order to address these points, the current study is based on an extended dataset
of 52 vehicles. Careful statistical analysis is also performed to remove any misguid-
ing outliers. Next, the mass decompounding potential of the vehicles is assessed on a
very granular level in order to ensure consistent and accurate analysis. Moreover, the
present study will take uncertainty into account in order to find the confidence bounds
of the mass decompounding potentials. In addition, this study will incorporate the
time-dependency of the mass decompounding coefficients and also discuss and asses

the cost and value proposition of mass decompounding.
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Table 1-2: Recently published studies that estimate the mass decompounding poten-
tial for automobiles.

Author Association Decompounding
Potential

Bertram, M. [22] [International Aluminum Institute 23%
Zengen, K. H. [23] [European Aluminum Association 48-51%
Lovins, A. B. [24] |Rocky Mountain Institute 50%
Lorenz, D. [25] Advanced Materials Research 50%
Das, S. [26] Resources, Conservation, and Recycling 50%
Karabin, L. [27]  |Automotive Aluminum 68%
Asnafi, N. [28] Materials Processing Technology 50-80%
Malen, D. [14] IAuto/Steel Partnership 150%

Table 1-3: Subsystem-specific mass decompounding coefficients from the Auto/Steel
Partnership study.

Subsystem Decompounding Potential
Powertrain 67%
Body Structural 33%
Rear Suspension 22%
Tires & Wheels 12%
Front Suspension 9%
Braking System 7%
Bumpers -
Body Non-Structural -
Fuel & Exhaust -
Steering -
Electrical -
Cooling -
Closures -
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1.3.2 Research Objectives

The aim of this research is to suggest a methodology for considering secondary mass
savings when analyzing the value of different lightweighting options. The secondary
mass savings potential for the sedan vehicle category will be analyzed using statistical
regression analysis. Furthermore, vehicle development timing data will be employed
to determine the time-dependency of the mass decompounding potential. The value
will be calculated in terms of mass-driven performance improvements and perform-
ance-driven consumer value increases at different times in the vehicle development
process. The ultimate goal is to develop a tool that can support mass target decisions
and provide guidance during the process of selecting and implementing different
lightweighting options.

To achieve this aim, three key research questions have been addressed:

1. How can the subsystem-specific secondary mass savings be quantified?
A quantification of the mass decompounding coefficients is important in order

to advise designers on actual opportunities for lightweighting.

2. How does timing of the primary mass saving impact the potential for secon-
dary mass savings?
An understanding of how the timing of the primary mass saving impacts the
potential for secondary weight savings is crucial for the assessment of the cost

and value of lightweighting.

3. How can the value of secondary mass savings be measured? Specifically in
terms of:
0 Mass-dependent vehicle performance improvements, such as accelera-
tion time and fuel economy; and

0 Performance-driven consumer value increases.
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An analysis of the value of lightweighting, taking secondary mass savings into
account, is necessary because if there is no positive value proposition in-

volved, the interest in secondary mass savings will be very low.

The findings from the above research questions will be combined into a spread-
sheet model that can be employed to calculate the compounded value of lightweight-
ing at different times in the vehicle development process, taking the subsystem-

specific secondary mass savings into account

1.3.3 Thesis Outline

The work, alluded to in Section 1.2, consists of three parts that will be combined into
one model: derivation of the mass decompounding coefficients, incorporation of the
subsystem design timing, and assessment of value. The procedure for creating the
model was established first. This task, outlined in Chapter 2, involved understanding
the equations and necessary statistical methods needed to connect the separate parts.
The collection, refinement, and transformation of the raw data were also part of this
task. Next, the information was converted into an accessible format with an interface
for easy definition and execution of case studies. This is explained in Chapter 3 to-
gether with a case study of different sedan vehicles, for facilitated interpretation of
the results. Initial sensitivity studies were then conducted to assess the robustness of
the model. These results are presented and discussed in Chapter 4. Next, an empha-
sis was put on improving the accuracy and user-friendliness of the model and some
time was dedicated to the analysis of the model outputs (also Chapter 4). Lastly, the
findings were summarized and presented in Chapter 5. The conclusions were drawn
with a number of audiences in mind — including the academic, who may be interested
in the modeling methodology, and the industry-oriented, who may be thinking about
ways to evaluate and gain full benefit of lightweighting through secondary weight

savings. Future work is also presented in Chapter 5.
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Chapter 2

Analytical Approach

This chapter will outline the method used and data needed to construct the model; in
particular, it will describe in detail the relationships that govern the secondary mass
savings, timing, and cost and value calculations.

First, the data and the equations used to calculate the mass decompounding will be
discussed. In this study, an empirical approach will be adopted to establish the rela-
tionship between the primary mass savings and the expected subsystem-specific sec-

ondary mass savings according to

Amass =f (Amass subsystem, vehicle category) (2.1)

secondary primary *

Where Amass and Amass are the primary and secondary mass changes, re-

primary secondary
spectively, subsystem refers to the particular subsystems that are being considered for
secondary mass savings, and vehicle category refers the sedan, SUV, cross over, or
pick-up vehicle group. In this study, the mass decompounding analysis will be lim-
ited to the sedan vehicle category, but future studies could investigate how the secon-
dary mass savings vary by vehicle category.

Second, the method used to incorporate the subsystem timing information will be
explored. Data from the vehicle development process will be employed to obtain a

time-varying mass decompounding potential. Consequently, this step in the analysis

will add time as one of the independent variables in (2.1), yielding
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Amass =f (Amass

secondary

subsystem, time) (2.2)

primary >

for the sedan vehicle category.

Third, the process to assess the cost and value of the compounded mass saving
will be discussed. In particular, value will be quantified using powertrain modeling,
to calculate the mass-dependent performance improvements, and market modeling, to
estimate the performance-driven consumer value increases. In this analysis, fuel
economy and acceleration will be targeted as the key performance metrics. By fuel
economy is meant the number of miles a vehicle can drive per gallon of gasoline and
by acceleration the number of seconds it takes for the vehicle to accelerate from 0 to
60 miles per hour.

First, the form of the following relationships will be investigated

AFE = f (Amass
AACC=f (Amass

powertrain )

total

] (2.3)
powertrain )

total

where AFE and AACC are the changes in fuel economy and acceleration, respec-

tively, and Amass,, is the sum of the primary and secondary mass savings. The vari-

able powertrain refers to the specific combination of engine and transmission that is
being modeled and could, for instance, distinguish between 4-, 6-, and 8-cylinder en-
gines and manual vs. automatic transmission. For this study, the analysis will focus
on three powertrain combinations typical to compact, midsize, and large sedan auto-
mobiles.

Second, market modeling will be employed to convert the changes in fuel econ-
omy and acceleration determined in (2.3) into consumer value

Avalue; = f (AFE, vehicle type)

) (2.4)
Avalue, . = f (AACC, vehicle type)

where Avalue,, and Avalue,.. are the additional dollar values that the consumer is

willing to pay for improvements in fuel economy and acceleration, respectively, for a
particular vehicle type. Vehicle type refers to a subset of automobiles, in a particular

vehicle category, such as the compact, budget, sport, or large type sedans. In the pre-

31



sent study, which focuses on sedans, the analysis will be segmented into three mutu-
ally exclusive vehicle types: compact, midsize, the large. This choice of vehicle types
will allow for seamless integration with the results from (2.3).

Lastly, to obtain a measure of the cost, the results of process-based cost modeling
will be incorporated. Process-based cost modeling can be used to find the estimated

cost of a lightweighting strategy according to

Acost ;o = | (design, material, processing, production volume, ) (2.5)

where Acost is the change in cost associated with performing vehicle light-

primary
weighting.
Chapter 2 will emphasize the logical connection between the three main parts, as
illustrated in Figure 2-1. It will also lay the foundations for the work described in
Chapter 3, where equations (2.1) through (2.4) will be combined into a model that can
be used to find the net worth of lightweighting, taking secondary mass savings into

account.

Mass Decompounding Timing Valuing

Combined Model

Figure 2-1: Overview of main model components and their interconnection.
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2.1 Mass Decompounding

There are multiple methods that may be applied to obtain a measure of the subsystem-
specific potential for mass decompounding. One approach might be to employ first
principles to understand how reductions in gross vehicle mass affect the masses of the
subsystems. To that end, mathematical models based on the subsystem inertial prop-
erties, such as the centre of gravity locations and the inertia tensors, could be built to
explain the mass-dependent interaction forces between subsystems and to understand
exactly how the masses of the various subsystems depend on each other. This ap-
proach might give accurate predictions of what could be achieved in theory; however,
the inertial properties of a vehicle are almost impossible to compute [20], and the
process to do so is time consuming and requires many inputs about the vehicle sys-
tem. Moreover, due to the complex interactions of the parts and the numerous vehicle
requirements that must be met, it may even be impossible to analytically understand
all the necessary mechanical relationships, especially since some physical relation-
ships can only be met through testing.

Another approach is to use empirical analysis to determine how the different sub-
system masses are expected to change given a change in the overall weight of the ve-
hicle. This may be done through statistical regression analysis of large sets of current
vehicle mass data, which results in good estimates of what is currently done in prac-
tice. Once the analysis is complete, only a small number of inputs, specifically the
change in total vehicle weight, are needed to determine the secondary mass savings.
This is of importance, since successful lightweighting will invariably lead to a de-
crease in total vehicle mass.

There are also a few drawbacks to using statistical regression analysis. First, sta-
tistical analysis may be associated with larger uncertainties due to the inherent vari-
ance and covariance of the mass data. Furthermore, statistical approaches do not ana-
lyze causality. Consequently, the cause and effect or the underlying reasons for the

secondary weight savings are not accounted for. Nonetheless, regression analysis
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provides an effective means of estimating the amount of secondary savings that may
be gained in a subsystem given a primary lightweighting of the vehicle.

Based on the above reasoning, the empirical approach was chosen for this study
and the method used to find the subsystem-specific mass decompounding potentials
for the sedan class vehicle will be outlined here. The process involves finding the
subsystem-specific mass influence coefficients from a processed mass dataset in order
to subsequently estimate the mass decompounding coefficients for the vehicle subsys-
tems. Some discussion will also follow regarding the covariance of the mass data and

its impact on the results of the analysis.

2.1.1 Mass Dataset

The first step to statistically determine the subsystem-specific mass decompounding
coefficients is to gather appropriate vehicle mass data. The dataset needs to be suffi-
ciently specific and contain a sufficiently large number of observations to allow for
general conclusions to be drawn. In particular, detailed and consistent subsystem
mass information is needed.

To gather the subsystem mass information, vehicle teardown centers at large North
American automakers were consulted. At the teardown centers, automakers reverse
engineer their opponents' most recent vehicles in order to discover design details,
down to the weight and production cost of the smallest subcomponents of the vehicle
[29]. Vehicle teardown studies are a way for the automakers to understand how their
competitors’ vehicles are manufactured and assembled and to gain ideas about how to
save money on and reduce the weight of vehicle subcomponents. Insights gained
from teardown studies also help executives make long-term strategic decisions about
future technologies. For instance, a tear down of the 2004 Prius played a role in
GM’s decision to target hybrid development in trucks and buses, instead of in sedans,
while focusing its innovation efforts on fuel cells [29].

A full teardown takes about six weeks [29]. First, all the vehicle’s dimensions are
measured, such as the bumper height and the distance from the driver's eyes to the

steering wheel. Next the car is disassembled into its smallest subcomponents. Each
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part is analyzed, named, and weighed. Finally, all the information is entered into a
vehicle mass data file for future use.

For the purposes of this study, such data files were obtained for 52 sedans, 2007 to
2008 year models. The data files contain mass information at a granularity of about
250 to 260 subcomponents per vehicle. The files were consolidated and a master data
table containing all the mass information for each of the 52 vehicles was created.

The main advantage of obtaining mass data from this source is that the data are
detailed and include mass information for vehicle subcomponents at a sufficiently
granular scale to allow for facilitated processing, grouping, and mass decompounding
analysis. Moreover, these mass data files already exist at the automakers which pre-
cludes the need to institute a new mass data collection procedure.

In order to make additional inferences about the mass data, vehicle attribute in-
formation was also compiled for each vehicle. The vehicle attribute information was
gathered from public as well as auto-industry specific sources. A summary and
breakdown of common vehicle attributes for the collected dataset are shown in Table

2-2 and in Table 2-1.

Table 2-1: Minimum, maximum, and average values of price, acceleration, and fuel
economy for the collected vehicles.

Attribute Average| Min Max
Price $29,0000 $13,700{ $60,000
Acceleration (sec) 7.53 5.33 10.15
Fuel Economy (mpg) 21.11 15.93 25.60
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Table 2-2: Overview of the spread of the 52 collected vehicles across common attrib-

ute categories.

Number of Cylinders Frequency
Four 10
Six 32
Eight 10
Planview Area (m®) Frequency
<8m’ 7
<9m’ 36
<10 m® 11
Drivetype Frequency
Rear wheel drive 19
Front wheel drive 33
Transmission Frequency
Manual 11
Automatic with manual 20
override
Automatic 21

2.1.2 Subsystem Breakdown

The next step in the process to quantify and understand the mass decompounding ef-
fect was to analyze the distribution of mass across the various subsystems of the vehi-
cle. This was done by classifying each vehicle subcomponent into larger categories or
subsystems.

There are many different ways in which the vehicle subcomponents can be catego-
rized, including by function, by parts-commonality, and by spatial orientation. For
this study, a functional classification system was adopted for two reasons. Firstly, the
mass data sheets from the tear down centers provide subsystem mass information or-
ganized by sub-function. Secondly, the decision-making process about vehicle design
is oftentimes based on the functional characteristics of the vehicle rather than other
breakdowns. In collaboration with engineers in the automotive industry, a mass

breakdown into thirteen major functional subsystems was decided upon, as presented
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in Table 2-3. Table 2-3 also displays the percentage of curb mass — the sum of all the

subsystem masses — made up by each subsystem.

Table 2-3: Functional subsystem breakdown and average percentage of curb mass
made up by each functional subsystem.

Subsystem Curb Fraction
Structure 25%
Interior 12%
Engine 11%
Suspensions 10%
Closures 10%
Tires & Wheels 6%
Fuel & Exhaust 6%
Transmission 6%
Exterior 5%
Electrical 3%
HVAC 3%
Steering & Brakes 2%
Info & Controls 1%

More information about the breakdown and the subcomponents contained in each

functional subsystem can be found in Table 2-4.
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Table 2-4: Detailed information about the subsystem mass breakdown and vehicle
subcomponent breakup used in the study, outlining the main vehicle subcomponents
included in each subsystem.

Exterior Transmission
Windshield Manual Transmission
Window Automatic Transmission
Fascia Tires & Wheels
Impact Bar Tires
Grille Wheels
Energy Absorber Wheel Trim

Suspensions Engine
Front Suspension Engine
Rear Suspension

Structure Interior
Full Frame Instrument Panel
Mounts Seats
Body Structure Airbags

Fuel & Exhaust HVAC
Air Cleaner Heating
Exhaust System Ventilation
Fuel Tank Air Conditioning

Steering & Brakes Closures
Steering Shaft Fenders
Steering Column Door
Park Brake Hood
Brake Apply Decklid

Electrical Info & Controls
Sensors Switches
Generator Speakers
Battery Antenna

Power Converter

Entertainment System
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2.1.3 Subsystem Mass Dependency on Gross Vehicle Mass

In order to estimate the secondary mass savings potential, it is important to separate
the structural, or load-bearing, subsystem mass from the non-structural subsystem
mass. Exclusively the subsystem mass that bears a physical relationship to the overall
weight of the vehicle will be affected by lightweighting and, by extension, subject to
mass decompounding. For instance, as gross vehicle mass (GVM) increases, only the
masses of certain subcomponents of the vehicle, such as the impact bar and the energy
absorber, need to increase to sustain the loads of the heavier vehicle. Correspond-
ingly, these same subcomponents, which are deemed to have a dependency on GVM,
are also believed to be associated with secondary mass savings, when the overall
weight of the vehicle is reduced. The masses of the non-GVM dependent subcompo-
nents, however, are believed to remain constant during vehicle lightweighting. Ex-
amples of such subcomponents include the seats, the doors, and the instrument panel
of the vehicle.

As alluded to above, GVM is employed as the independent parameter in determin-
ing the mass-dependence of the functional subsystems. GVM, as opposed to any
other measure of vehicle weight, such as curb mass, was selected because of the the-
ory that every vehicle component is designed to carry the loads of the vehicle when it
is at its heaviest, including not only the weight of the subsystems, but also the weight
of the passengers and the cargo. GVM is defined as

GVM = curb mass + passenger mass + cargo mass (2.6)

The curb mass is the sum of the masses of the vehicle subsystems, including both the
GVM-dependent and the non GVM-dependent mass. The passenger mass can be
found by multiplying the passenger rating for each vehicle by the dummy weight of
68 kg, which is used to estimate passenger weight in the auto industry. Lastly, the
cargo mass can be estimated from a regression equation that uses an average density

of cargo to convert cargo volume into cargo mass

cargo mass = 0.155-(cargo volume) + 4.20 2.7)
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where cargo mass and cargo volume are measured in kilograms and liters, respec-
tively.

In classifying the subsystem mass dependency on GVM, each constituent sub-
component was reviewed in collaboration with automotive mass engineers and classi-
fied as either GVM-dependent or non GVM-dependent. Next, the GVM-dependent
mass-fraction was found for each subsystem. As an example, this process is illus-
trated in Table 2-5 for one of the subsystems, the Steering & Brakes. Moreover, to
give an overview, the amount of GVM-dependent mass per subsystem, averaged
across the entire dataset, is summarized in Table 2-6.

As can be seen in Table 2-6, 66% of total vehicle curb mass was classified as
GVM-dependent. The remaining non-GVM dependent mass was made up in large by
the Interior, Info & Controls, Closures, Fuel & Exhaust, and HVAC subsystems,
which were judged to have no dependency on GVM. This implies that the masses of
these subsystems do not necessarily need to change as a result of a change in GVM.
On the other hand, large fractions of the masses of the Suspensions, Engine, Tires &
Wheels, Transmission, Structure, Electrical, and Exterior subsystems were classified
as having a physical relationship with the overall weight of the vehicle. These eight
subsystems will be important for subsequent analysis of the mass decompounding po-

tential of the sedan class vehicle.
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Table 2-5: Determination of GVM-dependent subsystem mass and mass-fractions for

the Steering & Brakes subsystem on the subcomponent level.

Steering & Brakes GVM-dependent?  [Subsystem-Mass Fraction
Front Steering Yes 21%
Steering Intermediate Shaft Yes 0%
Rear Wheel Steering Yes 0%
Steering Column Yes 36%
Front Brake Corner Yes 2%
Rear Brake Corner Yes 0%
Park Brake Yes 11%
Brake Apply No 13%
Brake Modulator Yes 0%
Brake Pedals No 9%
Brake Pipe/Hose/Tube No 10%
Perimeter Cradles No 0%
Front Crossmembers No 0%
Rear Crossmembers No 0%

GVM-dependent Mass Fraction 70%

Table 2-6: Subsystem-specific GVM-dependent mass fractions averaged across the
collected vehicle mass dataset.

Subsystem GVM-dependent Mass Fraction
Suspensions 100%
Engine 99%
Tires & Wheels 99%
Transmission 96%
Structure 86%
Steering & Brakes 70%
Electrical 37%
Exterior 21%
Interior 0%
Info & Controls 0%
Fuel & Exhaust 0%
Closures 0%
HVAC 0%
Total 66%
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2.1.4 Ordinary Least Squares and Covariance of the Mass
Data

As established in the previous Section, eight of the thirteen functional subsystems are

judged to contain GVM-dependent mass. The next step in the analysis is to explore

that dependency in more detail and to find the functional form of the equations that

can be used to predict subsystem mass changes.

First, GVM emerges as a necessary explanatory variable in light of the overall
goal to estimate the secondary mass savings from reductions in total vehicle mass.
Therefore, the aim is to express subsystem mass as a function of GVM. However,
this method raises some concern about the impact of other vehicle attributes and func-
tional parameters on subsystem mass. In particular, it was questioned whether engine
torque and planview area of the vehicle might be more important than lightweight de-
signs in estimating the masses of the vehicle subsystems. In other words, it was be-
lieved that the fits of subsystem mass with GVM might be poor because of the addi-
tional effect of vehicle size and performance.

One way to account for this and to separate out the effects of changing torque and
planview area on subsystem mass is segmentation. For instance, the mass data could
be segmented into different planview area classes or by cylinder number. Neverthe-
less, as can be seen in Table 2-2, the mass dataset was judged to contain too few ob-
servations to yield satisfactory outcomes for statistical regression analysis when seg-
mented. The samples resulting from subdividing the mass data into different func-
tional parameter classes were not judged to be statistically significant representations
of the total population and any conclusions drawn from statistical analysis of these
samples might not be accurate.

Another approach to address the effect of numerous explanatory variables is to
perform multiple regression analysis. Examination of the subsystem mass data indi-
cates a mostly linear relationship between the subsystem masses and the proposed in-
dependent variables GVM, torque, and planview area. The linear relationships sug-

gest that ordinary least squares (OLS) would be an effective method for capturing the
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functional dependencies of the subsystem masses on GVM, planview area, and
torque.

OLS is a standard linear regression procedure that aims to minimize the sum of
the squared residuals — the error between the true values and the model predictions.
OLS estimation applies to a linear regression model of the form

Yo=a,+a X, +a,X,; +..+a X, +& (2.8)

where Y; is the i observation of the dependent variable, X,; and a, are the i observa-
tion and the regression coefficient of the n" independent variable, respectively, and ¢;
is the residual.

In order to be able to apply OLS, the assumptions of OLS must be satisfied. The
five standard assumption of OLS are [30]:

¢+ There is no correlation between explanatory variables and residuals, i.e.

cov(Xn’i,gi)=0.

Failure of this assumption results in biased estimates of the coefficients of the
explanatory variable.
+ The expected or mean value of the residuals equals zero, i.e. E (gi ) =0.

Failure of this assumption results in biased estimate of the constant term.

¢ Residuals are homoskedastic, i.e E (giz) = o’ = constant .
Failure of this assumption results in inefficient estimate and biased tests of the
hypotheses.

¢ Residuals are independently distributed, i.e. E (gi “E ) =0.

Failure of this assumption results in inefficient estimate and biased tests of the

hypotheses.
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+ Explanatory variables are independent (no multicollinearity), i.e.
cov(Xn, Xm): 0.

Failure of this assumption results in inefficient estimate and biased tests of the

hypotheses.

To ensure accurate application of the OLS method, the data was tested for each of
the above five assumptions and found to satisfy the first four. The fifth assumption,
however, is violated due to high correlation between the explanatory variables.

When a correlation coefficient between the independent variables is greater than
0.7, multicollinearity is identified as a potential problem [31]. Multicollinearity is an
artifact of non-orthogonal predictor variables, which yields regression coefficients
that are less reliable and have larger standard errors. Moreover, when the input vari-
ables are highly correlated, the presence of one input variable in the multiple linear
regression model may mask the effect of another input variable, thus reducing its rela-
tive statistical significance and explanatory power. As shown in Table 2-7, the corre-
lation coefficient between GVM and planview area is 0.75 and that between GVM
and torque is 0.81; consequently, given the current set of independent variables, mul-
ticollinearity could reduce the accuracy of the analsyis.

One method that can be employed to address multicollinearity and to weed out
highly correlated predictor variables is stepwise regression. Stepwise regression is a
technique for choosing the variables to include in a multiple regression model. For-
ward stepwise regression starts with no model terms. At each step it adds the most
statistically significant term, i.e. the one with the highest F-value, lowest p-value, or
other measurement statistic, until the addition of another explanatory variable wors-
ens the fit of the equation [32].

When stepwise regression was employed to model the present data, different sets
of explanatory variables were selected for different subsystems. Moreover, due to the

high correlations between GVM and torque and between GVM and planview area,
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GVM was rarely selected at the same time as either torque or planview area; there-
fore, GVM was not guaranteed to be one of the predictor variables.

As can be seen in Table 2-7, the subsystem mass of the Engine correlates strongly
with torque. Consequently, the stepwise regression methodology would select torque
rather than GVM as the statistically significant explanatory variable. The Transmis-
sion subsystem, on the other hand, was found to have a stronger correlation with
planview area than with GVM, hence planview area rather than GVM would be se-
lected as the independent variable by the step-wise regression method.

Due to the need to maintain GVM as a predictor variable and in light of the fact
that using just GVM still gives good results, it was decided to exclude engine torque
and vehicle planview area from the set of predictor variables and to perform ordinary
least squares regression analysis on the entire dataset using GVM as the independent
variable

Engine Mass; = a,,, + 5,,,GVM, +¢

ng eng.i

Transmission Mass; = & ..qn + BiransnCVYM; + Eqanem.i (2.9)

susp,i

Suspensions Mass; = &, + B, GVM; + ¢

In other words, a projection of the hypothesized multiple linear regression model,
onto the plane defined by subsystem mass and GVM, was employed in determining

the subsystem-specific regression coefficients .., Biansms Busp » €LC-

This transformation of the data from a multi-dimensional space into a two-
dimensional space does not invalidate the ensuing mass decompounding analysis;
however, it does increase the apparent lack of fit in the regression models [32]. The
lack of fit is demonstrated by larger coefficients of determination, R?, and larger re-

siduals, as will be described in more detail in the following sections.
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Table 2-7: Correlation coefficients for the dependent and suggested independent variables; orange and red boxes indicate a cor-
relation greater than 0.50 and 0.70, respectively.

GVM | Torque |Planview | Structure | Engine | Suspensions | Tires & | Transmission | Steering & |Electrical | Exterior
Area Wheels Brakes
Gross Vehicle Mass
Torque
Planview Area
Structure 0.44 0.25 0.47
Engine 0.17
Suspensions 0.48 0.20 -0.17
Tires & Wheels 0.47 0.43 0.39 0.48 0.04
Transmission 0.46 0.37 0.23 -0.23 0.36
Steering & Brakes 0.15 0.44 0.10 0.16 0.44
Electrical 0.36 0.20 0.42 0.45 -0.02 0.23
Exterior 0.34 -0.13 0.08 -0.14 0.14 0.45
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In Table 2-7, several interesting correlations may be noted; in particular, the
positive correlation between the Structure and Transmission subsystems, and the
negative correlation between the Transmission and Suspensions subsystems. These
correlations indicate that on the average the mass of the Structure subsystem increases
when the mass of the Transmission increases, while an increase in the mass of the
Transmissions is likely to lead to a decrease in the mass of the Suspensions, and vice
versa. Similarly, a positive correlation exists between the Suspensions and the Exte-
rior, while the correlation is negative between the Exterior and the Structure subsys-
tems. In other words, the mass of the Suspensions generally increases as the mass of
the Exterior subsystem increases, while the mass of the Structure decreases. This in-
terplay between the subsystem masses suggests an intricate design decision trade-off,
which may prescribe that if, for instance, the Exterior and Suspensions of a vehicle
are relatively strong and heavy, the mass of the Structure subsystem may be light-
weighted. However, this leads to a discussion of causality, which, as described ear-

lier, may not be adequately explored using statistical approaches.

2.1.5 Mass Influence Coefficients

After having processed the initial mass dataset and established the functional form of
the subsystem mass equations (2.9), it is possible to proceed with the mass decom-
pounding analysis.

The mass decompounding potential of a vehicle can be described as a function of
the mass influence coefficients, y;, of the GVM-dependent subsystems. The mass in-
fluence coefficients can be thought of as the incremental increase in GVM-dependent
subsystem mass per unit increase in GVM, and can be expressed by the following
equation

d (GVM—dependent subsystem, mass)
e d(GVM)

(2.10)
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where i refers to a particular functional subsystem. As shown in (2.10), all subsys-
tem-specific mass influence coefficients may be found from OLS regression analysis
of the GVM-dependent subsystem masses against GVM.

The regression coefficients resulting from OLS, however, are very sensitive to the
presence of outliers, as outliers may significantly skew the end results [33]. There-
fore, before determining the subsystem-specific regression coefficients, an outlier de-
tection process was established. In particular, any observation occurring outside of

the 95% prediction interval [34]

95% P.1. =zt V(2]

v(2)=1+ (X_—;) g2 @2.11)

n Z(x—?)2

where t, =1, 5, =2.01, n=52, and p=2, was identified, classified as an outlier,

and removed from the dataset. An outlier occurring in any subsystem was removed
from the entire dataset and excluded from all subsequent analysis. Some observations
may appear as outliers in multiple subsystems. As shown Table 2-8, a total of seven

outliers was detected using this methodology.

Table 2-8: Number of observations occurring outside of the 95% prediction interval,
and by extension classified as outliers, for each subsystem.

GVM-dependent Subsystem| Number of Outliers
Structure
Engine
Suspensions
Tires & Wheels
Transmission
Steering & Brakes
Electrical

—

Exterior
Total

NS =N = =N O
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The processed mass dataset, excluding outliers, is displayed in Figure 2-2 to
Figure 2-9 for the eight GVM-dependent subsystems. The remaining five subsystems
were shown to not have a physical relationship with GVM and are therefore not in-
cluded in the subsequent mass decompounding analysis. For comparison, the original
dataset, without any outliers removed, is presented in Appendix A.

In Figure 2-2 to Figure 2-9, four graphs are displayed for each relevant subsystem.
The two top graphs show the scatter of subsystem mass vs. GVM together with the
OLS best-fit line, (2.8), in solid red and the 95% prediction intervals, (2.11), in solid
green. Additionally, the 95% confidence interval [35]

0 0
95%C. 1. =yxt, - V¥
(2.12)

I 52
sy
> X =(2x) /n
on the slope is plotted in dotted blue. The slope and the confidence interval on the
slope are employed to find the expected value and the 95% confidence interval of the
subsystem-specific mass influence coefficients.

As can be seen in (2.10), the mass influence coefficients are assumed to be con-
stant, i.e. a linear relationship between the subsystem mass and GVM. Even if for
some subsystems this relationship may appear non-linear, the present data are not sig-
nificantly non-linear to require a different analysis procedure, nor is the accuracy of
the analysis sufficiently affected to assume other than constant mass influence coeffi-
cients, as briefly discussed in Section 2.1.4.

Moreover, in order to visualize the covariance of the mass data, as analyzed in
Section 2.1.4, the top two graphs group the data according to the functional parame-
ters cylinder number, which correlates strongly with engine torque, and planview
area. The upper left-hand graph shows the spread of 4, 6, and 8 cylinder engines

across the subsystem mass data, while the upper right-hand graph conveys similar in-
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formation about the distribution of vehicle planview area classified into three groups:
<8 m?, <9 m? or <10 m?.

As expected, the observations corresponding to vehicles with 4-cylinder engines
and small planview area are confined to the lower GVM and subsystem mass spec-
trum, while observations corresponding to vehicles with 8-cylinder engines and large
planview area occupy the higher mass spectrum. The middle segment, however,
which represents vehicles with 6-cylinder engines and medium planview area, seem to
span a wide region, extending into the highest values of GVM.

Next, the bottom two graphs in Figure 2-2 to Figure 2-9 investigate the normality
assumption of the plotted mass data. In the lower left-hand graph, the subsystem
mass data are plotted in histogram-form with a normal distribution fitted to the out-
put. This graphical representation highlights the degree of continuity in the mass
data. For some subsystems, such as the Structure subsystem, which includes many
subcomponents and is a significant percentage of total vehicle mass, this relationship
appears mostly continuous. For other subsystems, however, such as the Suspensions,
Transmission, and Exterior subsystems, this relationship resembles more closely to a
series of steps between a finite number of functional capacity subsystem models and
weights that are shared across many different vehicles. The step-wise nature of cer-
tain subsystem relationships does not affect the results of the mass influence coeffi-
cient analysis; nevertheless, it may cause problems when applying this analysis to a
“real world” vehicle design problem. For instance, following vehicle lightweighting,
this analysis may suggest a mass target for a particular vehicle subsystem that is be-
tween two discrete “steps” in the subsystem mass spectrum, which may be impossible
to achieve in practice.

Lastly, the lower right-hand graph plots the residuals of the OLS regression analy-
sis in a standard normal quantile-quantile (q-q) plot. The g-q plot is a graphical tech-
nique for determining if two data sets come from populations with a common distri-
bution [33]. In this case, the distribution of the subsystem residuals is compared

against the standard normal distribution. If the set of subsystem residuals comes from
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the same distribution as the normal, the points should fall approximately along the
reference line (dashed red).

As can be seen in the g-q plots, the residuals of some subsystems diverge from the
reference line, especially towards the lower and upper edges of the line. This is par-
ticularly true of the subsystems whose masses are highly discretized, such as the Sus-
pensions and Transmission. In those subsystems, the divergence from normality is

explained by the step-wise nature of the underlying subsystem mass data.
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Figure 2-2: Mass influence coefficient analysis for the Structure subsystem.
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Figure 2-3: Mass influence coefficient analysis for the Engine subsystem.
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Figure 2-4: Mass influence coefficient analysis for the Suspensions subsystem.
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Figure 2-5: Mass influence coefficient analysis for the Tires & Wheels subsystem.
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Figure 2-6: Mass influence coefficient analysis for the Transmission subsystem.
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Figure 2-7: Mass influence coefficient analysis for the Steering & Brakes subsystem.
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Figure 2-8: Mass influence coefficient analysis for the Electrical subsystem.
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Figure 2-9: Mass influence coefficient analysis for the Exterior subsystem.
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The mass influence coefficients, derived from the slopes in Figure 2-2 to Figure
2-9 are summarized in Table 2-9. As an example, it can be seen that the mass influ-
ence coefficient for the Structure subsystem is 0.124. This suggests that for ever one
kilogram change in GVM there will be a 0.124 kg change in the mass of the Structure
subsystem. The same concept can be applied to each mass influence coefficient.
Moreover, as can be seen in Table 2-9, the Suspensions, Structure, and Engine subsys-
tems have the largest mass influence coefficients, followed in consecutive order by
the Transmission, Steering & Brakes, Electrical, Tires & Wheels, and Exterior subsys-
tems.

The range in mass influence coefficients, from 0.140 for the Suspensions to 0.010
for the Exterior, may be explained by the design details of the subsystems, which re-
quire the mass of the Suspensions to change more in absolute terms than the mass of
the Exterior for any given change in GVM.

The standard deviations and 95% confidence intervals of the mass influence coef-
ficients will serve as inputs in the ensuing mass decompounding analysis and are
summarized together with the adjusted R? and p-values of the regression analysis.

The R? values, or the coefficients of determination, represent the fraction of varia-
tion explained beyond that using only the average as an indicator variable. Although
the obtained R* are sometimes low, they were deemed satisfactory given the cross-
sectional nature of the data.

Each statistical regression model also has an associated p-value. The p-value is
the probability that the null hypothesis is true. In this case, the hypothesis is that sub-
system mass is affected by GVM; accordingly, the null hypothesis is that subsystem
mass remains unaffected by changes in GVM. A p-value of .05, for example, indi-
cates that there is a 5% chance of drawing the sample being tested if the null hypothe-
sis is actually true. Since the obtained p-values are very low, the null hypothesis may
be rejected with high level of confidence.

Lastly, the mass influence coefficients derived from the original dataset are also
presented (Table 2-10) for comparison. It is interesting to note that the values of the

mass influence coefficients do not vary significantly, but that the R? values improve
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notably after removal of the outliers. This indicates that the outliers are roughly nor-

mally distributed about the mean.

Table 2-9: Summary of the subsystem-specific mass influence coefficients after re-
moval of the outliers, defined as lying outside of the 95% prediction interval. The
table lists the mean, standard deviation, and the upper and lower bound of the 95%
confidence interval for the y-coefficients together with the adjusted R” and p-values of
the regression.

Subsystem Y St Dev | Lower | Upper | AdjR? |p-Value
Structure 0.124 | 0.021 0.084 | 0.164 | 0.501 0.000
Engine 0.103 0.016 | 0.072 | 0.133 0.551 0.000
Suspensions 0.140 | 0.014 | 0.112 | 0.168 | 0.735 0.000
Tires & Wheels 0.018 | 0.007 | 0.004 | 0.032 | 0.129 | 0.018
Transmission 0.049 0.015 0.020 0.078 0.217 0.002
Steering & Brakes| 0.032 | 0.006 | 0.021 0.043 0.462 | 0.000
Electrical 0.031 0.004 | 0.024 | 0.038 | 0.665 0.000
Exterior 0.010 | 0.002 | 0.007 | 0.013 0.550 | 0.000

Table 2-10: Summary of the subsystem-specific mass influence coefficients before
removal of the outliers. The table lists the mean, standard deviation, and the upper
and lower bound of the 95% confidence interval for the y-coefficients together with
the adjusted R? and p-values of the regression.

Subsystem Y St Dev | Lower | Upper | AdjR* |p-Value
Structure 0.087 | 0.026 | 0.037 | 0.138 | 0.173 | 0.001
Engine 0.117 | 0.015 | 0.089 | 0.146 | 0.554 | 0.000
Suspensions 0.125 0.025 0.075 0.174 0.315 0.000
Tires & Wheels 0.024 | 0.006 | 0.011 0.036 | 0.200 | 0.001
Transmission 0.057 0.015 0.026 0.087 0.197 0.001
Steering & Brakes| 0.046 | 0.009 | 0.028 | 0.064 | 0.329 | 0.000
Electrical 0.026 | 0.005 | 0.017 | 0.035 | 0.376 | 0.000
Exterior 0.008 | 0.002 | 0.005 | 0.012 | 0.286 | 0.000
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2.1.6 Mass Decompounding Coefficients

The final step in arriving at the subsystem-specific mass decompounding coefficients
concerns the quantification of the compounding that takes place when a particular ve-
hicle component is subjected to a material substitution, a design change, or other
modification that results in an overall vehicle mass change, some examples of which
are listed in Table 1-1.

If, for example, the mass of a particular subcomponent is reduced, an equivalent
direct reduction in total vehicle mass will occur. Additional potential reductions in
the masses of all the functional vehicle subsystems then follow from the mass influ-
ence coefficient analysis in the previous Section. This, in turn, yields further secon-
dary mass savings in the vehicle and thus a compounding, or decompounding, of the
primary mass reduction takes place [14].

The concept of mass decompounding is illustrated in Figure 2-10 for a primary
mass savings of A and a vehicle system consisting of two functional subsystems, a
and b, with mass influence coefficients v, and v} , respectively.

The first arrow in Figure 2-10 illustrates how a primary mass saving of A gives
rise to a corresponding mass reduction of y,°A in subsystem a and y,'A in subsystem b.
The resulting secondary savings of A( Va +7/b) will yield additional secondary mass
savings in both subsystems, as indicated by the second arrow. This iterative process
continues until it converges, when the incremental secondary mass savings become

negligibly small. Summing over all secondary mass savings from subsystems a and

b, yields the following expression for total secondary mass saved

2
A[(}/a+;/b)+(;/a+7b) +...+(7/a+7/b)n} (2.13)
where n represents the number of iterations. Letting n approach infinity and using the

result for the sum of an infinite geometric series [14]

lim {1+ X+X +..+ X"} = (2.14)

1
n—ow l_X
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equation (2.13) can be simplified into the following expression

A(L) (2.15)
1=y,

where y, is the sum of all the mass influence coefficients. In this two-subsystem ve-

hicle case

Ve =Vat Y (2.16)

Equation (2.15) defines the total secondary mass saving in the vehicle and is

shown to be a linear function of the primary mass saving, A. The coefficient of pro-

7t

%

portionality, [1 J, is the mass decompounding coefficient for the entire vehicle

and can be denoted as I, .

Adopting a similar approach, yields the mass decompounding potential for the in-

dividual subsystems. For subsystem a, the total secondary mass savings is

Al 7a+ra (atm) 47 (ot )+t ra (1)’ (2.17)
which, using (2.14), simplifies to

A[L}A-ra (2.18)
1=y,

where I', is the mass decompounding coefficient specific to subsystem a, which for

the two-subsystem vehicle is related to I', by

r,=T,+T, (2.19)
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Figure 2-10: Illustration of the concept of mass decompounding for a primary light-
weighting, A, in a vehicle consisting of two functional subsystems, a and b, with mass
influence coefficients y, and vy, respectively.
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This methodology will now be applied to a real case of the sedan vehicle, using
the mass influence coefficients derived in Section 2.1.5. In doing so, however it is
important to keep in mind that each mass influence coefficient is associated with a
range of likely values, rather than one specific number. In particular, the mass influ-
ence coefficients were found to be satisfactorily modeled as following a normal dis-
tribution with a certain standard deviation about the mean, as previously summarized
in Table 2-9. To account for this uncertainty, Monte Carlo simulation was employed
in calculating the mass decompounding coefficients.

The Monte Carlo method is one of many methods for analyzing uncertainty
propagation, where the goal is to determine how variation affects the sensitivity of the
system that is being modeled. Monte Carlo simulation is categorized as a sampling
method because the inputs are randomly generated from probability distributions of
the underlying equations to simulate the process of sampling from an actual popula-
tion [36]. Consequently, the Monte Carlo simulation requires the number of runs in
the simulation to be large. For this study, 10,000 runs were used and the frequency
distribution of the results for the total sedan vehicle mass decompounding coefficient

is reproduced in Figure 2-11.

10,000 Trials Freguency View 9,510 Displayed
Total Sedan
0.05 - 500
0.04 - 400
= m
= 003 00 &
0 0
m C
0 @
o 3
i 002 200 @
0.01 - 100
0.0 U T ; ; U ; ; ; 0
0.700 0.800 0.900 1.000 1.100 1.200 1.300 1.400
P [nfinity Certainty: [100.00 % 4 |nfirity

Figure 2-11: Result from Monte Carlo simulation of the total sedan vehicle mass de-
compounding coefficient, showing the frequency distribution and the gamma function
fitted to the data.
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As can be seen in Figure 2-11, the distribution of the mass decompounding coefti-
cient is skewed with a tail extending into the higher mass decompounding coefficient
range. This is because (2.18), which is employed to find the subsystem-specific mass
decompounding coefficients, involves division of normally distributed variables.
While the sum of normally distributed variables is expected to be normal, the quotient
is not.

The observed skewness gives rise to an expected value of the mass decompound-
ing coefficient that is higher than that which would be expected if the mass decom-
pounding coefficient results were normally distributed. The skewness of the distribu-
tion also yields asymmetric confidence bounds on the mass decompounding coeffi-
cients. The frequency distribution results for all relevant subsystem-specific mass
decompounding coefficients can be found in Appendix B. The final results from the
mass decompounding analysis, including the mean, standard deviation, and the upper
and lower 95% confidence bounds of the mass decompounding coefficients, are sum-

marized in Table 2-11.

Table 2-11: Summary of the mean, standard deviation, and the upper and lower 95%
confidence bounds for the subsystem-specific mass decompounding coefficients, I';.

Subsystem Mean  StDev  Lower  Upper
Structure 0.254 0.055 0.169 0.349
Engine 0.211 0.040 0.149 0.282
Suspensions 0.286 0.041 0.222 0.357
Tires & Wheels 0.037 0.016 0.012 0.063
Transmission 0.100 0.034 0.048 0.159
Steering & Brakes 0.065 0.013 0.044 0.087
Electrical 0.063 0.009 0.048 0.078
Exterior 0.020 0.003 0.015 0.026
Interior 0 - - -
Info & Controls 0 - - -
Closures 0 - - -
Fuel & Exhaust 0 - - -
HVAC 0 - - -
Total 1.036 0.143 0.820 1.287
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The results in Table 2-11 indicate that the Suspensions, Engine, and Structure sub-
systems contribute the most to the mass decompounding of the sedan class vehicle.
This is because their respective mass decompounding coefficients are the largest. The
results also show that on the average, for every one kilogram increase or decrease in
GVM there will be a roughly 0.30 kg change in the Suspensions mass, 0.25 kg change
in the Engine mass, and 0.20 kg change in the mass of the vehicle Structure. More-
over, the results demonstrate that the range of expected secondary mass savings in the
Suspensions subsystem, for instance, is between 0.22 kg and 0.36 kg with 95% confi-
dence. The mass decompounding coefficients of the non-GVM dependent subsys-
tems, as outlined in Section 2.1.3, are zero.

The results in Table 2-11 also specify that on the average a total of 1.04 kg of sec-
ondary mass may be saved in the total sedan vehicle for every 1.00 kg of primary
mass saved, provided that secondary mass savings can be gained from all vehicle sub-
systems. The 95% confidence interval around the expected savings is 0.80 kg to 1.30
kg of additional secondary mass for every 1.00 kg of primary mass saved in the total
sedan vehicle.

Using the data in Table 2-3 and Table 2-11, Figure 2-12 outlines the expected sec-
ondary mass savings in each of the eight functional subsystems following a hypo-
thetical lightweighting scenario of 100 kg. The hypothetical primary mass reduction
is made up by 40 kg saving in the Structure, 10 kg in the Engine, and 50 kg in the
Closures subsystems. The subsystem-specific secondary mass savings are found by
multiplying the total mass saved by the corresponding mass decompounding coeffi-

cient.
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Inputs Subsystems Re-design | Curb Frac- | Initial Sub- | Primary Secondary Mass Saving (kg) Total Ex- | Final Sub-
Availability tion system Mass|Mass Saving pected Mass|system Mass
(kg) (kg) Saving (kg) | (kg)
mean lower upper
Curb Mass (kg): Structure 1 10% 175 -40 -25 -17 -35 -65 110
1800 Engine 1 11% 205 -10 -21 -15 -28 -31 174
Suspensions 1 25% 448 0 -29 -22 -36 -29 420
INo. Passengers: Tires & Wheels 1 6% 100 0 -4 -1 -6 -4 97
5 Transmission 1 2% 44 0 -10 -5 -16 -10 34
Steering & Brakes 1 3% 61 0 -6 -4 -9 -6 54
Cargo Volume (L): [Electrical 1 6% 109 0 -6 -5 -8 -6 103
15 Exterior 1 5% 93 0 -2 -1 -3 -2 91
Interior 1 12% 219 0 0 0 0 0 219
GVM (kg): Info & Controls 1 1% 11 0 0 0 0 0 11
2210 Closures 1 10% 175 -50 0 0 0 -50 125
Fuel & Exhaust 1 6% 105 0 0 0 0 0 105
HVAC 1 3% 55 0 0 0 0 0 55
Total: -100 -104 -71 -140 -204 2006

Figure 2-12: Case example examining the subsystem-specific secondary mass savings that result from a hypothetical light-
weighting scenario of 50 kg, 40 kg, and 10 kg savings in the Closures, Structure, and Engine subsystems, respectively, when sec-
ondary mass savings may be gained in all functional subsystems.
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2.2 Incorporating the Vehicle Development Process

The mass decompounding coefficient for the sedan vehicle, I', is a function of the
constituent subsystem-specific mass decompounding coefficients. In particular, I'; is
found by summing over the mass decompounding coefficients of each available sub-

system I';

r,=>T, (2.20)

The subsystem availability refers to the feasibility of gaining the secondary mass
savings in practice. Any particular subsystem will be classified as available if its de-
sign can be updated to reflect a change in GVM.

In the case of a primary reduction in GVM, perhaps through lightweighting of the
vehicle closures, updating of the GVM-dependent subsystems may involve switching
to lighter and lower load-capacity models of already existing subsystem models or
making modifications to current designs in order to account for the overall lighter ve-
hicle.

In a system that is as complex and interdependent as the automobile, however,
subsystem design changes are not always possible. On the contrary, the designs of the
vehicle subsystems become fixed at particular times during vehicle development. The
exact time when and order in which the subsystem designs become locked in may
vary from OEM to OEM as well as from vehicle to vehicle; however, the general con-
cept of a master schedule that controls the numerous development and prototyping
tasks involved in bringing a vehicle from concept to large scale production exists at
all automakers and is often referred to as the vehicle development process. As a re-
sult, data from the vehicle development process can be employed to determine sub-
system re-design availability and subsequently, the time-dependence of the vehicle
mass decompounding coefficient, I';.

To better understand how the vehicle development process affects the mass de-

compounding potential, it is useful to become familiar with some of its basics.
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Hence, the first part of this Section will give an overview of the automotive develop-
ment process, while the second part will outline the methodology of and results from
incorporating the vehicle development timing data into the mass decompounding cal-

culation.

2.2.1 Overview of the Vehicle Development Process

Product development has been defined as “the set of activities beginning with the per-
ception of a market opportunity and ending in the production, sale, and delivery of a
product” by Eppinger and Ulrich in their book “Product Design and Development”
[37]. This definition provides interesting insight into the wide variety of tasks that go
into the product development process.

Further detail about the vehicle development process in particular is given in Al-
fred Sloan’s book “My Years with General Motors” from 1963. In this book, Sloan
gives an overview of the automobile development process and defines the general
phases involved [38]. In addition, Womack, Jones, and Roos offer an insightful com-
parison of the development process across the entire automotive industry, including
comparisons of traditional mass producing firms and modern lean production firms, in
their book “The Machine that Changed the World” [39]. Furthermore, Clark and Fu-
jimoto provide an in-depth study of the product development processes across several
European, North American, and Japanese automakers in their book “Product Devel-
opment Performance: Strategy, Organization, and Management in the World Auto In-
dustry” [40]. Lastly, Jain presents an interesting discussion of the automotive design
and development process in his thesis “An Analysis of Automotive Body Assembly
technologies and Their Implication in Lightweight vehicle Development* [1].

The following sections have been summarized from the above, and in particular
the latter of the above, sources in order to give a brief overview of the different

phases involved in the vehicle development process.
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Concept Generation

The automotive development process starts with the generation of a concept. The
purpose of the vehicle concept is to define the essential vehicle features and functions
that will serve to attract the intended customer base. The concept also outlines the
intended way in which the consumers should interact with and experience the vehicle
as a whole.

The vehicle concept is generated and the new vehicle targets are set based on in-
formation about future market requirements, technological advancements, and firm-
wide strategic goals. First, market information — in the form of market research stud-
ies and feedback from consumers and dealers — provides important input. In particu-
lar, the market information aids in the process of identifying important consumer pref-
erences and attractive vehicle functionalities that can be employed in the new vehicle.
Second, information about technological advancements and novel processing capa-
bilities is crucial in directing the development of the vehicle concept. Technological
breakthroughs in vehicle engineering add extra design freedom and allow the concept
creators to imagine new vehicle niches and personalities. For instance, the availabil-
ity of advanced safety systems might allow the concept creators to visualize and gen-
erate a vehicle concept that will appeal to a certain group of consumers by demon-
strating a higher than average degree of safety. In turn, the creativity, design ideas,
and manufacturing needs of the concept creators help to stimulate the development of
new technologies. For instance, in order to realize a vehicle design that builds upon
improved environmental friendliness and high fuel efficiency, lighter vehicle body
panels and structural components may be required. This may lead to the development
and advancement of alternative materials and manufacturing processes, as well as to
increased interest in mass decompounding. Lastly, the automaker’s long-term goals
and strategies also influence the development of the new vehicle concept.

Even though the various sources of information may be valued differently from
automaker to automaker, the generation of a product concept is critical to the devel-
opment process for any large company. The concept provides the guidelines to and

defines the characteristic vehicle targets during the vehicle development process. The
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concept also provides the criteria against which the final product and results of the

development process may be evaluated.

Product Planning

The generated vehicle concept provides inputs to the product planning stage in the
vehicle development process. During product planning, the ideas defined in the vehi-
cle concept are translated into production specifications. In order to successfully in-
tegrate the vehicle concept into a detailed product plan, meet the demands of the con-
cept generators, and produce as accurate a reflection of the vehicle concept as possi-
ble close coordination and communication between the concept developers and the
product planners are necessary.

The three main areas of activity during product planning relate to vehicle styling,
component packaging, and component selection. These three tasks usually proceed
simultaneously during the product planning process. The styling of the vehicle is of-
ten carried out by the design department, where the generated concept ideas are con-
verted into sketches and drawings. The layout, or packaging, of the vehicle compo-
nents is yet another important task. Although not immediately apparent, the compo-
nent packaging significantly influences the overall space- and energy efficiency of the
vehicle, and by extension the success of the vehicle once released to public. Next,
component selection relates to the identification and selection of the major vehicle
subsystems to incorporate into the vehicle. The choice of which components to in-
clude also defines the major technologies that will be employed during the large scale
production of the vehicle. At this point in the vehicle development process, planners
decide whether to come up with new part designs or to use existing designs, some-
thing that would impact the amount of secondary mass that may be saved in the vehi-
cle.

The end result of the product planning phase is the generation of a set of product
specifications that concretely establish the development goals of the vehicle and help

to focus the efforts during the product engineering and design phases.
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Product Engineering

The previously generated product plan gets implemented during product engineering.
At this point in the vehicle development process, product engineers face many chal-
lenges and trade-off decisions regarding the engineering of the components and sub-
systems of the vehicle. Many issues remain to be resolved during product engineer-
ing, as the complexity of the vehicle makes it almost impossible for the product plan-
ners to have identified all relevant design conflicts and issues involved in the manu-
facturing the vehicle ahead of time.

The product engineering design and the manufacture of the vehicle are often han-
dled by separate teams within the firm, each focusing on one of the major functional
units of the vehicle, such as the engine, transmission, or structure, as briefly discussed
in Section 2.1.2. This division by functional subsystem is valuable since managing
the engineering of the vehicle as a whole is too intricate to be feasible in practice.

During product engineering, the engineers and technicians generate detailed de-
sign drawings that will be used for subsequent large scale production of the vehicle.
The designs are evaluated through cycles of prototyping and testing to ensure that
they meet the product specifications and the established structural performance crite-
ria for the vehicle. If the prototypes fail, the necessary modifications are made and
implemented and new prototypes are generated and tested. The evaluation cycle con-
tinues until the prototype performance is deemed satisfactory.

Information from the advanced engineering and corporate research departments
may be obtained to aid in the product engineering phase; however, most often, the re-
quired expertise is gathered from within, i.e. from experience with current and past
vehicles accomplished by the product engineers. This leads to large amounts of carry-
over components from one model to the next, which has become a common practice
in automotive design. The use of carryover components is an important factor in re-
ducing the overall time and cost of vehicle development. This approach may, how-
ever, limit the likelihood of novel design ideas, new materials, and new processes be-

ing introduced. By extension, as the amount for secondary mass savings is dependent
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on the execution of new and updated subsystem designs, this approach may also limit

the potential for secondary weight savings.

Process Engineering

During process engineering, the tools, equipment, and standard operating procedures
for the large-scale manufacture of the vehicle are specified, based on the detailed en-
gineering drawings and prototypes generated in the product engineering stage.

During process engineering, engineers develop detailed plans and designs for the
processes, tools, and equipment to be employed during large-scale production of the
vehicle. These plans and designs are used to construct, acquire, and install, the neces-
sary processing tools and equipment. The tools and the equipment are then tested and
the output is analyzed for any errors. If the results do not meet specifications, modi-
fications are made to the designs of the tools and equipment and the cycle is repeated
until acceptable performance is achieved. Once accepted, the detailed process engi-
neering plans and designs are implemented and installed in either a pilot production
facility or at an actual plant for large scale production test-runs. When satisfactory
results are obtained, the development process evolves into full scale manufacturing

for commercial use.

2.2.2 Implications for Mass Decompounding

As structured above, the vehicle development process may appear as a series of linear
development events. In reality, however, the automotive development process in-
volves many parallel procedures, circular paths, and vague boundaries. Even so, the
relative timing of the different development stages is generally correct. This implies
that concept generation starts before product planning, which in turn supplies inputs
to the product and process engineering stages.

The development stage during which mass decompounding, as part of a targeted
lightweighting strategy, may be most successfully implemented is product planning.

The product planning stage occurs relatively early in the vehicle development proc-
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ess. This is when the designs of the vehicle subsystems and associated technologies
are locked in. Consequently, it is important to stress the potential for and benefit of
secondary mass savings at this early stage of vehicle development. Later in the de-
velopment process, it may be more challenging to optimize the vehicle design to gain

benefits from mass decompounding.

Table 2-12: Times in the vehicle development process, in terms of number of weeks
before start of commercial production, when the designs of the various functional
subsystems become locked-in.

Subsystem Week
Engine -220
Transmission -220
Structure -190
Suspensions -190
Steering & Brakes -190
Electrical -190
Info & Controls -190
Tires & Wheels -170
Fuel & Exhaust -170
HVAC -170
Interior -130
Exterior -90
Closures -90

More exact information on when in the vehicle development process the designs
of the different functional subsystems become locked in was gathered from discus-
sions with experts and automotive engineers working in vehicle development. On av-
erage, the responses indicate that the decisions governing the design of the powertrain
— the engine and the transmission — of the vehicle may be made as early as 220 weeks
before the scheduled start of commercial production. One reason for this relatively
early lock-in date is that many later decisions about the vehicle design depend on the
choice of powertrain. Other decisions, governing the designs of the exterior styling
and finishing of the vehicle may be made as late as 90 weeks before scheduled vehicle
launch. These two design deadlines seem to mark the time window in the vehicle de-

velopment process during which the designs of all subsystems become fixed. A rep-
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resentative vehicle development process, generated from the responses from industry,
may appear as outlined in Table 2-12, with major design deadlines occurring around
190, 170, and 130 weeks before the scheduled start of commercial production.

By combining the information in Table 2-12 with Equation (2.20) it is possible to
deduce the time-dependency of the mass decompounding coefficient for the sedan ve-
hicle. The subsystem timing information indicates that all subsystems are available
for re-design and the full benefit of secondary mass savings may be gained at times
greater than 220 weeks before the start of commercial production. Later in the devel-
opment process, as shown in Table 2-12, the design of some subsystems become
fixed, which forces the respective subsystem-specific mass decompounding coeffi-
cients to zero. This effectively reduces the expected amount of secondary mass that
may be saved in the vehicle as a result of any primary lightweighting. Consequently,
any decision to perform vehicle lightweighting at times less than 90 weeks before the
start of commercial production is not likely to yield any secondary mass benefits,
since the mass decompounding coefficient is zero. The time-dependency of the ex-
pected value and of the 95% confidence interval of the mass decompounding coeffi-
cient, in number of weeks before start of commercial production, are illustrated in
Figure 2-13.

Figure 2-13 visually identifies a time window that is critical for mass decom-
pounding. This time window ends at roughly 200 weeks before start of regular pro-
duction, which is when the mass decompounding potential drops from 0.5 to close to
0. As illustrated in Figure 2-13 and as discussed above, the 95% confidence interval
of the mean of the mass decompounding coefficient is asymmetric and slightly

skewed towards higher coefficient values.
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Figure 2-13: Illustration of how the mass decompounding coefficient for the total se-
dan vehicle varies with time in the vehicle development process. Both the expected

value and the 95% confidence bounds around the mean are plotted.

2.3 Assessing Cost and Value

It is generally true that any proposition to change vehicle design needs to, at some
level, demonstrate a positive value proposition. Besides, much of the design and en-
gineering efforts expended in the planning and development phases of a new vehicle
involves the assessment of profitability and potential cost savings of competing de-
signs. Therefore, the mass decompounding analysis would not be complete without
an assessment of cost and value.

Making trustworthy profitability forecasts, however, is challenging, especially

since forecasts usually depend on predictions of costs, demand, and prices, which are
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complex functions of many variables and subject to large uncertainty [41]. Therefore,
this section will not make predictions, but rather suggest a method — one of possibly
many others — that could be applied in assessing the cost and value of mass decom-
pounding and therefore serve as an input to the formation of an eventual forecast.

In brief, the proposed methodology is to employ process based cost modeling to
find the expected cost of implementing a lightweighting strategy, such as a design
change, material substitution, or novel processing. Next, the amount of mass savings
that results from lightweighting will be converted into performance improvements, in
particular into increases in fuel economy and acceleration of the vehicle, using power-
train modeling. Lastly, market modeling will be used to convert the performance im-

provements into expected consumer dollar value increases.

2.3.1 Process Based Cost Modeling

Process based cost modeling (PBCM) is a tool that can be used to quickly assess the
cost of a certain production process at different production volumes. It was devel-
oped to provide cost estimates using engineering, technical, and economic accounting
principles. PBCM analyzes the various cost drivers of a production process and uses
mathematical transformations to assess the magnitude of the process-specific factors
that affect total cost [42].

In essence, PBCMs consist of three seamlessly functioning models: a process
model, an operations model, and a financial model. The first step in PBCM is to de-
termine the specifics about the part to be produced and the manufacturing processes
involved. The user inputs information about part dimensions, material, and process-
ing conditions. The process model then transforms these inputs into all the produc-
tion variables needed to estimate cost. These include calculations about the type of
equipment (for example the press-force required during stamping), the cycle time, and
other processing conditions required to make a single part or batch of parts. Next, the
operations model scales this information according to the production volume and de-
termines the total number of pieces of equipment, the total number of workers, and

the total time required, etc. Finally, the financial model calculates the cost of the in-
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termediate results produced by the process and operations models, such as the cost of
the equipment, material, electricity, as well as wages. The financial model handles
the appropriate allocation of costs across time, through amortization, and across prod-
ucts, for non-dedicated lines. Ultimately, the model generates a cost estimate based
on the part and process assumptions.

The importance of PBCM, however, is not so much in calculating the cost of
manufactured items as in examining how the total cost may change as a result of
changes in the production process. Examples of such changes include changes to the
production volume, the equipment usage, and the material selection. The scope of
PBCM allows for a variety of process changes, including those relevant to automotive
weight reduction, to be examined across many aspects of the production process.
Table 2-13 summarizes cost, mass, and production volume results from PBCM of ve-

hicle lightweighting using material substitution.

Table 2-13: PBCM results of material substitution vehicle lightweighting strategies,
courtesy Lynette Cheah.

'Vehicle Component | Substitute Material [Cost Change[Mass Saving] Prod Vol Source
®) (kg) (per year)

Front end High strength steel -13 11 - Roth 2006
Body-in-white High strength steel -42 60 225,000 [Shaw 2002
Entire vehicle IAluminum 661 346 200,000 [Stodolsky 1995
Unibody IAluminum 537 138 500,000 [Han 1994
Body-in-white Composite 400 127 100,000 [Kang 1998
Body-in-white Composite 930 68 250,000 |Dieffenbach 1996

2.3.2 Powertrain Modeling

Simulation based analysis of vehicle performance, such as fuel consumption, accel-
eration, and maximum speed, is crucial to the development of new vehicles. Power-
train models allow complex new powertrain concepts and designs to be tested and op-

timized without the need for design validation by hardware measurement, which is
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only possible during the later prototype building stages of vehicle development [43].
Therefore, significant amounts of research efforts have been devoted to the develop-
ment of accurate powertrain simulation programs. A few examples of such simulator
programs include Simplev [44], CarSim [45], and ADVISOR [46].

These programs work based on a network of component models that each describe
separate parts of the vehicle [47]. In order to model vehicle performance, the compo-
nent models require vehicle and powertrain-specific inputs. Therefore, these simula-
tor programs make use of extensive databases of vehicle characteristics such as mass,
engine and component maps, duty cycles, and transmission data to predict perform-
ance parameters like tractability, acceleration, and fuel economy. Secondly, a simu-
lated driving trajectory, or duty cycle, is also needed as an input to model the power-
train. The duty cycle is used to calculate the road-loads and acceleration requirements
of the vehicle, which in turn are needed to estimate the energy losses in each compo-
nent model. Finally, the model outputs vehicle-specific performance metrics, based
on the total energy requirements of the vehicle [48].

The powertrain model and the powertrain model results presented in this study
were provided by one of the major automakers. The employed proprietary powertrain
model has previously been shown to produce results that are consistent to within 1%
of actual values. The provided powertrain results were generated using a composite
duty cycle with 55% urban and 45% highway simulated driving. A reduction in total
vehicle mass, in discrete increments from 0 to 200 kg, was provided to the model as
an input and the resulting changes in fuel economy and acceleration performance
were recorded as outputs. The expected mass-driven performance changes were re-
corded for typical powertrains belonging to compact, midsize, and large sedans.

The raw data provided from the automaker was converted into percent-space and
manipulated to form the relationships needed for the present study. The resulting re-
lationships for fuel economy and acceleration are presented in Figure 2-14 and Figure
2-15, respectively. Figure 2-14 shows percent fuel economy increasing almost line-
arly with percent mass saved. It is interesting to note that the results for the compact,

midsize, and large sedan fall close to the 5%-10% line, in agreement with results
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found in previous studies [6].

provement in acceleration for a given percentage mass saving for the compact, mid-
size, and large sedan powertrains. The results for acceleration improvement cluster
around the 10%-10% line, indicating an expected 10% improvement in acceleration

for a 10% mass saving; however, the slopes are not constant, but appear to level off at

Figure 2-15 illustrates the expected percentage im-

a certain maximum acceleration improvement for each powertrain.
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Figure 2-14: Percentage fuel economy improvement resulting from percentage mass

saving for compact, midsize, and large sedans.
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Figure 2-15: Percentage acceleration improvement resulting from percentage mass
saving for compact, midsize, and large sedans.

2.3.3 Market Modeling

Engineers, marketing specialists, and planners responsible for developing the design
and manufacturing processes for a new vehicle need to understand how the vehicle
attributes and changes to these attributes affect the perceived value to the consumer.
For example, product planners make value assessments regarding new features at the
start of every new vehicle program and, as the details of the product design and the
manufacturing processes unfold, engineers make numerous cost versus perceived
value trade-off decisions at the subsystem and component levels [49]. Since the con-
sumer is the ultimate critic of the success of these decisions, the challenge shared by

all people involved in the vehicle development process is to reliably project what the
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consumer’s reaction will be to an attribute change and how that reaction will affect
the profitability of the product.

Several product decision support tools exist today that could provide the automo-
tive engineer with guidance during the cost and value assessment of novel design
changes and provide support in the decision-making process about those designs. For
example, multidimensional scaling [50] and conjoint analysis [51] are important con-
sumer survey tools that are currently used by market researchers to gain an under-
standing of the utility of product attributes. However, these tools have received little
interest by engineers who instead seem to prefer tools such as Taguchi’s robust design
methodology [52], value engineering methods [53], and quality function deployment
[54] in making product trade-off decisions changes.

For the purposes of this research, the incremental consumer value arising from
changes in fuel economy and acceleration performance were of particular interest.
These value-responses were effectively modeled using the Automotive Market Insight
Simulator (AMIS).

AMIS is a decision support system designed to mimic consumer options and
choices in the automotive retail market. The simulator enables users to simulate
likely market share for a very large number of existing or proposed vehicle scenarios.
Thus, the impact of competitive products, features, and pricing scenarios on market
preferences can be measured. The foundation of the simulator is a mathematical
choice model that is created from consumer response data collected from consumers,
using choice-based experiments in which consumer trade-off vehicle features and ve-
hicle prices and select the preferred vehicles [55].

In order to generate the desired market modeling results, the vehicles of interest
were selected first. In particular, the analysis was performed for one compact, one
midsize, and one large vehicle, to match the choice of vehicles in Section 2.3.2. Next,
fuel economy, acceleration, and vehicle market price were selected as variable vehicle
attributes. Increments of market price reductions, fuel economy improvements, and
acceleration improvements were provided to the model as inputs and the resulting

changes in total market share were recorded as outputs. The shared variable ‘market
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share’ was eliminated by identifying the amount of price reduction whose correspond-
ing market share increase exactly offset the market share increase caused by im-
provements in fuel economy or acceleration. Consequently, data showing how con-
sumer value increases with fuel economy and acceleration improvements were ob-
tained, as shown in Figure 2-16 and Figure 2-17, respectively.

Figure 2-16 indicates that consumer’s willingness to pay increases almost linearly
with fuel economy improvement for the compact, midsize, and large sedan vehicle
consumer. The large sedan vehicle consumers appear to be willing to pay more in ab-
solute terms for a given normalized fuel economy improvement compared to the mid-
size and compact. In percentage terms, however, where the added value is normalized
to initial vehicle price, the midsize and compact vehicle owners appear to be willing
to pay more for a given normalized fuel economy improvement.

In Figure 2-17, the consumer’s willingness to pay for acceleration performance is
seen to increase steeply for the first 0.2 to 0.3 units of normalized acceleration im-
provement. Beyond that, however, the perceived value added for acceleration im-
provement can be seen to level off. This behavior may be explained by the belief that
consumers perceive acceleration performance to be “good enough” beyond a certain
0-60 mph acceleration time and are less willing to pay extra for improved perform-
ance beyond that.

Additionally, for any given normalized acceleration improvement, the modeled
compact sedan consumer is willing to pay more in both absolute and percentage terms
compared to the midsize and large sedan consumers. This may be because of relative
preference for performance over fuel economy in the smaller car, which already
achieves relatively high fuel economy but may have poor initial acceleration. Con-
versely, consumers who purchase midsize and large sedan vehicles, whose initial fuel
economy may be poor, appear to be more likely to pay extra for improved fuel econ-

omy than for improved acceleration.
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Figure 2-16: Absolute value added (left) and value added normalized to vehicle price (right) for normalized fuel economy im-
provement as perceived by consumers for a typical compact, midsize, and large sedan vehicle.
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Figure 2-17: Absolute value added (left) and value added normalized to vehicle price (right) for normalized acceleration im-

provement as perceived by consumers for a typical compact, midsize, and large sedan vehicle.
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Chapter 3

Model Overview and Case Study

Chapter 2 outlined the method to obtain Equations (2.2), (2.3), and (2.4), which gov-
ern the application of the mass decompounding, the timing, and the valuing analyses
in the study, respectively. The results, together with a discussion about the findings,
were also presented in Chapter 2. This Chapter will combine the results into an inde-
pendent model that can be used to assess the net value of lightweighting, taking sec-

ondary mass savings into account.

3.1 Overview

The model substitutes (2.2) into (2.3), and (2.3) into (2.4), in order to obtain the com-
pounded value of lightweighting

Avalue,, = f (Amass time, subsystem, powertrain, vehicle type, vehicle class)

primary >

(3.1)

Avalue, .. = f (Amass time, subsystem, powertrain, vehicle type, vehicle class)

primary >

The value found in (3.1) is then compared against the cost found in (2.5) to obtain a
measure of the net benefit of lightweighting.

In more detail, Amass is first used to calculate the secondary mass savings at

primary
a particular time in the vehicle development process for the available subsystems in
the vehicle. Next, the total mass savings, found by adding the primary and the secon-

dary mass savings, is used as an input to find the resulting fuel economy and accelera-
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tion improvements for a particular powertrain combination. Last, the consumer val-
ues of the fuel economy and acceleration improvements are calculated by selecting
the desired vehicle type. This analysis is confined to sedans, but the work could be
extended to include other vehicle categories, in which case the vehicle category pa-
rameter would select the appropriate set of mass decompounding coefficients.

An overview of how the model works can be found in Figure 3-1. The figure
summarizes the main results from Chapter 2 in graphical format and emphasizes their
interconnectivity visually. For example, consider a decision to implement a light-
weighting strategy, which will save 7.5% primary mass, taken at 200 weeks before the
start of commercial production. The lower left-hand graph in the figure indicates that
an additional 3.5% to 5.0% secondary mass may be saved with 95% confidence. This
is demonstrated by the arrows. The lower middle and right-hand graphs display how
the total mass saving may be translated into fuel economy or acceleration improve-
ments for a certain powertrain combination. By following the arrows to the top two
graphs, the improvement in vehicle performance is translated into value for a particu-

lar vehicle type.
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Figure 3-1: Overview of the key relationships and features in the combined model. The arrows indicate how the model calcu-
lates the value of a decision to save 7.5% primary mass, taken at 200 weeks before vehicle launch, in the midsize sedan.
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3.1.1 Model Inputs

Amass primary

AcOStprimary

time

subsystem

powertrain

vehicle category

The primary mass savings expected for a given lightweighting

strategy.

The change in production cost associated with the implementing

the lightweighting strategy associated with Amass This cost

primary *
may be estimated using any cost estimation technique, such as

PBCM, or may already be known.

The time in the vehicle development process when primary light-
weighting is implemented. The current model specifies a time
window of 250 to 0 weeks before the start of commercial produc-

tion (vehicle launch).

Allows the user to select which subsystems should be included in
the mass decompounding calculation. For instance, it is possible
that some subsystems are unavailable for redesign, for various de-

sign reasons, independent of the vehicle development timing.

The variable that selects which combination of engine and trans-
mission that should be employed to evaluate the mass-driven per-
formance improvements of the vehicle. The current model in-
cludes model results of typical powertrains for the compact, mid-

size, and large sedans.
Represents a certain larger grouping of automobiles, such as se-

dan, SUV, or pickup. The vehicle category determines which set

of mass decompounding coefficients the model should use to es-
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timate the secondary mass savings. In this study, the mass de-
compounding coefficients for the sedan vehicle category have

been found.

vehicle type Allows the user to specify which relationship the model should
use to calculate value. In this model, value-responses for typical
examples of compact, midsize, and large sedan vehicle types have

been modeled.

fuel economy The initial fuel economy of the vehicle under investigation.
acceleration The initial acceleration of the vehicle under investigation.
GVM The initial gross vehicle mass of the vehicle under investigation.

3.1.2 Model Outputs

For the inputs specified above, the model calculates the output values and presents the
data in graphical format. In particular, the following parameters and their variation

with time in the vehicle development process are calculated:

1. The compounded — both primary and secondary — mass saving and the metric

A$/Akg, based on Acost

primary *

2. The resulting fuel economy improvement in mpg and the metric A$/Ampg,
based on Acost ;...
3. The resulting acceleration improvement in sec and the metric A$/Asec, based

on Acost ;..
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4. The additional consumer value derived from lightweighting when the com-

pounded mass saving is applied towards improving fuel economy.

5. The additional consumer value derived from lightweighting when the com-

pounded mass saving is applied towards improving acceleration.

3.2 Case Study

To illustrate how the model works, a hypothetical lightweighting case study has been
prepared for representative examples of compact, midsize, and large sedans. The
lightweighting scenario that will be evaluated is loosely modeled after the process
based cost modeling results established by Kang, 1998. Kang shows that by using
composite materials in the body-in-white it may be possible to save 127 kg of vehicle
weight at a cost premium of $400. These outputs will be employed to generate the
inputs for the case study; however, in order to compare the mass savings across dif-
ferent vehicle types, a relative mass saving of 7.5% will be used instead of the abso-
lute saving of 127 kg. The complete list of model inputs for the case study can be
found in Table 3-1.

Table 3-1: Input variables for the case study of representative compact, midsize, and
large sedans.

Input Variables Compact  Midsize Large
AmasSprimary (kg) 120 139 150
AcOStprimary ($) 400 400 400
Time - - -
Subsystem all all all
Powertrain "compact" "midsize" "large"
'Vehicle Type "compact" "midsize" "large"
'Vehicle Category "sedan"  "sedan" = "sedan"
Initial Fuel Economy (mpg) 29 24 22
Initial Acceleration (sec) 10 11 9
Initial Gross Vehicle Mass (kg) 1600 1850 2000
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The first result, Figure 3-2, shows how the mean and the 95% confidence interval of
the total mass saving varies with time in the vehicle development process. As all sub-
systems are available for redesign, the total saving at 250 weeks before the start of
regular production corresponds to a primary saving of 7.5% and a secondary saving of
1.04 times the primary. The multiplier corresponds to the mass decompounding coef-
ficient for the entire sedan vehicle (Table 2-11).

The cost to lightweight was found by dividing the cost of the primary lightweight-
ing by the total mass saved. Consequently, it is assumed that the secondary mass sav-
ings may be obtained at no extra cost. This is a simplistic view, but further elabora-
tion on this topic is left for a future study. At 250 weeks before vehicle launch, the
cost to lightweight is $1.76/kg compared to $3.57/kg, at 150 weeks before vehicle
launch for the midsize sedan.

If the combined mass saving is applied towards improving the fuel economy of the
vehicle, the expected time-varying improvement in miles per gallon is as shown in
Figure 3-3. The cost to improve fuel economy varies from $175/mpg at 250 weeks
before vehicle launch to $355/mpg at week 150 before launch for the midsize sedan.

Conversely, if the total mass saving is applied towards improving the acceleration
of the vehicle, the expected time-dependent acceleration performance is displayed in
Figure 3-4. For the midsize sedan, the cost to improve acceleration varies from
$288/sec to $475/sec over the course of the vehicle development process.

Figure 3-5 and Figure 3-6 show the time-variation in expected value, when all the
mass saving is applied towards fuel economy improvement and acceleration im-
provement, respectively. The Figures also show at what point in the vehicle develop-
ment process the primary cost, $400 (green dashed), exceeds the value derived from
lightweighting. If the value is greater than the costs, there will be a net benefit to
lightweighting.

The final results (Table 3-2) indicate that the net value for the compact sedan is
positive if lightweighting is implemented at 200 weeks or more before start of regular
production, and all the mass saving is applied towards improving the acceleration per-

formance of the vehicle. For the midsize and large sedans, the net value remains posi-
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tive until 220 and 200 weeks, respectively, before start of commercial production,
when the mass saving is applied towards improving fuel economy.

The output of the analysis helps the user to select an optimal lightweighting strat-
egy by comparing the net value for different vehicle types at different times in the ve-

hicle development process.

Table 3-2: Derived cross-over point in number of weeks before start of commercial
production and suggested focus attribute for a net positive value resulting from a
7.5% primary mass reduction in representative compact, midsize, and large sedan ve-
hicles at a cost premium of $400.

Vehicle Type Focus Attribute Cross-over Point (Week)
Compact Acceleration -200
Midsize Fuel Economy -220
Large Fuel Economy -200
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Figure 3-2: Variation with time in the vehicle development process of the mean and the 95% confidence interval of the compounded mass savings for represen-
tative compact, midsize, and large sedans.
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Figure 3-3: Variation with time in the vehicle development process of the mean and the 95% confidence interval of the fuel economy improvement for represen-
tative compact, midsize, and large sedans. The model assumes that all mass savings is applied towards improving fuel economy.
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Figure 3-4: Variation with time in the vehicle development process of the mean and the 95% confidence interval of the acceleration improvement for representa-
tive compact, midsize, and large sedans. The model assumes that all mass savings is applied towards improving acceleration.
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Figure 3-6: Variation with time in the vehicle development process of the mean and the 95% confidence interval of the compounded value for acceleration im-
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Chapter 4
Sensitivity Analysis

This Chapter will analyze the sensitivity of the results to changes in the underlying
model methodology. Three scenarios will be analyzed: first the effect of changing
the outlier detection process, second the effect of changing the classification of sub-
system GVM-dependency, and third the effect of changing the subsystem design
deadlines in the vehicle development process.

The sensitivity of the end result to changes in the powertrain and market model
results may be evaluated by assessing the range in outputs obtained for the case study

of the compact, midsize, and large sedan vehicles.

4.1 OQutlier Detection Process

One of the underlying assumptions of linear regression analysis is that the distribution
of the errors is approximately normal with a mean of zero. A normal distribution has
the property that about 68% of the values will fall within +/- 1 standard deviation
from the mean, 95% will fall within +/- 2 standard deviations, and 99% will fall
within +/- 3 standard deviations of the mean. This implies that for a normally distrib-
uted set of data one would expect an observation to occur outside of the 95% and 99%
prediction intervals once every 20 and once every 500 observations, respectively.
How likely an observation is to occur may prompt its classification as an outlier.

When outliers are found, it is important to investigate (1) whether they are mere coin-
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cidences due to either data entry errors or the result of unlikely conditions that are not
expected to recur, or if they represent a real effect that should be included in the
model; and (2) how much they affect the final regression coefficients of the model.

Outliers have the potential to cause large problems in models fitted to small data
sets, similar to the one analyzed in this study. Bad outliers in small data set can skew
the results and affect the residuals, which are the basis for estimating regression pa-
rameters and calculating error statistics and confidence intervals.

To analyze the effect of outliers in the present analysis of the mass decompound-
ing coefficients, three outlier-detection schemes were tested, where an outlier was de-

fined in one of three ways:

1. Any observation occurring outside of the 99% prediction interval
2. Any observation occurring outside of the 95% prediction interval

3. Any observation occurring outside of the 90% prediction interval

Scheme number two corresponds to the base case, which was employed in the analy-
sis in Chapter 2.

As can be seen in Figure 4-1, the effect of the different outlier-detection schemes
on the resulting mass decompounding coefficients appears to be minor. In comparing
scheme 1, where outliers are defined as occurring outside of the 99% prediction inter-
val, to the base case a slight difference in mass decompounding coefficients can be
detected. In particular, the coefficients derived under scheme 1 are shown to be
smaller than those obtained in the base case analysis. This may be explained by the
occurrence of non-normally distributed observations representing vehicles with larger
than average GVM and smaller than average subsystem mass, or vice, as these obser-
vations would have the largest effect on making the subsystem mass versus GVM
slopes shallower and, by extension, decreasing the mass decompounding coefficients.
Moreover, as discussed previously, the R* values of the OLS regression models were
found to improve significantly after the removal of the outliers occurring outside of

the 95% prediction intervals.
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When comparing the coefficients resulting from scheme 3 with the base case, on
the other hand, the difference is seen to be negligible. The absence of variation indi-
cates that the error is approximately normally distributed about the mean and that no
additional enhancement of the model is gained by narrowing the prediction intervals
to include only 90% instead of 95% of the expected observations. Consequently, it
may be concluded that the mass decompounding analysis is relatively robust to the
removal of outliers, once the outliers occurring outside of the 95% prediction interval

have been identified and removed.

Outside 90% P.I.
Outside 99% P.I. ||
Base

=
N

|

o
0

o
o

o
~

Mass Decompounding Coefficient

o
V)

O | ;
-250 -200 -150 -100
Weeks Before Launch

Figure 4-1: The effect of changing the outlier-detection process on the final mass de-
compounding coefficients, here investigated for outliers defined as occurring outside
of the 90%, 95% (base case), and 99% prediction intervals.
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4.2 GVM-Dependency Classification

Another important assumption that was made in regard to the mass decompounding
coefficient analysis was that only certain subcomponents in each subsystem contribute
to mass decompounding. The classification rules employed in this study, which will
be referred to as the base case, were obtained from industry experts. Should such in-
formation not be available, however, another way to determine the subsystem-specific
GVM-dependency might be to evaluate each subcomponent’s correlation with GVM.

This approach was adopted in assessing the sensitivity of the final mass decom-
pounding coefficients on the GVM-dependency selection process. In particular, the
base case was compared against two scenarios where the subcomponents were classi-
fied as GVM-dependent if their correlation with GVM was greater than (1) 0.3 and
(2) 0.6.

As can be seen in Figure 4-2, the mass decompounding coefficients are highly de-
pendent on the number of subcomponents that are classified as GVM-dependent.
Specifically, the resulting mass decompounding coefficients are seen to increase as
the decision variable — the correlation coefficient — is decreased and the number of
GVM-dependent subcomponents is increased. For instance, when the cut-off correla-
tion is 0.3 most of the subcomponents are considered GVM-dependent and thus sub-
ject to mass decompounding, resulting in larger mass decompounding coefficients.
Conversely, when the cut-off correlation is 0.6, fewer subcomponents are classified as
GVM-dependent and the derived mass decompounding coefficients are smaller.

For the mass decompounding coefficients to be affected, there needs to be a
change in regression slope of the subsystem mass versus GVM. Consequently, the
process by which the number of GVM-dependent subsystems is increased appears to
disproportionately increase the subsystem masses of observations associated with lar-
ger GVM. This would cause the slope of subsystem mass versus GVM to steepen and
by extension the mass decompounding coefficients to increase. In summary, it is con-

cluded that the mass decompounding coefficients are highly sensitive to the GVM-
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dependency classification scheme and that care should be taken in selecting the

GVM-dependent subcomponents.
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Figure 4-2: The effect of different GVM-dependency selection metrics on the final
mass decompounding coefficients. Here the base case is compared against scenarios
where subcomponents are classified as GVM-dependent based on their correlation
with GVM.

4.3 Subsystem Timing

A third parameter, whose effect on the mass decompounding results it was decided to
investigate, is the subsystem timing. The subsystem timing affects how quickly and
at what point in the vehicle development process the total vehicle mass decompound-
ing coefficient drops to zero. For the present analysis, the mass decompounding coef-
ficients were obtained using subsystem timing data from industry experts. This sce-
nario will be referred to as the base case. This data was judged highly dependable;

however, it was hypothesized that some design flexibility might remain even after the
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given design deadlines, as defined in Table 2-12. The underlying reasoning is that in
a system that is as interdependent as an automobile some minor modifications may
still occur during later stages of vehicle development. Therefore, it was conjectured
that the majority of the design details be fixed by the prescribed date, but that some
smaller amount be fixed in the weeks immediately following the initial design dead-
line. In particular, two cases were selected for demonstration purposes and compared
against the base case. The first case involves a hypothetical scenario where 60% of a
subsystem’s mass is fixed in the first week, 40% in the following week, and 10% in
each of the second and third week following the initial design deadline. The second
case involves a hypothetical scenario where 40% of a subsystem’s mass is fixed in the
first week, 20% in the following week, 20% in the second week, and 10% in each of
the third and fourth week following the initial design deadline. The effect of the dif-
ferent timing scenarios on the time-dependency of the mass decompounding coeffi-
cient is displayed in Figure 4-3.

As can be seen in the Figure, the added flexibility increases the number of discrete
values that the mass decompounding coefficient assumes during the course of the ve-
hicle development process. As a result, the time-dependent mass decompounding co-
efficient curve appears smoother and the coefficient remains larger until later in the
vehicle development process. In the base case, the significant time interval for sec-
ondary weight savings was identified as 200 or more weeks before the start of com-
mercial production. With increased design flexibility, some considerable amount of
secondary mass may also be saved in week 190 and 180 before vehicle launch, espe-
cially for the case where only 40% of the subsystem mass is locked-in during the first
week.

In general, the subsystem timing deadlines may vary from automaker to auto-
maker as well as from one vehicle program to the next, and the percentage of the sub-
system-specific design that becomes locked in, and thus unavailable for mass decom-
pounding, at different times in the vehicle development process is indeed subject to
variation. As seen in this analysis, changes in the subsystem timing results in differ-

ent mass decompounding time-dependencies. Even so, there appears to be a certain
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time window during which the potential for secondary weight savings is the greatest.
This time window appears to end at around 200 to 180 weeks before the start of com-

mercial production.
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Figure 4-3: The effect of subsystem timing on the final mass decompounding coeffi-
cients. Here the base case is compared against two scenarios where (in green) 40% of
the subsystem design details are fixed in week 1 with additional 20%, 20%, 10%, and
10% fixed in the following weeks; and where (in blue) 60% of the design is fixed in
week 1 with additional 40%, 20%, 10%, and 10% of the subsystem design details are
fixed in the weeks immediately following the initial design deadline.
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Chapter 5

Conclusion

A methodology was presented to easily estimate and assess the value of the secondary
mass savings in the sedan vehicle at different times in the vehicle development proc-
ess. Regression analysis of detailed mass data from 52 2007 to 2008 model sedans
was employed to calculate the subsystem-specific mass decompounding coefficients
for thirteen functional subsystems of the sedan vehicle. The mass decompounding
coefficients were found using a refined statistical treatment that particularly addressed
concerns about outlier data, GVM-dependent subsystem mass classification, and con-
fidence bounds. The most significant contributions to secondary weight savings were
found to be obtained from the Suspensions, Structure, and Engine subsystems, whose
mass decompounding coefficients were found to be 0.29, 0.25, and 0.21, respectively.

The mass compounding coefficients were analyzed in light of the vehicle devel-
opment timing in order to incorporate the subsystem-specific redesign availability.
Consequently, a time-varying mass decompounding coefficient was established that
can be used to find the expected total, primary and secondary, mass saving resulting
from primary lightweighting at different times in the vehicle development timing.
The critical time for mass decompounding was identified to occur around 200 weeks
or more before the start of commercial production

Next, the resulting primary and secondary mass saving was analyzed in terms of
the expected mass-driven performance improvements and performance-driven value

increases. In particular, fuel economy and acceleration were targeted as performance
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metrics. The analysis was carried out for typical compact, midsize, and large sedan
vehicles. For the compact sedan, acceleration was identified as the target attribute
that would yield the greatest value added during vehicle lightweighting and corre-
spondingly fuel economy was established as the target attribute in midsize and large

sedans.

5.1 Implications for Industry

The study shows that the potential benefits from vehicle lightweighting are greater
than what may be immediately apparent. When secondary mass savings are consid-
ered, an additional amount of mass roughly equal to the primary lightweighting may
be saved in the sedan vehicle. The additional mass saving contributes to increased
benefits such as improved fuel economy and acceleration performance of the vehicle.
The compounded weight saving may also positively impact other vehicle attributes,
such as the level of CO, emissions. Furthermore, additional value may be gained
from reduced materials handling and transportation costs during manufacture of the
lighter vehicle.

The mass decompounding coefficient was found to decrease during the course of
the vehicle development process, as the designs of the vehicle subsystems become
fixed. The importance of lightweighting early, before the designs of the subsystems
with the largest mass decompounding coefficients become locked in, should therefore
be emphasized.

Last, increased awareness of and design optimization for secondary mass savings
on the subsystem level may help to turn the economic argument in favor of light-
weighting, provided that a systems approach to subsystem design and vehicle light-
weighting is adopted. For instance, it is essential to consider the combined, rather
than individual, effect of mass decompounding, timing, and valuing when assessing

the benefits of vehicle lightweighting.
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5.2

Future Work

A number of areas of future work have been identified relating to the mass decom-

pounding, timing, and valuing analyses of this study:

1.

The model could be extended to include not only sedans, but also other vehicle
categories, such as SUV, pickup, and cross-over. These other vehicle catego-
ries are believed to be associated with different mass decompounding coeffi-
cients, different subsystem timing-relationships, different powertrain perform-
ance improvements, and different value functions. The presented analytical
approach can still be applied; however, new data for the analysis would be

needed.

The model could also be extended within the sedan vehicle category to include
powertrain and market value results not only for compact, midsize, and large
sedans, but also for typical budget, luxury, sport, etc type sedans. The power-
train modeling could furthermore be extended to include different drivetrains,

such as hybrid.

The statistical methodology may be improved either through successful data
segmentation of larger data sets or by the inclusion of additional factors in the
regression model. Other fits beyond linear, such as power or log may also be
investigated to assess and improve the predictive relationships between sub-

system mass and GVM.
In the current implementation of the model, cost is treated as an input and a

constant primary cost of lightweighting ($400) was employed in the case

study. A future analysis could explore and quantify the additional costs or
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benefits associated with obtaining the secondary mass savings. In particular,
costs derived from optimizing subsystem design to gain the secondary mass
savings and costs associated with changes in the engineering, the processing,
and the material of the optimized subsystem design could be investigated.
This analysis could also include an assessment of the potential cost benefits

associated with reduced material usage during large scale manufacturing.

The consumer value equations employed in the present study assume that the
total mass saving is applied towards improving either fuel economy or accel-
eration. In a future study, the effect of multi-attribute variation could be as-
sessed in order to find the optimum combination of attribute improvement that
yield the highest consumer value. For instance, different fractions of the total
mass saving could be allocated towards improving fuel economy and accelera-

tion, respectively.

In addition to fuel economy and acceleration, other mass-driven value metrics
could be investigated. In particular, CO, emissions and noise-vibration-
harshness may be interesting such examples. Reduced total vehicle mass re-
sults in improved fuel economy, which in turn leads to reduced CO; emissions.
It is further believed that total vehicle weight has an impact on the noise and
vibrations of the overall vehicle. Consequently, the changes in these mass-
driven value metrics may be analyzed using vehicle design modeling and mar-

ket trend modeling.

The powertrain and the market value modeling results are believed to be sensi-
tive to time. In particular, the market data is believed to be time-sensitive be-
cause the AMIS model calculates prices and vehicle attributes based on current
information about vehicles, competitor vehicles, and consumer preferences.
As new vehicles constantly emerge in the market, as vehicle attributes and per-

formance change, and as fuel economy is becoming increasingly important in
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the minds of consumers, the accuracy of the AMIS results is believed to de-
crease over time. Also the powertrain modeling results may exhibit a certain
time dependency. In particular, it is believed that the amount of fuel economy
or acceleration improvement that can be expected from a reduction in GVM
may change over time as the powertrains become more efficient and different
drivetrains appear in the market. In summary, this observations leads to the
suggestion that the powertrain and market model data be updated on a contin-

ual basis.

Last, a future analysis would be to validate the model results against real-life
scenarios of primary and secondary mass savings. First, the mass decom-
pounding analysis could be compared to the amount of secondary mass that
can be saved in a real vehicle as a result of primary mass reduction. Second,
the timing data could be validated by obtaining information, real-time, during
the development process of a new vehicle. Third, the market model results
may be validated through surveys among consumers and at dealerships to in-
vestigate how much customers are in fact willing to pay for improvements in
different vehicle attributes. As previously mentioned, the powertrain model

results had been found to be accurate to within 1% of actual values.
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Appendix A

Mass Influence Coefficient Analy-
sis of Original Dataset
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Appendix B

Mass Decompounding Coefficient
Monte Carlo Analysis
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