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ABSTRACT

Engineering approaches for optimizing designs withi
market context generally take the perspective ofirmgle
producer, asking what design and price point wiliximize
producer profit predicted by consumer choice sitimtes.
These approaches treat competitors and retailerfixed or
nonexistent, and they take business-oriented detaich as the
structure of distribution channels, as separatgesshat can be
addressegost hody other disciplines.
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the product, but also to predict cost and demaasditieg from
design decisions. To do this, researchers have ndnapon
quantitative methods from marketing and econongtiic
model consumer choice as a function of the desigtfibutes
using survey data or past purchase data. A vaoietpnsumer
utility approaches have been employed, includingrieinistic
utility functions [1,2] and random utility functienthat account
for unobservables, such as logit [3,6], latent <lésit [7],
nested logit [8], mixed logit [9], and Bayesian tmibe models

It is well established that the structure of markgstems [6,10]. While econometricians have used these nsodel
influences optimal product pricing. In this papee investigate primarily for estimation to understand the structure of
whether two types of these structures also infleeaptimal preferences in the marketplace, engineers have tsesk
product design decisions; specifically, 1) consumer models forpredictionto simulate market demand and optimize
heterogeneity and 2) distribution channels. We firedel firms products for profitability.

as players in a profit-seeking game that competepruluct In contrast to the active research on market demand
attributes and prices. We then model the interastiof modeling in design optimization, there has beery dinhited
manufacturers and retailers in Nash competition eund attention paid to the role odompetitionin product design.
alternative market structures and compare the ibguin Table 1 classifies the prior literature on proddesign using
conditions for each case. We find that when conssinage random utility discrete choice models for consuncépbice
modeled as homogeneous in their preferences, dptiesgn simulation. These approaches differ in their models1)
can be decoupled from the game, and design desisian be manufacturers and 2) retailers. On the manufactlireension
made without regard to price, competition, or clemstructure. there are three main classé&3ass | models treat the focal
However, when consumer preferences are heterogendua manufacturer as the only decision-maker, where etitops are
behavior of competitors and retailers is key toedwatning either not present or they are treated as fixedienthat will
which designs are profitable. We examine the exte#nthis not react to the presence of a new design ent@ass I
effect in a vehicle design case study from thediiere and find models assume that competitors will respond to\a design
that the presence of heterogeneity leads diffenmatrket entrant by adjusting pricing strategy, but competitesigns will
structures to imply significantly different profitaximizing remain fixed.Class Il models assume that competitors will
designs. respond by both repricing and redesigning theidpots. Most
prior studies do not account for the presence taflegs, instead
assuming that manufacturers sell directly to corsmWhen
the retailer is accounted for, the model is saithtorporate the
product’s distributionchannel structure[11,12]. Studies that
account for retailers either assume the retaileinipose an
exogenously-determined fixed margin over the masiufar’s
wholesale price, or the retailer is treated a decismaker who
will set margin in order to maximize profit.

Keywords: Product Design; New Product Developmbftarket
Structure; Channel Structure; Game Theory; Nashiltarium;
Optimization; Heterogeneity; Design for Market

1 INTRODUCTION
Methods for profit maximization in design requirbet
designer to model not only physical and techni¢tbaites of



Table 1: Literature on product design optimization using random utility discrete choice models

Retailer
Class] Competitord None Fixed Decide margin
Wassenaaet al. [3]
= Michaleket al. [5]
5] - -
5| None Michaleket al. [6]
% Kumaret al. [8]
5 Fixed Besharatet al. [7] Williams et al. [22] —
C .
. : Choiet al [25]
Sl Il |Decide price - Luo et al. [27
= P Shiau and Michalek [26] [27]
Decide price]  Choi and Desarbo [2 ;
1 . - Th e
and design Michaleket al. [4] IS paper
In this paper, we pose a class Ill model with all Class Il formulations assume that competitor designs are

manufacturers and retailers as decision-makers, desve
general equilibrium equations for each channel &Gen we
propose a numerical solution approach, and wehgseesulting
models to investigate the following questions:

fixed but attempt to account for competitor pricirgactions
using game theory [23]. A core concept of game rihéo the
Nash equilibriuma point at which no player (decision maker)
can make a unilateral change to its decision (pfichis case)

1) How does consumer demand heterogeneity affect without decreasing its payoff (profit) [24]. Such point

optimal product design®™e compare the use of the standard
logit model, where differences among consumersnawdeled
only as noise, against the random coefficient miogit model,
where the structure of consumer heterogeneity isiatecl
directly, and we examine the resulting effects ptinaal design.

2) How does channel structure affect optimal product

represents a stable market equilibrium. In clagadtels, price
is modeled in Nash equilibrium, whereas productigiess
optimized by single firm conditional on the stasittributes of
other products in the market. Since the time neddedesign
and deploy a new product is substantial for mangdpct
classes, most firms are not able to change theliymt designs

design?Research in marketing and management science hasin the short term, but pricing decisions can benged rapidly.

shown that channel structure has a significancefi@ optimal
pricing decisions [13-21]; we investigate whethdramnel
structure also has a significant effect on optingedsign
decisions.

2 LITERATURE REVIEW

Class | formulations are most common in the profit
maximization design literature. These approachd® ttne
perspective of a single firm and assume there areother
decision-makers. Most models have taken the firmbéoa
monopolist in the product class with no competitather than
the outside good, so that consumers are modeleither buy
from the firm or not buy at all [1-6,8]. Besharati al [7]
included static competitor products and proposeagproach
to generate optimal robust-design sets considerititity
variations in both the new design and competingdpcts.
Williams et al. [22] also included fixed competitors and went
further to incorporate retailer decisions in theiodel. Rather
than model the retailer as a margin-setting proféximizer,
they assume a fixed margin and predict the chaacwdptance
rate — i.e., the probability that a retailer wilirae to sell the
new product through its distribution channel, whitdpends on
the product attributes, wholesale price, and sigtallowance
paid to the retailer. The primary limitation of stal methods is
that they ignore competitor reactions. In differated oligopoly
markets, competitors can be expected to reactnenaproduct
entry by changing prices in the short term and bgnging
designs in the long term. Thus, models that igramepetitor
reactions will tend to overestimate profitabilityaonew entrant.

Thus, class Il formulations may be a good desaniptf short-
term firm behavior for many product classes. Cébal. [25]
posed a class Il problem by iteratively optimizitnge design
and pricing of the new entrant followed by pricdinyzation of
competitors, repeating this sequence until convergeto an
equilibrium point. Shiau and Michalek [26] proposeuth
alternative efficient single-step approach based Nash
necessary conditions and showed that ignoring ctitope
reactions can result in significant overestimatidrprofits and
suboptimal design variables. Let al. [27] applied a different
approach: They first performed a heuristic prodigdéection by
combining discrete product attributes to reduce épdimal
candidates to a manageable number. Then the oftincal and
design solution were determined by exhaustive eratin@ to
find the alternative with the highest profit atqaiequilibrium,
given fixed competitor product attributes.

Class Il formulations assume that competitors are able to
change both prices and product designs in reat¢tioa new
product entry. As the lead time of new product dgwament
becomes shorter due to advancements in CAD, CAE,
concurrent  engineering, rapid  prototyping, flexible
manufacturing, supply chain management, and stieadl
processes, it may be overly restrictive to assumatdompetitor
product lines will remain fixed. Class Ill formulahs search
for combinations of design and pricing decisionatthre in
equilibrium, therefore product design variables gnde must
be solved simultaneously. Choi and Desarbo [28{listl an
attribute selection (integer nonlinear programminghd
competition problem for automotive tires using satial



iterative optimization among firms to find the Nastuilibrium
solution. Michaleket al. [4] proposed a vehicle design problem
with multiple automobile manufacturers competing \athicle
design and price under alternative government palienarios,
and Shiau and Michalek [29] posed a direct metlmoddcating
equilibria of the problem. These prior methods d@b address
channel structures, assuming instead that manuéastuset
retail prices directly.

Channel structure models have been used widely in
management and marketing science to model manuéactu
retailer, ~manufacturer-manufacturer, and retaigaiter
interactions in a competitive market. These studaesis on
price competition and treat design as fixed. Jelmd Shugan
[13] introduced a bilateral channel structure modéh two
separate manufacturer-retailer channels competimg thie
market. Later McGuire and Staelin [14] proposedaeh with
two competing manufacturers selling products thhoug
company store and a franchised retaiferChoi [15] presented
a channel structure model for a common retjikystematically
defining several game rules to describe the intemas between
manufacturers and retailers based on the concéiash and
Stackelberg (leader-follower) games. Lee and Sta§li6]
extended Choi’s single common retailer frameworkndude
multiple common retailers. While these prior apptess used
simple linear or nonlinear demand functions, Besaek al.
[17] incorporated the logit demand function into oCh
common retailer model, and Sudhir [20] extendedaBks’s
work by deriving an array of analytical equilibriueguations
using various profit maximization strategfesunder both
vertical Nash and manufacturer Stackelberg ganesrul

The proposed approach fills a gap in the priorditiere by
posing a class Il formulation under alternativearmhel
structures and examining the impact of each straatun design
and pricing decisions in a continuous variable epathe
remainder of the paper is organized as followsSéation 3, we
derive equations for an integrated model of desigd pricing
equilibrium under alternative channel structuresl alemand
heterogeneity, and we examine the structure of rdwults,
posing several propositions on the role of hetemedg in
competitive design. In Section 4 a vehicle desigangple is

1 A company store (also called factory store) itit store owned by a
specific manufacturer, so that wholesale price retail price are equal. Such a
channel configuration is also referred to as vattiategration [14].

2 Afranchised retailer (also called exclusive stisea retail store owned
by a private company that sells products from amlg manufacturer.

3 A common retailer is a retailer who sells produmisduced by multiple
manufacturers.

4 Sudhir [20] used three retailer strategies ingaiper: 1) category profit
maximization, which includes profit from differebrands and also margins
from the outside good; 2) brand profit maximizatievhich considers single
brand profit only; and 3) constant margin, whergiter holds a fixed retail
margin. We focus exclusively on the category prafiaximization retail
strategy.

5 Vertical Nash, first defined by Choi [15], is th¢ash competition
scenario for manufacturer and retailer players. il8ify, a manufacturer
Stackelberg game treats manufacturer players askedteerg leaders and
retailer players as Stackelberg followers.

implemented as a case study to demonstrate ourodwtigy
and test the degree to which channel structure derdand
heterogeneity influence optimal design in a prattexample.
We then conclude and outline future work in Secfon

3 METHODOLOGY

We develop our methodology by first examining meder
consumer choice and channel structures. We theiveder
equilibrium conditions for each case and make sdver
observations.

3.1 Consumer Choice

Market equilibrium conditions for profit maximizintiyms
depend upon consumer choice behavior. We adoptatidom
utility discrete choice model, which is ubiquitoismarketing
and econometrics [30] and has seen recent applicati
engineering design [3-6]. Random utility modelsgprae that
each consumer gains some utility;J0 from each product
alternativej. Consumers are taken as rational, selecting the
alternative that provides the highest utility, leatch consumer’s
utility is only partly observable. Specifically,

U =\ ¥4 M)
where v; is the observable component ang is the
unobservable component. The observable tgrms a function
of the observable parameters of a choice scenarithis case,
the attributes; and pricep; of each produdt, so thaty; = v(p;,

z;, Bi), wherep; is a vector of coefficients specific to individual
i. The product attributez are functions of the design variables
x; for each product, thereforg=z(x;). By assuming the error
term¢; follows the 1ID extreme value distributioi &)=exp(-
exp(<£)), which is close to Gaussian but more convenitg,
probability s; of consumer choosing produgt is given by the
logit model [31]:

= exp(v; )

b oexplp)+ Y D exply ) @

kOK jOJ,

whereK is the set of manufacturerd, is the set of products
sold by manufacturek, and the utility of the outside gobd,
represents the utility value of the individual chimgy none of
the alternatives in the choice set. To obtain el tshare of
choices, we can integrate over consuniet$ f4B) represents
the joint probability density function @ coefficients across the
consumer population andsyg is §; calculated conditional on
Bi=B (i.e.: as a function of;=v(p;,z,B)), then theshare of
choices for productj (i.e.: the probability of a randomly
selected individual choosing prodyts:

S; =I S T (B) &b 3)

The integral form of Eq. (3) is called thaxed logitor random
coefficients model [31]. The mixed logit model has been

® The outside good utility is obtained by estimatitive same as attribute
coefficients.



demonstrated to be capable of approximating anyararutility

discrete choice model [32]. In practical applicatipthe mixed
logit choice probability is approximated using nuital

simulation by taking a finite humber of draws= 1, 2, ...,R

from the distributiorfs(B) [31]:

S exp(v; )

§=135=1)
PRET REexp(y)+ ) D) exp(y )
KOK j0J,

whereR is the number of random draws, is the logit choice
probability for productj in the r-th draw, andv; is the
corresponding simulated observable utility. The dan
coefficients of the mixed logit coefficients arelalto model
systematic taste variations, i.e.. heterogeneity;ross
individuals.

The standard logit model, also known as theltinomial
logit modelwhen more than two choice alternatives are present
is a special case where the coefficiefdsare taken as
deterministic, aggregate parameters during estimatiand
variation across consumers is accounted for onlytha
unobservable error terre When heterogeneity of consumer
preferences is negligible, the logit model may bfficdent for
estimation while requiring less data and offeringwer
complexity and computational cost. When heterodgnes
significant, the mixed logit model is capable optaing the
structure of heterogeneity. For these reasons, logi and
mixed logit models are compared in this study.

(4)

3.2 Channel Structures

Figure 1 shows the vertical price interaction paih$our
distribution channels with different retailer typagerew is the
manufacturer’s wholesale price apdis the retail price. The
four channel scenarios are:
1) Company stor€CS): A company store sells only products
from a single manufacturer, and the retail pricesdirectly
controlled by the correspondent manufactukerp) [14].
There is no vertical interaction between a manufactand
its company-owned retailer because of integration.
Franchised retailer(FR): A franchised store is privately-
owned but has a contract with the corresponding
manufacturer. It sells only the products producegdthe
specific manufacturer. However, the manufacturersdoot
control retail prices directly, and the retailer able to
determine its own retail margins [14].
Single common retaile(SCR): A common retailer sells
mixed products from all available manufacturers] @rhas
control of its margins [15]. The SCR case represent
powerful retailer dominating a regional market witlo
other equal-powered competitors in the region.
Multiple common retailers (MCR): This scenario
represents more than one medium-sized retailerhén t
regional market [16]. These common retailers compet
with one another for pursuing maximum profits.
Manufacturer and retailer profit depend on demepdvhich
can be predicted by multiplying the total size lné imarketQ

2)

3)

4)

by the share of choicestaken by produgt, so thai=Qs. We
consider the product cost in two components, 1)vidgable
cost per unit, which is a function of the designand 2) the
total fixed investment cosf, i, SO that total cost for produgis
gc(x) + CFJ-. We derive first the general multiple common
retailer case with a set of retailetST and then examine
alternative channel structures as special cases. frofit
function for manufacturek is a sum over the retailefsand the
set of productsy:
M _
|_|k _ZZ[qj't(VVjt_C,)_C[F] (5)
T jOJ,

where WJ; is the wholesale price of produg¢twhen sold to
retailert.” The manufacturer profit functions for the othereth
channel structure scenarios can be simplified fiegqn (5) by
removing the retailer indetx as shown in Table 2.

The profit function for retailet in the MCR scenario is
given by:

R — —
ﬂt—zzqn(Pn‘V\ﬁ)—Zthm (6)
kOK jOJ, KOK j0J,

wheremy, is retailert's margin for producj. The SCR scenario
is a special case of MCR with a uniquén the FR scenario, the
profit function of a franchised store can be sifigdi from Eq.
(6) by indexing each retailer with its correspomgin
manufacturerk and limiting the product category to the
corresponding manufacturer source. For the CS scerthe
company store has no retail profit. The manufactuaed
retailer profit functions for the four channel stture scenarios
are listed in Table 2.

M, M, My M2
cs, | |cs, W W
Wi = P1 FR; || FR,
le = pzl |21 P2
Consumer Consumer
a) (b)
M; M; M, M,
Wia JpWos Windy Wop
CRa ] CRy
P14 P22 P1b P2
Consumer Consumer
(c) (d)

Figure 1 Channel structure scenarios:
(a) CS: Company Store (b) FR: Franchised Retailer
(c) SCR: Single Common Retailer
(d) MCR: Multiple Common Retailers

7 We assume manufacturers are able to offer diffaxdolesale prices to
different retailers.



Table 2 Manufacturer and retailer profit functions

Case Manufacturer profit Retailer profit
cs M =| Y a(w-¢)|-¢ -
L5 i
FR | Mé=[ Xaw-¢)|-¢ Me=2.am
L i03, J «
M- —c)l|- ne= q,
SCR | M jmquj(wj §)|-¢ mzé,; in
MCR I_”l/l :{qujt(‘/\’jt_%)}_‘-ﬁ I_It :kDZKqutmt
1T j0, 183

3.3 Equilibrium Conditions

In a non-cooperative game witk players where each
playerk chooses a strategy in order to maximize its payoff
functionII,, the Nash equilibrium represents a set of strategi

{y1 Y2 .Yk ».-.¥x }, one for each player, such that no player is

able to obtain higher profitly by unilaterally choosing any
strategyy,’ other than the equilibrium strategy* [24]. The
mathematical expression is given by:

rlk(y;_'y;"" ’y*k"" ’y*K )2 rl k (y*l ’}72"" ’y'k LA S/K ) (7)
Ok, yi

The above equation also implies that a Nash egqiuitib is a

simultaneous stationary point of each player’s lresponse

function. If the strategy vectory is continuous and

unconstrained, the necessary first-order condi(f@C) for a

Nash equilibrium is:
or,

oy,

When we consider channel structures in a game-gtieor
framework, manufacturers and retailers are bothyepta
(decision makers) in the game. The strategy (dmws$iof a

manufacturer includes wholesale prieseand product design
variablesx, and the strategy of a retailer is retail matgim
Choi defines this game as \@rtical Nashgame for price
competition [15]. We extend the model by includidgsign

=0; Ok (8)

competitiol. As shown in Figure 2, the manufacturer makes

wholesale price and design decisions to maximigepibfit

based on the retail margin observed. Accordinglyufecturer
profit is calculated as a function of wholesalecericost, and
market demand, which is a function of retail pricEke retailer
makes its retaill margin decision
manufacturer decisions (except in the CS case)h Eetiler
observes manufacturer wholesale prices and praatributes,
as well as any competitor retailer prices. At madauilibrium,
no manufacturer or retailer can reach higher piofichanging

8 We follow the prior literature and treat retail mia, rather than retail
price, as the retailer's strategic decision. Thenufacturer observes retail
margin and thus calculates retail price basedavin wholesale price.

® We assume static game of complete informatig®4] where each
player in the game is able to know the otherstagias and payoff functions.

independently from

Manufacturer

Max IT(w, p, z, 9

w.r.t. w andx

wherez=z(x), c=c(x)
p=w+m

w andz ! A m

Retailer

Max ITR(w, z, m)
w.rt.m

Figure 2 Interaction between manufacturer and
retailer in the vertical Nash game

decisions unilaterally. For a vertical Nash gamié,channel
members act non-cooperatively.

The FOC necessary conditions for the vertical Ngesme
produce a system of nonlinear equations (one emuédr each
unknown) given by:

aﬂt"_f N "
ow, B W(XJ’WJt’mt’DJ’t)—O Ok t, jOJ

onY o .

axjk =f, (x; w,.m;0jt)=0 Dk jO ©)
anR a o .

am:t —fm(Xj!\tharqt,DJ,t)—O [|k,t,1|]\1<

wheret is replaced bk in the FR case. These FOC conditions
are necessary but not sufficient. Hence, any caelidFOC
solution must be checked to see if it is a Nasliliegum (Eq.
(7)) by globally optimizing each playg@ost hocwhile holding
all other players constant at the FOC soldfioj23]. Similar to
finding the optimal solution in a general optimipat problem,
the existence and uniqueness of an equilibriumtisolun a
market
describing the model. Andersen al. [33] demonstrated that a
quasi-concave profit function with logit demand gmdice as
the only variable results a unique Nash equilibritdowever,
when design variables are included, the logit pr@finction
may become non-concave, and multiple local optinag exist
[34]. Therefore, convergence properties and thetexce and
uniqueness of equilibria are problem dependentoun case
study, necessary conditions in each case revedtbér ea
unique solution or a small set of solutions thareveasy to
checkpost hodo identify the unique Nash equilibrium.

To derive FOC equation sets for all channel stmectu
scenarios, we first consider the general MCR miboggit case
and then derive other scenarios as special cases.

10 The FOC approach is more efficient than the seiipleiteration
method used in the prior study of Michalekal. [4]. The sequential iteration
method requires iterative solution of a series dfPNproblems for each
manufacturer until Nash equilibrium is reached, lestihe FOC approach is a
single step NLP execution for a local solution. Tdifferences between two
algorithms are discussed by Shiau and Michalek.[29]

competition problem depends on the equations



Under logit demand, Eq.(13) reduces to:
3.3.1 Wholesale Price oM ov, 0z,
; i ; k —
The wholesale price FOC equation is taken for each —z [ J[sjt(wt—q)—[

manufacturerk with respect to the wholesale price that 0x, 0z; 0x, B

manufacturer sets for each of its prodyéig, to sell to each ac (14)
Zalws)]- o

-

retailert. Under the mixed logit demand, the conditiot}:is

00, oX
M .
oy _ .[Sltlﬁ Wiy ((% ~g)- Okt j 03,
ath apjt When equality constraintd(x)=0 and inequality constraints
10 g(xX)<0 exist in the design domain, additional constraint
Z ZS_ (W _ ) +1| £(B) B =0 (10) handling is needed. To account for constraints,imglement
5 & s\ e~ G A the Lagrangian FOC method [29] and re-formulate(E8) as:
i oL oV, 07,
Ot k, jOd k= It
T2 0X; !;K 0z, 0x ][ mﬂ( ) (z %mj
wheresy is shorthand for the share of choices predictethby dc
logit model, givenp: in_lthis case exp(p;.z.B))expivo) + [Z Smp(Wn _q,)]_i £,(B) &b
%30 2 naexpl(pr .z ,B))] 7, following Eq. (2). For the standard i®, 0X; (15)
logit, the integral in Eqg. (10) collapses, and thguation _oh,  _dg, .
becomes: A —L-p—L=0 Ok,t,jOJ,

! 0x, ! 0x;

‘anlt/l—z\;n [( o) 3 s )] (11) m'9(x)=0: w200 h(x)=0; g(x)s<0

jt j'03, tar
: 4120 Okt i0J where}; and p; are Lagrange multiplier vectors for prodyct
- g Eq. (15) corresponds to the Karush-Kuhn-Tucker (KKT

In the case of a single common retailer and asipgbduct per  necessary conditions for optimality of a constrelingP [35].
manufacturer, Eq. (11) can be further simplified aearranged

as: 3.3.3 Retailer Margin
ov. - The retailer margin FOC equation for the MCR case i
W, =¢ +{—a'(1— S )J J| N} (12) taken for each retailer with respect to its margdihe condition
P; for a common retailerunder mixed logit demand is:
Eq. (12) illustrates that wholesale price at efuilim is anRr ov
comprised of product cost plus a manufacturer masghich is Rl —I » Vi m, = Z z sy M |1
determined by the sensitivity of consumer obsewgvaltility to ijt apjt (16)
price and the corresponding share of choices. Bheesesult
was obtained by Besanlat al. [17] in the case of price only fﬂ(B)dB =0 Okt jO J
(with no design decisions). For the logit model, the equation is simplified to:
R
3.3.2 Design ong _ 0vy Z Z S m [+1=0
For the case of an unconstrained design spacejetign amjt apJt KOK {03, (17)
variable FOC equations for MCR are obtained siryildoy
setting the derivative of the manufacturer profibdtion with Ok,t, jO Ji
respect to each design variable to zero. Withows lof In the case of a single product per manufacturer arsingle
generality, we assume all designs are carried byesdilers common retailer, Eq. (17) can be simplified as:

(potentially withg=0):

ank athIl‘ aZ ] Sy (W, — - S
. !;H oz, o [nus( 4 =6) [; %IBJ m :1——13_ (__J +Z Z sm |00 @8

ac. (13) kOK j'0J,
Zsmp("‘h‘(}r)]—a’} ;,(B)B=0 i'#j
', X;
Ok,t, jOJ,

11 Detailed derivations of all FOC equations for MER scenario are
shown in the appendix.



Table 3 FOC equations under each channel structure

Logit Mixed Logit
any _ oav, M
2 Tvﬁ%‘[(%-%)‘_z %‘("Y“?)]”:O . ik { "”[( ~6)- % salw ‘F)]*l} §(B) $=0
(46} i i i3 J AV
& § oMy _[ 9v; 9z, ac; anv v, 0z, ac
§ «» 0x, _[OZIMJB ) n%:ksf (VY ?)} -0 al:(l]k :.I[Sitls{[azjla)g][( ) z ?‘m( f )J_axll:l 5B) g=0
Ok, jOJ, Ok, j0J,
= | anM _ov, any _ a _
% ow, _Tg[( ) I%:k qy(vy,—p)]+l 0 ow _.L[Sm{avp [( 9) Z ?ux( _F)]ﬁ% 5(B) 8=0
o o1 _[ 9v; 0z, g _ onM vy, 0z; ac,
K o (R UR e o :is""ﬂazj”axj][‘wf‘*)‘% sl 52 | 10 920
anf _ o
%) al:n- T\;[l j; qlm’]+l=0 R v
c Dkl.D\]J k alzj's { m[n,]_z%m]ﬂ:l §B) 6=0
E | K ami llJI[i apJ & IF
L 0k, j0J,
ony' _ oy, _ any’
e | Gl tnme) T s lneg) s Rk { *(w-5)- % sl w- )H ) =0
£ am
| oMy _[9v; 92, -c)- - _9%6 6|'|k i ac;
§% x| ‘[02 axjj{(w‘ i) X sl *’)} X - { o ][ )= 5w )]a} §®) 8=0
+— P d
%§ al:n 0\;)[ k;q; ¥ m]+l 0 AMR v
'(% Ok, jOJ, W_,‘[ m{ "’[fﬂ KZ %: $p mj*’l} $(B) 6=0
Ok, jOJ,
oy _ oy, _ any’ OV
c | o [( el R el ‘?')]*1‘0 o, Is‘{avpj [( §)-Z X so(w -F)H §®) p=0
o
AN v, 92 ac; |_ ary OV O
| oo o oo | T2 ot
oo L
O'g
%_E g:; Z\;‘[m"-z S rrj'|1]+1:0 {%%w]%ﬁup("\’t‘?)] f?usax } fB) 6=0
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Combining Eq. (12) and Eq. (18), the retail pridepmoduct;j
selling through common retailesatisfies:

O _an_l
iTm=¢ 1-s,| dp
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Equation (19) illustrates that retailer price atked equilibrium
is composed of manufacturing cost, manufacturergmaand
retailer margin. From the general FOC equationstlier MCR
case under mixed logit demand, the equations fer dther
seven cases can be obtained through simplificatidrse
equations are shown in Table 3. Results for logitipce closed

form expressions and provide intuition, while thé&ed logit
model accommodates heterogeneity by modeling itsctstre
directly.

3.4 Observations

We now examine several useful observations about
equilibrium conditions under the standard logitecaghen the
utility function v is linear in price. The linear price assumption
is important because models with nonlinear utiiity price may
contain interaction terms that imply consumers’sgtanty to
price varies with the value of other attributes,strcoupling
price to attributes. However, if interaction terare negligible,
as is most commonly assumed, then the standard-effairts
logit model has utility linear in price, and con®ns make
choices via typical compensatory tradeoffs betwpece and
other attributes. The first two propositions showatt



manufacturers and
products.

Proposition 1 In the logit case with utility linear in price,
the Nash equilibrium requires that manufacturer ginar are
equal for all products and all manufacturers.

Proof: From the wholesale price FOC equation for the
general MCR case under the logit model in Tableth®
equation can be rearranged to:

av]

(2] sz a(n-)

j'0J, tOT

retailers set identical margios &ll

W, —C 20)
0joJ,
For the case whengis linear in pricegv,/dp; = 5, and the right
hand side of the equation is identical for jall,. Therefore,
each product produced by manufactukehas the identical
manufacturing marginsv-¢i. This result holds for the other
channel types, which are special cases of Eq. (20).
Proposition 2 In the logit case with utility linear in price,
the Nash equilibrium requires that retail margins aqual for
all products and all retailers.
Proof: From the retail margin FOC equation for the gehera
MCR case under the logit model in Table 3, theilratargin of
productj selling at retailet is:
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ov, ]
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(21)

For the case whengis linear in pricegv,/dp; = 5, and the right
hand side of the equation is identical for all pretd sold by
retailert. Therefore, the retail margins of all productsethiler

t are equal. This result holds for the other chatypas (FR and
SCR), which are special cases of Eq. (21).

The third proposition shows that design is indepanadf
pricing and competition under the linear logit miod€his
implies that design can successfully be undertaken
independently when consumers are homogeneous (@ m
precisely, when variation among consumers is takenlID
random noise). However, heterogeneity couples tioblems,
making necessary joint consideration of design withing and
competition.

Proposition 3: In the logit case with utility linear in price,
the Nash equilibrium requires that all designsséat system of
equations that is independent of price and congretiesigns.
When this system of equations has a unique soluitiagmplies
that a) all designs are identical across all preducand b)
optimal design is independent of price, competjtimd market
structure.

Proof: By substituting Eq. (20) from Proposition 1 intq.E
(13) for the general MCR case under the logit mogelobtain:

anr _ov, | (ov )
al;lj _a _(apjtJ +J%:k1%1;sj’t’(V\4t _Q)
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This equation can be further simplified to:
-1
ov, | 0v, 0g
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tar i
Becauses > 0 (for all finite values of the decision variab):
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(23)
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For the case wheng is linear in pricegv//dp; = £, the function
can be presented as:
ov, 0z, a¢,
+B
0z, 0x; ' 0Xx
Satisfaction of this system of equations is a reargscondition
for a Nash equilibrium. If Eqg. (25) has a uniquéuson and if
a Nash equilibrium exists, then Eq. (25) specifidtge
equilibrium design. Implication a) follows from g that Eq.
(25) is identical for eachand is independent of all othigj.*?
Implication b) follows from noting that Eq. (25) iisdependent
of p;, Py, X Oj'#j. In other words, the equilibrium design can be
calculated as a function of consumer utility fuons and
manufacturer cost functions without regard to prioe
competitor decisions, and design is decoupled ft@game.

While we do not derive conditions under which E25)(
has a unique solution, we observe that in practpglications
Eq. (25) typically has a unique solution or a srfialte number
of candidate solutions that can be checkmust hoc for
satisfaction of the Nash definition.

The final two propositions show the necessity of
incorporating an outside good to establish findeikbria in the
case of a manufacturer or retailer monopoly.

Proposition 4: In the logit case with utility linear in price
and a monopolist manufacturer, an outside gooddsired for
existence of a finite Nash equilibrium.

Proof: Considering a single manufacturer with multiple
common retailers (MCR case), the outside good matkares,
is:

(24)

=0 OtOT,jO0d, (25)

12 Note also that for the special case of traditigmafit maximization of
a product line for a single producer with fixed quetitors (outside good) and
no retail structure (CS case), this implies thatlamlogit linear in price all
products in the line will be identical at the optim.
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For the case wheng is linear in pricegvj/dp; = 3, Following
Proposition 1 and substituting Eq. (26) into EdL)(Xhe retail
margin solution at equilibrium becomes a functidigo

(26)
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When the outside good is not included in the demaodel,
$%=0, and the Eq. (27) is undefined, implying noténéolution.
This result holds true for all four channel types.

Proposition 5: In the logit case with utility linear in price
and a monopolist retailer, an outside good is mreguifor
existence of a finite Nash equilibrium.

Proof: In the SCR case, the market share of the outside

goods is:
$=1-2 25
kOK j03,
With utility linear in price dvi/op; = B,. Following Proposition 2
and substituting Eq. (28) into Eq. (17), the retaibrgin
solution at equilibrium becomes a functionsgf

(28)
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When the outside good is not included in the demaodel,
%=0, and Eq. (29) is undefined, implying no finitelgion.
Since the retail price is decided by the single mom retailer’s
profit maximization behavior, the absence of ansiol@ good
implies that consumers have no other choice and pwishase
one of the products from the retailer. For thenegtion studies
of single common retailer pricing behavior in therketing
science literature, the outside good is usuallyuthed in the
logit choice model to represent the consumer’s umaimase
choice [17,20].

4 CASE STUDY

Theoretical results show that design is decoupledn f
competition and channel structures when heterogemginot
present. However, it does not necessarily folloat thesigns
will differ substantially at equilibrium under attetive channel
structures for representative problems in the ergging design
domain when heterogeneity is present. To demoaestita¢
methodology and test the sensitivity of design tohs to
channel structure, we adopt the vehicle design noaposed
by Michaleket al [4], which integrated engineering simulations
of vehicle performance with logit models of consurtigoice to
study vehicle design of profit seeking firms in quetition
under the CS channel structure. Following [4], w&et the

firm's decision variable¥ to be the relative size of the
vehicle’s engine, final drive ratiox,, and pricep. We examine
only the default small car equipped with a Sl-1park-ignition
engine (base engine power 102 kW) and use the ADRIS
2004 vehicle simulator [36] to simulate performandata.
Specifically, two attributes, gas mileageand required time to
accelerate from 0-60mphb, are simulated as a function xf
andx,. To calculatez;, two EPA-regulated drive cycles, for city
(Federal Test Procedure, FTP75) and highway (Hightuzel
Economy Test, HFET) driving, were simulated, with =
1/(0.55/city+0.45/highway) [37]. The acceleratioarformance
is calculated through simulated full throttle aecation. To
simplify calculations, simulation points were tak&rer a range
of variable values, and curve-fitting was usedreate a meta-
model for each:

z(x, %)=2.34X - 672%~- 081x x— 16 Ox
+11.2%, + 38 6

Z,(%, %) =2.22(kexf{— 1 85+ 22p+ 43§
-10.6x,+12 2

Over the points in the sample, the curves deviata simulator
predictions by no more than 0.3 mpg and 0.7 secoBdsh
design variable has associated lower and upper dsoun
1.0=x;<3.0 and 0.8x%,<1.3. The cost function, built from a
regression on engine sales data [4], is given by
¢'=7500+670.5-exp(0.643.

The logit model utility form was adopted from a by
Boyd and Mellman [38], wherg=4,p;+1005:/2,;+605,/z;, and
B, f1 @andp, are the coefficients of each attribute. The study
provided the coefficients for both logit and mixéogit™
models according to their vehicle demand study. dgmregate
logit, f,= -2.84x10", g, = -0.339 ands, = 0.375. For mixed
logit, each beta coefficient is taken as followargindependent
lognormal distribution. The random coefficients ajigen by
p=expn+Pao), whered is the standard normal distribution and
n and o are the lognormal parameters. The parameterhéor t
three vehicle attributes apg= —7.94,1,= —1.28,,= =1.75,0,=
1.18, 5;= 0.001 ando,= 1.34. The means of p are thus
-7.15¢10%, -0.278 and 0.426, respectively. Compared to the
logit coefficients, the mean mixed logit preferen@e more
sensitive to price and acceleration time, but sesssitive to fuel
economy. However, the standard deviattbrsf the mixed logit
coefficients, 1.2410° 2.7810* and 0.956, disclose that
consumer taste variation for acceleration perfogaarns
relatively larger than the other two attributes.eOthousand

(30)

13 We assume that automotive manufacturers are capbhdjusting
engine power and gear ratio on their existing eegjiand gearboxes without
completely re-design from scratch. Therefore aut@rsa compete on both
vehicle design and price in a static timeframe.

1 The mixed logit model is called “hedonic demanddelbin Boyd and
Mellman'’s paper [38].

15 The mean of a lognormal distribution is exp¢?/2).

1 The standard deviation of a lognormal

[(exp(c®)-1)-exp(R+0)] V2

distributiors



Table 4 Vehicle price and design solutions at market equilibrium

Price and Cost Design Market Performancp
\Wholesald Vehicle| Mfgr. | Retailer | Retail | Eng.| FD MPG Acc.] Mkt. | Mfgr. | Retailer
price cost | margin | margin | price | scalejratio time]share| profit profit
w c” w-¢’ m X | % | =z 2 s m R
8 m; $13,168| $9,301 $3,867 N/A | $13,168 1.54(1.12| 22.2 | 7.11] 9.6%| $583M N/A
E m; $12,947| $9,301 $3,646 | $3,646| $16,5931.54(1.12| 22.2 7.1]| 4.1%| $235M | $235M
=2
Q 8 m% $12,941| $9,301 $3,640| $16,737$29,678 1.54|1.12| 22.2 7.11| 3.9%| $225M | $470M
-
M1-R1 m= | mR=
@ M1-R2 4 on| $422M | $422M
% M2-R1 $13,066| $9,30]1 $3,765| $3,765 $16,8311.54|1.12| 22.2 | 7.1 3.6% M= TR =
M2-R2 $422M | $422M
8 m; $17,083| $10,167%6,916 N/A | $17,08% 2.15|1.16| 16.9 | 6.211.9%%$1,155M N/A
- E m; $18,713| $10,364%8,349 | $8,349| $27,0422.26|1.16| 16.1 | 6.19 7.3%| $952M | $952M
.g-' x| M1
- 8 M2 $58,044| $11,44%$46,603 | $246,568304,608 2.76 (1.17| 13.5 | 6.0 0.3%| $255M | $2,702M
S
o M1-R1] $42,899| $10,32732,572| $32,572|$75,471 0.3%| M= nR=
= 2.2411.16| 16.2 | 6.2( $1.066M $1.066M
= g M1-R2] $18,490| $10,327$8,163 | $8,164| $26,694 7.2%|®+ '
= [M2-R1] $18,490| $10,327%$8,163 8,164 $26,644 7.2% M — R
$ $ $ $ $ 2.24|1.16| 16.2 | 6.2¢—=" "2 II"2
M2-R2| $42,899| $10,327%32,572| $32,572|$75,471 0.3%|$1,066M $1,066M

random drawsR=1000) are used for the mixed logit probability

simulation. Further, we assume the outside goolityuty is
equal to zero throughout the case study in ordeavid the
monopoly pricing issue revealed in Proposition Bhaagh
estimation of the outside good was not includetha original
study. In particular, if an outside good were inlgd during the
initial maximum likelihood data fitting proceddrfe we would
expect the relative utility of the outside gooddifer in the
logit and mixed logit model fits, so attaching arbitary

outside good utilitypost hocshould not be expected to yield

accurate share of choices predictions for the enadket. Still,
the example serves well to illustrate the structfréhe problem
and the method and principles outlined here.

We examine the case of two manufacturers for alr fo
scenarios and two common retailers in the MCR si@n&he
total market siz& is given by 1.5%10° [4]. We solve the FOC
equations for each scenario using the sequentiadrgtic
programming (SQP) implementation in the
Optimization Toolbox and verify that solutions akash by
globally optimizing each player separatgdpst hocusing a
multistart loop. The results at market equilibriunder all eight

scenarios are shown in Tablé®ln all cases except the mixed

logit MCR case, competing firms have identical §ols to one

17 Besanko [17] and Sudhir [20] used zero utilityoasside good in their
estimations for the market data.
8 There is no active constraint for the solutionalircases.

Matlab

another at equilibrium, so only the solution of enenufacturer
and one retailer is report€dThe mixed logit MCR case results
in firms selecting distinct strategies, so all $olus are
reported. Specifically, the first two rows in thexed logit

MCR scenario show manufacturer M1's products shidugh

the two retailers R1 and R2. M1’s profit is the safiv1-R1

and M1-R2, and similarly R1’s profit is the sumMf-R1 and
M2-R1.

Results verify that the equilibrium design is unuiped
under alternative channel structures in the logge¢ although
wholesale price and retail price vary. This is etpd since the
conditions satisfy Proposition 3. In this case dpgéimal design
is independent of the game, and the resulting velatdeprices
and retail margins can be interpreted as the owsoof pure
price competition.

In the CS scenario, manufacturers are the onlysdeti
makers and thus have the highest wholesale pridepaafit,
due to the integrated retailer (profits need notspkt among
manufacturers and retailers). For the SCR scentr@® single
retailer has the highest unit retail margin and dtse highest

profit because of its dominative power among chhnne
members. Since consumers can only choose betwesn th

product offered by the retailer and the outsidedgdack of

19 Under assumptions of constant marginal cost aedtical fixed cost,
Andersonet al. [33] proved that under multinomial logit in an gdpolistic
model there exists a unique and symmetric pricelibgum when the profit
function is strictly quasi-concave.
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price competition leads to high prices. For the &Rl MCR
scenarios, neither the manufacturer nor the retallas
dominative power in the market channel. Howevar{lie same
outside good, the MCR scenario is able to gain érigbtal
market share (7.2% vs. 4.1%) and higher profit22$4 vs.
$235M) than the FR. The MCR channel provides the
manufacturer with higher market share than a sifrglechised
retailer. Furthermore, we expect that the logit edadll tend to
overestimate demand for similar products in a cditipe
market because the logit's independence from iegie
alternatives (l1A) property restricts substitutigratterns and
underestimates the degree to which similar (orhis tase,
identical) products draw market share from one lzro31].

In contrast to the identical designs under thetlomidel,
the mixed logit model results in substantially ei#nt design
solutions under different channel structure scesarThe CS
case results in the highest manufacturer profit madket share
among the four channel types, as might be expeotaduse
there is no retailer competing with the manufacttite
Compared to the other three scenarios, a smallgnens
chosen and greater fuel economy is achieved. Thec&de
results in equal margins for manufacturers andleesa and an
intermediate design result at the market equilinriThe SCR
case shows an extreme solution with high retailgmarwhich
results in high retail price and low market shdrethis case,
each manufacturer’'s profit is drastically reducede do low
demand, though wholesale price is increased sigmifiy at
market equilibrium. The equilibrium strategy in ghicase
appears to target those few consumers willing tp Ipigh a
price premium for the product when no alternativevailable
except the outside good. As such, the solutioemsisive to the
utility of the outside good. Figure 3 shows theaileprice and
the wholesale price at equilibrium in the SCR mikegit case
as a function ofy. It can be seen that the retail price (retail
margin) is more sensitive to the utility of the side good,
while the manufacturer wholesale price is lesscadig. The
mixed logit MCR case shows an interesting resuie $olution
indicates that the best strategy for manufactuigerto offer
different wholesale prices for the same productdiiferent
retaileré’. On the other hand, a common retailer's best margi
decision is to set a higher margin on the highepdmduct and
lower margin on low price product. Therefore egchduct
has a high-low price pair, causing significant nedrlshare
differences. The two manufacturers and two comnegailers
have similar profits, and the vehicle design solusiin this case
are close to the FR design solutions. This solutigpears to set
low prices that target the general population Bst @ffer the
same desigrat higher prices in order to target a very small

20 |n the Nash game, the number of players in garfeetafthe price and
profit at equilibrium. For example, a monopoly ésun higher profit and
prices than an oligopoly [39].

2L A saddle point is found in the MCR model, whichshigentical
solutions across manufacturers and retailers$(9,275,m=$8,990,x,=2.22,
x2=1.16). It satisfies the first-order criterion bf#ils in Nash equilibrium
verification.

—a— Retail Price
—e— Wholesale price

50 ¢ ¢ —+—+—

*

® ® ®
\ 4 g g
0 T T T T

0 1 2 3 4 5
Outside good utility

Figure 3 Effect on pricing of outside good utility
in the SCR scenario

segment of the market (0.3%) that is insensitiveptae.
Although the lognormal distribution insures that @nsumers
prefer lower prices £<0), the price-insensitive consumers
(with 4:=0) will choose the higher priced product with some
nonzero probability and thus provide high profit gensumer
to the manufacturer and retailer. Thus, this paldicresult may
be an artifact of the assumed shape of the utigjribution in
the mixed logit demand model (for example, the sl
independence of beta distributions for each attelou

One reason for the high price results in the SCRMER
cases is the limited number of retailers in theecdady. If there
were only one or two retailers controlling salesaruiel to
consumers, retailer would own dominating market @owo
raise prices, and consumers would have no otherepta
purchase automobile. With an increased numbertaflees, as
observed in practice, the retail margins and priedisdecrease
due to competitiof.

Overall, the case study verifies that optimal desig
decisions depend on competition and channel typenwh
heterogeneity is taken into account. Only underldigié model
linear in price can the problem can be reducedute pricing
competition and independent design optimizationthi@e case
study, the company store is an integrated chama¢ltakes no
retailer profit, and the manufacturer gains thehbi profit in
this case. The franchised retailer and manufactuage equal
“power” in our case study of two manufacturers ammb
retailers, and each makes equal profit at equiliriThe single
common retailer has the highest retail margin dugdamination
of the regional market and reduced competition. Trhatiple
common retailer case presents the results of twel-le
competition: The optimal decisions show differentice
decisions for the same product design at marketilegum.

5 CONCLUSIONS

We pose a game theoretic model for determining
equilibrium design and pricing decisions of prafiteking firms
in competition, and we examine the influence of factors: (1)

22 Andersonet al. [33] showed that under standard logit a producer’s
margin is proportional to the inverse of number ppbducers minus one
(section 7.2). Therefore, including more produosmild reduce the margin
and price.
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the structure of manufacturer-retailer interactionshe market
and (2) the structure of heterogeneity in the comesu
population. We find that the influence these fagtare coupled:
If consumer preferences are homogeneous and éngrafes for
price are linear, then the optimal design can beerdened
independently of price and competition. Howevernstoner
heterogeneity couples the two problems, bringingigieinto
the competitive game. Empirical results from a ekhidesign
case study show that profit-maximizing designs caange
substantially under alternative market structures gractical
problems. Thus, as consumer
increasingly important to modeling market phenomédoan
guiding design, it will also become more importattt
effectively coordinate product planning decisionsithw
engineering design decisions.

Future work will investigate the effect of manufaetr-
retailer decision timing on equilibrium designs byamining
Stackelberg leader-follower game rules. Additiopalle aim to
collect data on past firm design behavior in oreunderstand
in what domains and over what time scale desigisibers may
be best modeled as a game. Structural models foroatetric
estimation commonly incorporate price endogeneigaouse
firms are known to set prices competitively anduatljthem
quickly under changing conditions [40]. Design dams for
differentiated products are likewise made competiyi with
awareness of the product attributes offered byrdfin@s, yet
this design endogeneity has not been studied. Aemet
understanding of the role of competitive designadwidr may
lead to advances in econometric estimation of fieghavior as
well as supporting strategic engineering design.

Finally, the results of this study suggest the nfeednore
interdisciplinary modeling work that account fortdractions
among decisions in engineering design, marketingl an
management disciplines in order to produce conipetiand
profitable differentiated designs.
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APPENDIX

A.1 Derivation of Wholesale Price FOC Equation for
MCR Scenario

From the manufacturer profit Eq. (4), the total fijroof
manufacturerk is the sum of produci(]J, and all other

productg’ O{ Ju/j}:
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Taking the derivative with respectiq:
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A.2 Derivation of Design Variable FOC Equation for

MCR Scenario
From the manufacturer profit Eq. (4), the total figroof z Sj'tu;(V\{t - q) §IB L(l}) (lB
manufacturek is the sum of produgflJ, and all other products 03, 6
{3} on, 3
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tar 03, T ox. ox.

o j
ok Also, the additional equations for completing therksh-Kuhn-

system and solved simultaneously.

M _ _ _ Tucker conditionsh=0, g<0, p'g=0, must be included in the
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Z qu (W _ )J _ (;::| A.3 Derivation of Retail Margin FOC Equation _
i \Wi TG ' Starting from the retailer profit function Eq. (3he total profit
T of common retailet can be separated into three parts: 1) profit
of the specific product from manufacturek; 2) the sum of
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profits from other products of manufactukeiand 3) the sum of

profits from all other manufacturers’ products. :Qj av_lt"‘ ( S ) m+ s
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