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gain market sharedespite governmental incentives such as
offering sales tax waivers, tax creditsydaaccess to high
occupancy vehicle land®]. HEVs comprisesonly 2.75% of
thevehicles sold in th&nited StategUS) during 2014[3].

Researchers postulate that the structure of consum

choice, with a linked market consideration and engineering aqutomobile purchase decisions present a bawientry for
model. The paper demonstrates how consideration modeling ATVs. Consumers use cognitive rules to create a subset of

can be used to identify design stratethat capture lost
consideration A simulation study investigateshree response
designstrategiesa design refresh by competitors; repricing by

VW; and a new design by VW. The model used to investigate

these scenarios includes data from a natiade suney
conducted by Autolist that collected se#fported ratings of

both VW and diesel consideration before and after the scandal

It also includes anengineering modelthat translates
engineering variablesich asengine bore) into vehicldesign
attributes(such afuel economyandrollover score). The case
study finds thata design refresh by a competitor or a new
vehicle design by VWancapturemoreconsideration sets than
a VW repricing strategyalone suggesting the importance of
coordinating bdt design and economic strategie¥he
approach demonstrates the usefulness of ddeign
consideration as strategichefore/afteiscenario analysis tool in
the wake of an event that triggersshifts consumers'
considerations.

1 INTRODUCTION

The first successful maggroduced advance technology
vehicles which use powertrain systems to reduce fuel
consumption as defined by the U.S. Department of Endigy
entered the United States automotive market as hyleictric
vehicles (HEVS) in 199. Since thenATVs havestruggled to

vehicles thatire the vehicles they would consider purchaling
an approach modeled as considerafiyb]. For a consumer to
purchase aehicle, they must first consider it.is likely that
entry into consideration sets is difficufor HEVS, with past
research identifying that up to 50% of consumers would nc
consider a hybrid vehiclg6]. One reason for the lack of
consideration is distrust in the novebwertraintechnologies
[7,8].!

Advanced diesel vehiclediereafter referred to as diesel
vehicle are aothertype of vehicle that have been promoted
environmentally sustainable alternatives to gasoline powere
vehicles. Green Car Journal selected VWOs 2009 Jetta TDI &
2010 Audi A3 TDI, diesel vehiclesas The Green Car of the
Year in 2009 and 2010, respectivel9]. Diesel vehicles
currentlymake up &% of theconsumer automobile market, up
from 0.6% in 201(J10,11]) However thisincreasen purchase
of dieset may be on the precipice of a decline.

Diesel vehicles produced by Volkswag@riw) and Audi
were recently exposeldy a research group at West Virginia
University [12] asviolating the Clean Air Acthrough the use
of a defeatdevice. In September, 2015, thenwitonmental
Protection Agency (EPApotified VW of the violationg13].
Barrett et al.have estimated that the noxious emissions fron
these vehicles could result in 59 early deathghe United
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States, costing approxately $450 million in social damages
[14].

responded The survey asked respondents toselfreport
guestions on consideration likelihood before and after the VV

The discovery of the defeat device has effected perceptionsScandal. Note that, as all data was collectitet the scandal,
of both VW and diesel engines. Exposure of VWOs defeatthebefore selfreport answers have less accuracy tharaftee

device impacts entities outside of VW as a German automaker.

There are significant implications to the United Stateonomy
and global automobile market. According to a recent IBIS
World report VW has a 10.4% global market share in

selfreport answers. Overall, the Autolist survey foutint
41% of individuals polledvho previouslystronglyconsideeda
diesel vehiclewould be less likely to considerne [16] and
64% less likely toconsider avW. These survey results have

passenger vehicles and has experienced over 100% growth irPeen reflected in sales data as \8Ales have decreased by

developing countries during 20115].
VWOsviolation of regulations will significantly impact

15.3% in the United States since tieA'sannouncemeri2?].
In this research, we focus on theehicle desim

vehicle consumers. Previous VW diesel consumers need toimplicationsof these consideration shiftaskingtwo questions

address deception by their vehicle manufacturer, and vehicle

consumers currently in the market will have an altered
perception of corporations and vachced technologies [16].
Further, consumers that value high fuel economy will have a
smaller set of available technologies [13].

VWOs violations will also impact other corporate entities.
Privatelyowned Volkswagen dealerships will need to
accommodate spa for unsellable diesel powered vehiclesa
large number ofepairs and alter business strategies to counter
negative brand publicitf17]. At least one of the globaHly
distributed Volkswagen manufacturing facilities, which hire
local workers, has already eliminated shifts and froze hiring
[18]. Other vehicle manufacturers which employ similar

(1) How can US HEVsespondo the consideration lost by
VW?

(2)Which is the better approach fovW to regain
considerationrepricing allvehicles or designing new
VW HEV?

This paper explores the answer of thepgestions by
investigatingthree scenarios. Inhe first scenario, six existing
hybrid vehicles of USased manufacturersefresh their
designs to attract the consideration lost by Vitie second
scenario optimizeshe pricing strategies for the existing VW
vehicles to maximize VW vehicle considerati@nsuring that
if a consumer does not consider a VW, it is for a reason otht
than its pricing The third scenariooptimizes the design of a

technologies will also be at risk of decreased sales due tonewVW HEV to maximize VW onsiderationNote that these

perceived association with the VW diesel violatiori®][

guestions are explored through the use of a static model, as"

Government regulatory and testing agencies, such as the EPA@re not interested in how preference is changing (as a dynan

are reviewng practices and eliminating opportunities for
similar emissions violations by adding costly-mad testing
procedure$20].

While the effects of the scandal may decrease over time,
there is a lasting effect. In an analysis of the 2009 Toyota
recalls, NADA found a maximuri2% decrease in the average
price of used Toyota vehicles relative to competition during the
incident, and that the competitive position remained 10% lower
than before the recall two years after the recall b§@dn

2 DESIGN IN THE WAKE OF A CONSIDERATION-
SHIFTING EVENT

The VW scandal presents a unique opportufotydesign
researchers. Mational scandahas producel a suddenand
large change inpreference for a producas discussed below
While researchersan artificially inducechanges in preference
under survey contexts, for exampéxposing to participants to
negativeinformation andmeasuring how preferences change,
natural exposureoffers a more realistic irvestigation of
implications

A number ofsurvey companies have captured thédural
shiftin preferencdor VW and dieselFor this paper, Autolist, a
San Francisctasedcompany that specializes imhatadriven
searches o¥ehicle buying and selling informatipoffered the
authors free acceds their survey data on the scandal. This
data is used in the model in this papefhe survey was
conducted betweedecember 2015 andMarch 2016. 2,494
vehicle owners from locations across the United States

model might articulate) but rather a comparison of "before" an
"after" scenarios, which can lmaptured using static analysis.
To coordinate consumerconsideration and engineering
performancesn the design scenariose model both consumer
consideration and designfeasibilty as provided in
FrischknechP3], as discussed in Sectidn

Compaed with the existing methodology in engineering
design, the paper contributes the following:

(1)The simulation in this paper expandsirrent non
compensatory modeling methodology by incorporating
empirically-built technical engineeringnodels whichensure
realism of the optimal design.

(2) The simulation scenarios analyze the impact of the
changes in consumer sentiments to vehildsign strategies in
new perspectives distinct from the traditional compensator
consumer modeling.

The paper proceeds as followsSection 3 reviews
backgroundinformation on consideration odels and market
based vehicle designSection 4 presentsthe simulation
methodsof consideration modeling and engineering modeling
Section 5 formulates the strategic optimization problems i
three scenarioSectioné demonstrates the use of consideration
sets to analyze the impact of consideration shifts to diess
competitors Section 7 presents the optimization results;
Sectiors 8 providesdiscussbnsandconclwsions
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3 BACKGROUND

3.1 Non-Compensatory Decision Models

Consumers' consideration sets can be represented by a set

of screening rules. These rules are termed-awmmpensatory,

meaning that even if a product does very well in one area, say

price, it cannot compensate for not satisfying requirements in
another ara, say, miles per gallon (mpg). A conjunctive rule
is an example of a necompensatory rule in which a product is
only considered if the consumer finds all attributes of the

as functional attributes (such as whether or not the phone flif
or has a keyboajd31].
Several researchers have used-compensatory models to
represent vehicle purchase decisions. Morrow et al. use-a nc
compensatory twstage consideratiethenchoose consumer
model in a vehicle optimization simulati§82].

Motivated by the apparent lack of consideration of
Chevrolet, even though its vehicles had competitive feature:
Dyzaburaand Hauser created a machine learning algorithm t

product at an acceptable level. For example, consider aidentify consumer consideration heuristics in the vehicle marke

consumer whose considamat set, C, strictly only includes
vehicles!! , that achieve more than 30 mpg out of a market of
I vehicles (depicted in E(.)). A Kia Optima (which achieves
an EPA combined fuel economy rating of 24 mpgi)l never

based on a consumer surd@y. Long and Morrow33] found
that noncompensatory models outperform campatory
models when consumersO vehicle decisions have nc
compensatory elements, and that satisfactorily modeling not

enter that consumerOs consideration set despite its other§ompensatory behavior in a compensatory framework require

attributes, such as relatively low price.

C={11 ¢, Wity 11" R (1)

Due to the nature of the defeat device, consumers may

have a strong emotional reaction to either VW brandeithezh
or diesel technologies. These reactions are-repltesented by
a noncompensatory decision structure, in which, for example,
a low price cannot compensate for a diesel endihes study
uses norcompensatory rules built from 874 real consumer

preferences gathered before the disclosure of the defeat device

with additional alterations to match consumer surveys of VW
and diesel perception after the disclosure, as explained in
Section 4.2.

Non-compensatory consideratiorformally refers to
modeling the decisiormaking behavior of quickly screening

alternatives based on simple heuristics to form a consideration

set [24]. In contrast to compensatory models of decision

processes, which assume that a good score in one attribute ca

compensate for a poor score in another attribute,- non
compensatory models do not allow such traffs. Non
compensatory rules hava rich research history. In 1956,

Simon proposed that people seek out solutions that meet some

unreasonably large amounts of data.

Researchers have explored a number okbfit types ©
noncompensatory screening rulesncluding: conjunctive,
subset conjunctive, disjunctive andaspirational. In conjunctive
screening, an individual will only consider a product if all of a
productOs attributes have acceptable levels. Fonpéxa a
conjunctive rule may be Ol wanVsV with at least35 mpgand
a price less than $25,0@. This rulecan be expressed
mathematically as follows:

"#S%&' (1 Nif, I"# lonly "I 11, 1 K (2)

Where !, is an aspeetoded binary vector representing
an arbitrary vehiclej, ! is a parallel aspeaoded binary
vector representing an individyaand K is some minimum
required number of acceptable attributes for the product to t
considered In a conjunctie rule, he vehicle,! , will be
considered iK is equal to the number of product attributies.
the vw example provided immediately prior, the individual has
three required attribute levels, thu€ equals three.A
demonstration of a conjunctive rule Isosvn inFigurel.

minimal level of acceptanci5], suggsting an aspirational “Must cost less than $25,000” I;;:t";sst i‘:gf,t
rule. Einhorn[26] built on earlier work by Coombf27] to

demonstrate that conjunctive and disjunctive rules well < D

represent decision processes. Payne demonstrated that <G> G

consumers commonly use nroompensatory decision Gl Gl

processes when there are many discrete opfi28js Bettman gy

and Park found that consumers use -nompensatory rules VolGWEgER™
when they are familiar with the available options attdibutes

[29]. A vehicle purchas decision satisfies both of these
conditions.

Recent marketing research has demonstrated that non
compenatory decision processes are important components of
a consumerQs decision to purchase a pr¢judh a study of
consumer preference f@PS units, Hauser et di30] found
that consumers use a variety of mmmpensatory screening
rules, with 12% screening particularly on brantee et al.
conducted a survey of consum@rsmart phone feeences and
found noncompensatory behavior associated with price as well

Figure 1. Example of conjunctive rule

Subset conjunctive screening is similar teonjunctive, but
requires thaK be some number less than the total number of
attributes be acceptabl&he individual from the conjunctive
example has three acceptable attribute levels: vehicle must be
VW, must achieve at least 35 mpg, and must cost less th:
$25,000.A subset rule would represemtonsumetthat would
any vehicle with at least two of the previously mentioned rule:
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met. This situationwould beclassified as subset conjunctive
rule with K equals two
Disjunctive rules are an example of a subset corjwec

in the vehicle design optimization routines coctgd in this
study, as detailed in Section 5
A number of researchers have diseshicle engineering

rule in which a product is accepted if at least one attribute is models in the design of an optimal vehiadeder market

acceptablgK=1). Ol either want a Volkswagen OR a vehicle

demand conditionsMichalek et. al[37] used engineering

that has better than 35 mpg fuel economy OR a vehicle thatmodels (including fuel economy and acceleration time) tc

costs less than $25,000.0

Aspirational screening rules are inspirég the concept of
satisficing and can be combined with any of the rule structures
above An alternative is considered if it exceeds some
minimum thresholdJedidi et a[34] and Gilbride and Allenby
[35] used a specified product utility levéd represent that
threshold. Although this study uses conjunctive rulex a
example of an aspirational rule is presented below:

Pi=1s Yiprana!! g ! (3)
Pon b Vopgn * teg w ! Drewgoon ! Dewsoo n b D ewsoon ! D rwgonn ! (4)
IHE06& (I " 1" IHS I, | q ) (5)

Where!l, is vehicle representing the brand, fuel economy,
and price or an arbitrary vehiclé, is a vector corresponding
to an individualOs pantorths, a;, is vehicle jOs utility to
individual i, and! , is the utility threshold.

The resultof these ruless a small set of products, in this
case vehicles, for further consideratibp each consumein
the larger considethanchoose mode[36], the next step is
modeledas a comparison of the vehicles in this small set in a

compensatory fashion, where a high score in one attribute can
compensate for a low score in another. These attributes may o
may not be the same attributes that were modeled as forming

the consideratin rules.This second phasef considerthen
choose making the final choice for purchass not addressed
in this paper The goal ofthis research is to examine how
consideration setare modeled irdifferent scenarios of brand
and powertrain preferencaad to desigm vehiclefor inclusion

in the maximum number of consideration sets.

3.2 Vehicle Engineering Models in Market-based
Design
For automobile manufacturers, the idealistic nature of

r

observe alterations to an optimally designed vehicle iarity
of regulatory policies.Frischknecht and Papalambr¢88]
explore  environmentaliyriendly  vehicle designs by
investigating tradeoffs between firm objectives (i.e. profit) anc
negative public externalitigée. greenhouse gas emisspn

He and Chen[39] use design variables talerive
OconsumedesiredO HEV attributes in a compensatory marke
model. Their research suggests tbatimal product designs
change depending on the situationwhich the HEV is used.
Karabasoglu and MichaleldQ] further investigate vehicle use
heterogengy with a plugin HEV powertrain model and found
that designs that are specifically targeted talsaparticular
user groups can have much lower environmental impot.
et al.[41] use the design of a vehicle suspension, paired wit
purchase data from real consumers, to dematestan
algorithm that explores disconnected design spaces, a proble
frequently encountered in optimal vehicle design wher
populations exhibit nowompensatory disjunctions  of
conjunctive rules.

Vehicle headroom (with dimensions defined by Society of
Automotive Engineers (SAE)) was found to affect human
perception of vehicle safety in an optimal experimental desig
study by Hoyle et a[42]. Ferguson tal.[43] use earlystage
vehicle geometry design evaluation to demonstrate a method
applying a genetic algorithm with fewer systenalenations in a
two-step evaluationmethod.Wang et al.[44] demonstrate an
agent basd method in which agents (manufacturers) compet
and learn to produce better products by optimizing produc
design as well as price.

All of these works above that designed for purchase did s
under the assumption ofonsumers havingcompensatory
preferemes, and not nenompensatory consideratioras is

consumer consideration must be paired with the realities of ysed in this papefThis is an important distinction, §32] notes
design decisions, as a design should be feasible in satisfyingin a simple vehiclalesign test case that ignoring consideration
relationships between design variables and engineering can lead to vehicle designs that are-eptimal and do not

performance and at the same time profitab&oftware

maximize profit. Note that it was not studied whether or no

packages, such as AVL Cruise, use complex models to any of the works mentioned aboseffered from this problem.

represent vehicle powertrainscapredict performance. To take

advantage of these packages applicability to optimal vehicle 4 SIMULATION FORMULATION

design, but avoid high computational cost, researchers, such as

Frischknech23], have created proxy models to decrease

This section gives details of tt@mulation andanalysis
method using the engineering modald the consideration

optimization computation time, yet retain the modelOs insights. model.
These proxy models are expanded upon and then implemented
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Figure 2. High level flow chart of simulation

4.1 Vehicle Market Representation

The 2014 WardsAuto databas@45 provides the
descriptive information for the availableehicles within our
model The market include¥ vehicles. Vehicles are included if
they are either new introductions as28fl4or had 2013 sales Stanqard Sedan, Crossover, Slm.all sy
greater than 10,000 units, as reported in AutoNpi&b. The Full-size SUV’P'CI,(Up Truck, Minivan
184 vehicles \(=184) that pass the threshold represent 18 Brand BMW, Buick, Cadillac, Chevrolet,
manufacturers. Each vehicle is coded using eight attributes Chrysler, Dodge, Ford, Honda, Hyund
inspired by Dzyabura and Hausdi. Table1 presents these Jeep, Kia, Lexus, Lincoln, Mazda,
attributes and their associated dégired levels. Alterations to Nissan, Subaru, Toyota, Volkswagen
the attributes used by Dzyabura and Hauser include: removal gfManufacturers - | $12K, $17K, $22K, $27K, $32K, $37K
brands that were defunct in 2Q1the addition of a quality | Suggested Retail $45K

Table 1. Vehicle attributes and levels
Attribute Levels
Class Sports car, Hatchback, Compact Seda

rating of 2 and the addition of diesel as a powertrain option. | _Price
Rollover star scores were collectedrfrghe National Highway | Cylinders 46,8 _ . _
Transportation and Safety Administration (NHTSA), and the| Powertrain Traditional Hybrid, Gasoline, Diesel

quality scores were collected from J.D. Po@. The EPAOs | Fuel Economy | 15, 20, 25, 30, 35
fuel economy website provided the city fuel economy ratings (MpPg)
[48]. RolloverScore | 3 stars, 4 stars, 5 stars
Each vehicle is represented as a binary vector of |éggjth | Quality 2,3,4,5
corresponding to thé&3 different attribute levels. The total
vehicle market is represented kS, wherea is the index of a
particular vehicle. Within that vehicleOs vector, a 1 repsesent
that the vehicle has that particular attribute level, and a 0
represents that the vehicle does not. To illustrate, a vehicle,
I 11 that was only represented using number of cylinders

and roIIov"er scor?, the blngry VeCtbFl'!" would 'be: 53 I;lwith 1 indicating the corresponding attribute level
{! I"#$%&'()!! leylinders!! W"#3%&'()! ! (6) acceptableand 0 indicating unacceptable. Thlividual will
lstars!! W#$! T N"#$! 1 consider a vehicld, if and only if
If the Volkswagen Jetta (a four cylinder vehicle that scored IR (8)
four stars on the federal rollover test) was represented in this
form, v,! it would be embodied as the following vector:

4.2 Consideration Rules and Shifts in Consideration

The consumer population consists of 874 individuals tha
use conjunctive rules drawn from the vehicle survey ol
Dyzabura and Hausdd]. The conjunctive rules screen on 8
attributes, in total 53 attribute leveds described iTable 1).
The rule of an individual i is codeas a binary vector of length

That is,all eight attributés must be acceptable to be considerec
Y The rest of this paper refets this population as the Obase
A (7) populationO to represent that thHgyzabura and Hauser
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consideration sets were modeled well before the VW scandal feasibility model for an HEV is createdThe simulation

occurred.Within the bae populationscreening rules on VW
brand anddiesel powertraincome from the Autolist survey,
which is summarized in Table Zor continuity between

specifies engineering variable$ a full hybrid vehicle rather
than vehicle attributes directly, to ensure the designed vehicle
are ralistic. Full hybrid vehicles have excellent emissions

before/ after scandal consideration model, it was necessary toratings; the full hybrid vehicles in this studyOs marketplac

use VW consideration from the Autolist gay. Also, as [4] did

attained either Bin 2 or Bin 3 classification in the EPAOs Tier

not ask about diesel powertrain consideration, was necessary taating platform[49861] and occupy an engineering variable

extract this from the Autolist survey, as described below.

Limitations of this combined approach are discussed in Section optimization The diesel

8.
Table 2 summarizes the&onsiderationof VW brand and

space that encapsulates the engineering design space of 1
powered vehicles offered by
Volkswagen attained a Bin 5 rating in Tier [80]. The
constraint that the designed hybrid vehiciast perform better

diesel powertrain as the percentage of population who use onethan the diesel vehicles it is replacing will be inactive.

of the four screening ruleg!. ygued I ICHIIDE (1)
¢guyrrrwrr owith 1 represeting considered and 0
representingiot Table3 summarizes the transition probability
of the individual transit from one of the four screening rules to
the other. Fp example, the probability in row 0O(0,1)O and
column®(0,0)0 indicattmat the chancéhat an individuawho
considersVW but not diesel in the base populativansitions

to reject both is 0.71. The transition probabilitéee basel on

the statistics of the Autst survey in which respondents stated
their consideratiorof VW and diesel vehicles before and after
the scandal The original Autolist survey used a rating scale of
1 to 5 where 5 = Odefinitely considerO. Is giinulation, we
take the rating of O5@ meanconsidered This leads to a
prediction 0of21% of individualsrejectingVW, which is close

to the 14% reported in the Dzyabura & HauserOs sufjey [
Taking any more than the "5" rating to mean consider (ssch
"4") would have only widened the gap between these
percentages.

The consideration shifts modeléd the simulation have
not accounted fochangesin preferenceover time.Modeling
consideration dynamics requireifférent survey tools and
tracking method, which are out of the scope dietAutolist
survey instrument and not necessary for the "snapshot"
modeling approach taken here.

Table 2. Theconsideratiorof VW brand and diesel powertrain
in the base population

HS%%N&'&( $) 4L | AL L | AL | AL
e g !
0112134%!541* 8,9:0 1| ;9<0! | /=9>0! | 8920
616)*73'1&

Table 3. Thetransitionprobabilities of VWbrand and diesel
powertrain screening rules

"#$%%& & (1$)*Y | @*3%$%A1616)*73'1&
P 1 gl ! +,-,.! +,-/.1 H- 0| AL
[ At .9>8 9,/ 1 9, ! !
© -% +,-/.1 .92, 9<,! ,9,?! ,9,B!
&3 [ -1 | 98l ! 951 | 91
S| +/-.1 ,9=d 9/>1 ,9,=! ,97d

4.3 Engineering Model
In this paper, the design scenarios described in Sebtion

The engineering variables come from an engineerinc
model based on the dissertation of Frischkn¢2B} and other
information described below. Frischknecht provides the basi
of the fuel economy, roll over score, and vehicle cost models
Following Frischknecht, the performance of a full hybrid
vehicle with a nicketmetal hydride battery is predicted by
specifying eight engineering variables: the engine bbygg ,
boreto-stroke ratio,! . , final drive ratio,! . , vehicle length,
Iy, vehiclewidth, !, , vehicle height,!, , vehicle wheelbase,
I'w, and peak battery powet, g .

Figure 3 demonstrates how the eight attributes are linked 1
the proceeding engineering models. Brand, powertrain, qualit
and cylinders (denoted with white boxes) are given assume
values. Class, pricefuel economy, and rollover score are
determined using the engineering variables contained in the te

box.
Optimal VehicleI Representation

| [ [ [ | [ | |

Class Brand Price Cylinders || Power- ||Fuel Eco. || Rollover Quality
€L ey, ew train €L, €H) ew Score
L, en, Assumed: | | ey g, €gore,| | Assumed;| || ews: €Bore] | ey, en, Assumed:
ew, ews, vw erp, €pts) | |4 Cylinder| Assumed:| | g;) epes, B Gz 4
€BatPow Hybrid €BatPow || egore, €pts
Figure 3. Attributes and engineering models
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Figure 4. Vehicle mpg model performance

FrischknechtOs models include a city fuel economy model
of hybrid vehicles that translated AVL Cruise simulations into
explicit expressions. This equation for city fuel economys

focus on the new design or redesign of an HEV, thus a designprOportionaI to the linear sum of the followitgrms
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The city fuel economy ratings are scaled by a multiplier of
1254 to account for the improvement in technology since
Frischknecht created the models in 2008. Imposing2541.
multiplier allowed the real fuel econonof all ten full HEV
vehiclesin the synthetic marketplade remain within7.5% of
the model predicted & economy Error! Reference source
not found., previous page, demonstrates the mpg model
results as applied to these vehicles.

Frischknecht also proposes a paraimetmethod of
determining the static stability factor, (see Eq. g)) based on
mass distribution assumptions, with input from industry
experts. The specifications of the third generation Toyota Prius
informed parameter values (vehicle foot room, wheahdiar,
etc.). The vehicleOs vertical center of grawityyas determined
by summing the products of vehicle components weights and
vertical height off the pavement and dividing by the tataks,
as demonstrated in Eq. (1@where!, stands for vertical
height of component, and! , stands for mass of component
X). Components considered include: engine { ), gas tank

(Yy, '), passengersd,( ! ), frontandrearaxld( ! ),
cargo (,, ! ,), suspension!(, ! ), transmission (,
'), exhaust!(,! ), bumpers!(,! ), body(, ! ),
traction battery!(- , ! ). -
1 — 9)
10 171 1
R QSRS L 10
it ! (19)

FrischknechtOs original model was designed for standard
ignition vehicles and did not account for hybviehicle electric
architecture. A traction battery weight term was added by
assuming a battery weight, . , of 29.26 kg (comparable to
the Prius batteryOs 28 1.045 kg modyB8). The battery is
vertically located at the top of the whekl ( = 431 mm).

The static stability factor is subsequently used to calculate
the NHTSA rollover stars;

n n | " | " |
rr ol l!#!!|!|""!| !Iﬁ |!”|!|"! " N1 (11)
oo g |

The GA in this paper applies Frischknectafgirical unit
manufacturing cost model, which accounts for the increased
cost of the hybrid architecture by including battery parameters
(including peak power output), the controller, and inverter,
cables, and brackets.

Cumulative vehicle cost is the rsu of FrischnechtOs
production cost and additional corporate overhead and
distribution costs amounting to455% of the vehicle
manufacturing cost, in accordance with a study on alternative
hybrid vehicle production costs by Vyas ef%].

The engineering models link vehicle class to four vehicle
dimensions (length, wheelbase, height, width) by training a
decision tree to the Wicles in this experimentOmarket.
WardsAutoOs database provided the vehicle classes
Dimensions were quantified accard to SAE standardf54]
and sourced frorthe respective manufacturerOs website. Figure

4 presents the resulting decision tree, which had
misclassification rate af0.7% among the hatchbacks, compact
sedans, standard sedans, small SUVs, large SUVs, picki
trucks, and minivans. Sports cars weo imcluded in this tree
due to their characterization being reflective of engine
performance, which was not included in this model. Crossovel

were omitted due to the extremely small training size in the

2014 markeexplored in this study

Height<1560.5
Length<¥4643.5

Length<5216
2996 Width42015.5
T ]

Large  Ppickup
suv Truck

Lengtth4713

Small
Length44516 Height£1507 SUV Wwheelbase:
1 |

Length<4289 Standard Hatchback Large
Compact
Hatchback Wheelbase<2622 =0TP° Sedan Suv

Minivan

Compact Hatchback
Sedan

Figure 5. Vehicle class classification tree

5 RESPONSE DESIGN STRATEGIES

This sectionmathematicallydescribesthe three strategic
scenarios investigated in the design optimizaticesults
presented in Section 7These scenarios were choséor
inclusion regarding a number of realistic, strategically
advantageougossibilities. They illustrate interesting design
opportunitiesfor US makersand al® examine whethesimply
repricing VWs, as an economi®or marketingonly model
might suggests an effective strategy vs. a design effort.

5.1 Scenario I: US HEV Manufacturers Design to
Capture VW's Lost Consideration

Scenario | strategy of USHEVs: This scenario refreshes
the design of six existing HE/ of three US brands B
Chevrolet, Ford and LincoJrwhile VW removes theidiesels
from the marketSuppose each of thesefreshedHEVs redain
their original body types but change prices and other desig!
variables such as engine bore, bturestroke ratio, final drive
ratio, and battery peak power. The objective of thesedHES's
is to attract the consideration sets lost by VW. Specifically, th
optimization problem solvefibr each hybrid vehicle is:

!"#$!$%&!!Z IACHIGY)

Py (1! g 100 1A

HrES L IH§% S (12)
NN RIL NI

[RRIE:SY !!"#?% o

NI
RIS O A (13)

and

b Ve g W g g T g g 1 g e U (14)
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The Indicator function!,, (!) takes value 1 if the
conjunctive screening!,!!,'! 1 is satisfied and 0
otherwise with I',! denoting the screening of without
consideratiorchanges (i.e. the base case) dpddenoting the
rule with consideratiorchanges (i.e. the altered casB)us the
min{.} operator counts the individuals who regider at least
one VW vehicle. The objective function counts the individuals
who lost consideration duringonsideration changes and
consider the refreshed hybridthe design variables vector
T R O R O L RTIN | RTTRL represents,  respectively,
engine boreboreto-stroke ratio, final drive ratioand peak

battery power. The mapping from design variable to consumer

observed attribute vectdr!! ! is provided in Fig.3Eqn.(13
constrainghe manufacturingcost of the vehicle(.) to be lower
than the price. Eqn.()4nforces theefresheddesign to have a
superior emission rating than thasfethe VW Jetta TDI, Passat
TDI, Golf TDI, and theBeetle TDI

5.2 Scenario ll: VW Repricing to Capture
Consideration

In a compensatory framework, repricing may entice
consumersto buy a VW. Thisstrategymay not necessarily
produce the desired results a noncompensatory framework.
The optimal pricing strategy is examined here for a situation
where the prices of all nediesel VW vehicles are set to
maximize VW consideration set inclusidm. other words, the
price of all VWs is setto a value consiered by all
consumerlll the most optimistic case possibl@herefore,
this scenario, if a consumer does not consider a VW, it is

5.3 Scenario lll: VW Designs to Recapture Lost
Consideration

The scenarianvestigates the strategy of introducing a new
VW HEV to maximizethe number of consideration sets that
contain at least one VW vehiclassuming the removal from
the market of all VW diesels;s expressed in EQL)-(17).

ey g {1 g 1 (T )t
Z THIHS 1 1"H$% (17)
TRTTTRTIN
fme e, (18)
anrd
-l ! " [N ! "' WH# I "#$ "¢ ! "HS W ! (19)

Indicator function!,, (!) takes value 1 if the conjunctive
screening! , !'!,' I | is satisfied and 0 otherwiseSame as
Scenario | the min{.} operator counts the individuals who
consider at least one VW vehicle. The design variables vectt
Pyl g Mg WD T pgggee 1 10, 1 1] includes
respectively engine boreboreto-stroke ratio, final drive ratio,
peak battery powervehicle wheelbasewidth, height, length

and price.

6 VALIDATION OF CONSIDERATION MODEL WITH
REAL-WORLD DATA

Before discussing the results of the design optimizations
this section providessome partial validation to the modey

because of an attribute other than price. To create this scenariocomparing the model's predicted considerations to actu:

the following pricing optimization problem is solved:

1
I"# Z "# {11
1 THI'HS L I"HS%

DIV 1 H$10688) 1'H#S | 1"H#$%
tmntr o, (16)

(15)

Indicator function!,, (') takes value 1 if the conjunctive
screening! , !'!,' I | is satisfied and Ootherwise.Variable

I, is the price of each existing VW vehicle that does not
violate the emission standards, ahf is the fixed design
features The attributes observed in the consumer model are
mapped from the price and fixed feature Vig!,|!{)! Same

as Scenario |, the min{.} operator counts the individuals who
consider at least one VW vehicle. TFired designfeatures
vecta WL U g Wby T W fggee T T TEE I
includes, respectively, engine boteyreto-stroke ratio, final
drive ratio, peak battery powervehicle wheelbasewidth,
height, length

industry dataBy simulatingthe 874 consumerconsideration
sets, we investigate two potential impcts to the diesel
competitors: (1) vehicles thahare the same consideration sets
with the VW diesels may gain more attention due to the
removad of VW diesels from the markeand(2) the ctangel in
considerationfor VW and diesel powertrainn the model is
event in realworld data Table 5illustrates the impacts to
consideration set inclusion tthree nonVW diesels in the
existing marketTable 6 summarizes the observed lgathme
(the request for vehicle details to dealers submitted
consumers) provided byAutolist, and the monthlysales
provided by Autonews.comithe percentages calculate the
fraction of lead volume (or sales) of a specific vehicle model ir
the total lead volume (or sales) of the 184 vehicles studied i
this simulation.

For the BMW 328d,the number of consideration sets
increass from four to five before/aftebecause there is still a
chance for individuals change from reject dieselctmsider
diesel (See transition probabilities in TaB)e Also, two out of
its five consideration sets in th&fter" case include the
removed VWdiesels. Thus, the BMW 328d would benefit from
both the change of diesebnsideratiorand the removal of VW
diesel. The increment of lead volume and the sal¢ke real
world dataare consistent with this predictidtom the model

b‘
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For the BMW 535d, ite decrease of the consideration of
diesel powertraircauses theonsideration set participation of
the 535d tadecrease from six to fivélowever, the removal of
the VW diesels from two of itfive considerationsets may

7 DESIGN OPTIMIZATION RESULTS

Using the problemformulationsin Section5, a genetic
algorithm (GA) was used to search for the optimal vehicle. GA:
use biological concepts such as natural selection to produ

counteract the decrease of consideration sets. Both the leadptimal designs over successive generatidrheir ability to

volume and sales data show a decrease.

The Chevrolet Cruze loses fivaonsideration setsué to
the change of dieselconsideration This loss may be
counteracted by the removal of VW diesdtom six of its
consideration sets. Moreex;, there are also natiesel VW
vehicles that are taken away from thrafeits consideration sets
due to the change of VW braednsiderationin the realworld
data, he lead volume remairet thesame level ash the sales
shows anincreaseof 0.15% share, although sudfcreaseis

handle discontinuities allow them to handle foampensatory
heuristicswell [32]. The genetic algorithm designs a vehicle by
specifying nine alleles that correspond to the eight engineerir
variables presented in FrischknechtOs work and vehicle price,
shown inFig. 2. Each allele has 15 levels (excluding price)
which are representecdh iTable 6 Additionally, the vehicle
price is constrained to be greater than the sum of th
manufacturind23] and overhead cts[53].
The algorithm applies 40 generationsaoGA population

still smaller compared to the increment of the same period of eachwith 50 potential designsin each generation, the GA

the previous year.

Comparing the statistics of the consideratiodel (Table
5) with the realworld lead volume and szd data (Table 6), the
model has potential to provide clues in explaip the real
world changesSpecifically, in the case of th8MW 328d,the
simulation predicts consideratiowill be larger after the
scandal andhe real world sales data and leaduwee validate

applies tweparent selection and one point crossowéth a

65% replacement rate. The parameters were specified after
systematic evaluation demonstrated that the genetic algorith
would consistently design similar vehicles for a specific
population froma variety of initial allele sets. The number of
generations required was determined by locating the number
generations at which solutions® objective function valu

this trend. Yet, the comparison also exposes the challenge ofplateaued.

completely matcimg the model predictiors with the lead
volume and salesParticularly, he model is unclearabout
whetheror not theBMW 535d or Chevrolet Cruze TDI will
benefit fom the scandal One possibility is that the

consequence of the lost of consideration sets cannot be

counteracted by gaining more attention in themaining
consideratiorsets As consideration sets do not model the final
purchase choicghe connection between real world sales and
the model may not be direct.

Table 4. The Consideratioset statistics ofthreenon-VW
dieselvehicles

Table 6. Genetic algorithm allele representation
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Table 5. Lead volume and sales change from September to

October, 2015
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We ran he GA 100times with different initial populatia
The GAoptimization uses the GALib C++ library created by
Wall [55]. Computation wa executed on Elacbook Prawith a
2.4GHz processor and 8 GB of RAM.

7.1 Results from Scenario I: US HEV Manufacturers
Design to Capture VW's Lost Consideration

As described in Sectiob.1, we created an optimization
scenario to investigate which banufactured HEVs could be
refreshed to capture VW's lost consideratibable8 compares
the current design and the refreshed solutions of six HEdfs.
each HEV, theow labeledOcurrent@® the vehicle design and
pricing in the existing markébefore" the OmeanO, OminO ani
Oma rows are respectively the mean, minimum and maximu
values across the optimal solutiofts the "after" the scandal
market, observed in 10 simulation runsxcept for the
Chevrolet Impala LT Eco, the optimal strategies suggest th
automakersan pick up the consideration sety lowering the
current pricesThe resultssuggest slightly sacrificing the mpg
levels and battery powdo accommodatehe lowered pdes
with lower costs Interestingly for Chevrolet Impala LT Eco,
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the resultpoints toboth higher baéry power and higher mpg,

Table 7. Optimalrefreshingstrategy of Six American HEVs

in additionto the lower price. The simulation identifiézord

Fusion SE Eerg Hybrid asthe moststrategicallypositioredto D g | Price
refresh its designand capture the consideration VW lost, Pog | 1 '!(T(f:,/‘;& MY | g
because the optimal refreshed solution is very similar to its _ (mm)
current design. g % current | 88.0 | 0.90| 2.77| 15 | 25 | 32
The Ford Fusion series attract 48.6% of the VW lost b BN VLY 891 | /9/<!l| ?29,4| = 2,1 | 81
considerations on average, followed by Forifl@x serieswith S Y J&1 894 | /9/21| =oBe =1 -~ | 8l
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i
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Table 8. Optimal vehicle variabléevels

and characteristics

Figure 6. Refreshed AmericaRlEVs captureconsideration ]
setslost by VW.
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As explained in Sectio 5 here we investigat if VW
shoulddesign a newHEV to recapture consideratiar reprice
all existingnon-dieselvehicles

Both strategies repricing and introducing anew design
increaseconsideration. On averagetroducing anew HEV
gained more consideration sets thampricing. Figure 7
presents themeanresults of the consideration sets inclusion
under different strategie§he error bars represent maximum
and minimum observed over 10 simulation rufike optimal
vehicle to increase consideration sets is a small SUV with a fuel
economy of above 35 mpg, a roll over score of 3, and a price of
$22,000. Table 9 presents the levels of optimal vehiclesO
engineering variables fouraver the simulation runs
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Figure 7. Impact of VW strategie®n VW considerations.

8 CONCLUSION

This studyjoins a conjunctive consideratioaurveybased
model, self-report considerationdata onbefore and after a
product scandal eventreal world market dataand an

engineeringfeasibility model to investigate design strategies.

It first provided partigl trendlevelonly, validation of the
consideration model using industry sales data. Théh, ttwee
simulation scenarios, the studyggestq1) thatUS automakers
may captureVW's lost consideratiorby refreshingan existing
HEV and(2) that VW will benefit more from designing a new
HEV rather than repricing all existing vehicles.

Modeling onsideratio provides new insight for strategic
design and pricinglecisions.Rather than assuming universal
impacts to the vehicle market as in the traditional
compensatory modeling mirget modeling consideratiosets
identifies targeted opportunities for gaining competitive
advantage

HEVs of US brandssuch as Ford and Chevrolet areain
good positionto gain the consideration lost by VWThese
manufacturerdave distinct advantages whethey refresh the
existing hybrid vehicles(1) they are notdirectly affected by
the scandal (2) they are already acceptable brands in larger
fraction of the consumer populatiprand (3) refreshingan
existing HEV saves overhead costs of designfrgm scratch,
thus a lower price point may be ecorioatly viable.

Repricing is a strategy derived fromhé concept of

a newVW HEV gained more consideration sets thgpricing
every VW to be consideredby every consumerwhich is the
most optimistiqiand ale likely unprofitable)repricing scenario
possible This finding demonstrateghat a company should
carefully weigh theadvantages of economic strateguch as
pricing, with design strategy such as introducinga new
product.

There are several limitingssumptiongo this study This
study assumes that consumers only evaluate vehicles on ei(
attributes (see Fig. 3) at prescribed, discretized levels, whic
can be determirte by nine variables (see Tablg). The
evaluated design attributes are largelndtional; quantifying
consumer consideration of vehicle style elements is out of th
scope of this paper, butill influence consideration.

Additionally, this study combines data from a variety of
sources with different levels of internal accuracy. If thsults
of this study were to be taken forward by a manufacturer,
much more robust approach would be to include uncertainty i
the model that captures these discrepancies. Further, t
surveys on consumer perceptions and preferences come frc
different sxapshots of time. As much as possible, it is a mucl
better approach to capture all of this information in one survey
but this is beyond the budget and scope of this project.

The study Bs notconsidered time effects, such hew
consideration changeovertime or game theoretic competitive
design decisiondnstead it uses a before/after scandal scenari
analysis approachncluding time effectgequires new survey
methodgo track and observe the dynamics of the consideratio
rules and a dynamic modelf competitors' design and pricing
decisionsWhile there may be more to be learned from a mode
with time effects, it is debatable whethmr notthe associated
increases in computational time andcertainties/errors within
the model parameters would balance by additional insights.
As this stugd/ suggests thatconsideration modelingrovides
unique insights whemlesigning for large shifts in consumer
preferencefurther research is warranted.
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