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Integrated Configuration of Platform Products
and Supply Chains for Mass Customization:
A Game-Theoretic Approach

George Q. Huang, Xin Yan Zhang, and Victor H. Y. Lo

Abstract—This paper is concerned with optimizing the config-
uration of a set of platform products and the associated supply
chain consisting of one manufacturer and multiple suppliers using
a three-move dynamic game-theoretic approach. The variants in
the product family share a common platform for developing/con-
figuring variant modules which are substitutable in the sense that
high-end module options can functionally replace low-end ones at
higher prices. As the customer in the supply chain, the manufac-
turer takes its leading role by making the first move to give deci-
sions on platform products development (PPD) and supplier selec-
tion. The concerned suppliers make the second move to optimize
their decisions including price discounts and their ordering poli-
cies. The manufacturer finishes the game by taking the last move
to make his ordering decisions. The ranges of the rational reactions
for the players are derived from the analyses of their payoff models,
and an enumerative algorithm is developed to find the subgame
perfect equilibrium of the game through the technique of back-
ward induction. The game model and the proposed solution proce-
dure are illustrated through a series of simulation experiments and
sensitivity analyses using a numerical example. The results have al-
lowed us to draw some meaningful interpretations and useful man-
agerial insights. The use of platform commonality and modularity
has been found generally beneficial not only to the supply chain as
a whole but also to individual players that are eventually config-
ured into the game. Flexibility of the suppliers’ capability is also
found to affect the PPD decisions.

Index Terms—Commonality, configuration game, game theory,
mass customization, modularity, platform product, supply chain.

1. INTRODUCTION

ASS customization, the concept which aims at providing
Ma high level of product variety that best serves a seg-
mented market in a timely manner and at a reasonably low
cost [1], has received extensive attention since its emergence.
Among the many strategies of mitigating the cost concerns of
product customization is that of platform products development
(PPD) based on the concept of platforming. Here, it is neces-
sary to define the terms variant module, common module, and
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module option used in this paper. Just like the concept of plat-
form, modular product architecture is also widely introduced
under the circumstance of mass customization, since it increases
flexibility and decreases cycle time in design and manufacturing
[2]. Under the modular product architecture, platform products
normally have a fixed number of modules. Each module in turn
may have several module options which are somewhat different
from each other. The module which has only one module op-
tion is a common module and the module which has more than
one module options is a variant module. Customization can be
achieved through allowing variant modules to choose among a
set of given module options. The notion of the variant module
here is similar to that of “module type” proposed by Chakravarty
and Balakrishnan [3] and that of “replaceable component set”
introduced by Gupta and Krishnan [4]. Similar to their work,
we also assume that module options of a variant module can be
arranged in some order of a certain performance characteristic.

In this context, customer requirements and end-products can
be specified by the module options preferred or assigned. The
concept of platforming in this paper means using a module
option with higher performance level in stead of that which
is preferred by customers to achieve platform commonality
among each variant of the platform products. In this way, PPD
can be regarded as a trade-off between providing each market
segment with a product exactly satisfying its requirements and
economies of scale achieved by platforming.

On the other hand, in order to achieve quick response re-
quired by mass customization, manufacturers are facing an in-
creasing need to extend the scope of their development process
to include the considerations about their supply chains. The
emerging theme, integrated configuration of platform products
and supply chain (ICPPSC), has been investigated by some re-
searchers [3], [4], and [6] in terms of that all the design decisions
of the end-products and the associated supply chain are made by
the manufacturer unilaterally. In this paper, we investigate the
ICPPSC problem of a supply chain consisting of a single manu-
facturer and multiple suppliers. The Manufacturer is responsible
for developing and producing a set of platform products to meet
the customer requirements and the suppliers are responsible for
producing and supplying module options required by the Man-
ufacturer. It is assumed that the product platform and its archi-
tecture as represented by generic bill-of-material (GBOM) have
been established. It is also assumed that there is some kind of
knowledge sharing between the Manufacturer and the suppliers,
but not between individual suppliers.
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We investigate this ICPPSC problem through a game-theo-
retic framework. In this paper, we describe the ICPPSC game
as a dynamic multistage noncooperative configuration game. In
this game, the Manufacturer is treated as the leader and sup-
pliers as followers. They are both rational players in the game.
The decision variables to be optimized are mainly concerned
with product and supply chain configuration, including supplier
selection and selection of module options, etc. For this reason,
this game is called a configuration game. A configuration is very
special when compared with those inventory games [7], [8] and
scheduling games [9], [10] seen in the supply chain literature.
In these games, supply selection is not a decision variable and
selected suppliers are treated as game players. However, in a
configuration game where supplier selection is a typical vari-
able, whether or not alternative suppliers should be treated as
players is an important issue, causing a lot of technical difficul-
ties in solving the game equilibriums.

Our main objective in this paper is to build a synergy between
PPD and SCC decisions through a game-theoretic approach,
and then to explore how design decisions of platform products
and supply chain affect each other. Based on the game struc-
ture, we are particularly interested in the following questions:
1) How does the platforming strategy affect the optimal config-
uration decisions of the Manufacturer and the suppliers? 2) How
does the platforming strategy affect the objectives of the Man-
ufacturer and the suppliers? 3) How is the platforming strategy
affected by the supply chain decisions such as suppliers’ deci-
sions on their flexibilities? 4) How do the supply chain param-
eters such as the total demand volume affect the platforming
strategy, as well as the findings observed from the above ques-
tions? These research questions will be addressed by solving our
configuration game of ICPPSC problem under various scenarios
constructed by varying key parameters.

The remainder of the paper is organized as follows. Section II
presents a review for literature related to ICPPSC problem and
supplier-manufacturer relationship adopting game-theoretic
approaches. We then describe our research problem through an
illustrative example and the framework of the ICPPSC game
in Section III while the game is mathematically defined in
Section IV. Section V proposes a global search algorithm by
deriving properties from the model to solve the ICPPSC game.
Section VI applies the resulting game model and solution
algorithm to study a simple illustrative case and a series of
simulation studies are conducted to gain some useful insights.
The paper concludes with a wrap-up discussion and some
directions for future research.

II. LITERATURE REVIEW

The two areas, supply chain configuration and product line
and family design for mass customization, have been separately
studied on their own. Although it is widely acknowledged that
these two areas are closely interrelated with each, they have
rarely been studied in an, integrated, systematic and comprehen-
sive manner. This is evident from a recent special issue on the
topic [11]. In addition, Game Theory (GT) has also been applied
to study supply chain management (SCM) problems. However,
GT has not yet found its application in solving SCC problems,

almost certainly not for the ICPPSC problem. This section will
briefly highlight a few representative works somewhat related
to this research.

A. Product Line/Family Design and Supply Chain
Configuration

Various models have been devised for extending and de-
signing the product line instead of a single product to overcome
the cost concerns of increased product variety, as reviewed
by Yano and Dobson [12]. Thonemann and Bradley [13]
investigated the impact of product variety on supply chain per-
formance. Kohli and Sukumar [14] formulated a joint problem
of designing a set of candidate products to maximize the
manufacturer’s profit margin. Morgan et al. [15] indicated that
the product line design problem has typically been discussed
from a marketing perspective, focusing on how alternative sets
of products interact and compete in the marketplace. Raman
and Chhajed [16] formulated a more complicated problem of
choosing products and appropriate manufacturing processes,
and setting product prices.

Shared common components, product structure and manu-
facturing assets by a product family or line are often defined
as its platform [17], [18]. The positive impacts of platform
(component) commonality have been widely demonstrated
with respect to component demand patterns, work-center load,
work-in-progress inventory, and delivery performance [19],
[20]. Platform commonality has led to simplified planning
and scheduling [22], lower setup and holding costs [20], [21],
lower safety stock [23], [24], reduction of vendor lead time
uncertainty [25]), and order quantity economies [26], [27]).

Ramdas and Sawhney [28] presented a cross-functional ap-
proach to evaluating multiple line extensions that simultane-
ously considers revenue implications of component sharing at
the product level and cost implications at the component level.
Kim et al. [29] developed a mathematical model and a solution
algorithm for assisting the manufacturer to configure its supply
chain for a mix of multiple products sharing some common raw
materials and/or component parts. Gupta and Krishnan [4] and
Krishnan and Gupta [5] presented a decision support method-
ology for identifying and formalizing tradeoffs between devel-
opment costs and benefits of product platforms. Chakravarty
and Balakrishnan [3] developed a mathematical model for inves-
tigating the tradeoffs in product design between manufacturing
and development costs and the potential market value.

Literature comprehensively and systematically dealing with
product platform strategies and SCM, however, is limited. Sal-
vador et al. [30] and Park [6] are among the very few. The former
is based on empirical data while the latter uses simulation with
a very complicated model.

B. GT for Solving SCM Problems

Cachon and Netessine [31] gave a comprehensive overview
and general appealing features of applying GT to study SCM
problems. The newsvendor problem (selling product with short
lifecycle to customers) had been widely used [32], [33]. Bakos
and Brynjolfsson [34] constructed a game model for a compre-
hensive study of the optimal number of suppliers for a buyer.
Rhim [35] formulated a supply chain design problem as a three-
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Fig. 1. Integrated PPD and supply chain configuration.

stage noncooperative game covering location, capacity, and pro-
duction quantity. Talluri and Baker [36] considered a three-
level supply chain of suppliers, manufacturers and distributors
and developed a hybrid mathematical programming approach to
solving the game. Moyaux [37] applied a normal form game to
model a supply chain and analyzed the information sharing and
bullwhip effect.

The supplier-manufacturer or vendor-buyer relationship
problem of SCM, especially the quantity discount problem has
been extensively examined using GT [38], [39], [40], [41], [42].
Among them, Lal and Staelin [38], Wang [41], and Rosenblatt
and Lee [39] address the problem of how a supplier should
design his discount pricing policy to maximize his payoff
while still making the buyer(s) better off. Parlar and Wang [40]
and Viswanathan and Wang [42] model their discount pricing
problem as the Stackelberg game in which the supplier acts
as the leader and the manufacturer(s) act as the follower(s).
Parlar and Wang [40] show that both the vendor and the buyers
can benefit from the quantity discount policy. Viswanathan
and Wang [42] evaluate the impacts of quantity discount and
volume discount on the distribution channel, respectively, and
simultaneously and find out that quantity discount has higher
impacts when the demand is less price-sensitive while the
volume discount has higher impacts when the demand is more
price-sensitive.

In addition to this type of quantity discount games, inventory
games have also been widely studied in SCM [7]. In contrast
with inventory games and quantity discount games, GT appli-
cations to SCC have been very limited. Smirnov [43] formu-
lated the SCC problem as a coalition game which is solved by a
combination of soft-computing techniques. Zhang [44] consid-
ered a complex supply chain network involving multiple sup-
pliers, manufacturers, retailers and demand markets. However,
the variables considered in the network model do not cover

Manufacturer

In-house Operations

Market Segments

O Module Option \:‘ Variant Module Q Common Module
:E> AND Node O Assembly / End-product

configuration design of products, processes, resources, supply
sources. Because supplier selection is a typical variable, whether
or not suppliers should be treated as players is an issue when
SCC is formulated as a game.

III. PROBLEM STATEMENT AND NOTATIONS

A. Description of the Problem and Some Notations With an
Lllustrative Example

We consider a Manufacturer facing the customer demands of
market segment indicated by the subscript: = 1,2,...,I and
each market segment has a threshold requirement. End-prod-
ucts produced by the Manufacturer are split into a set of
modules including variant modules indicated by the sub-
script 7 = 1,2,...,.J. Each variant module j can have many
module options that could be interchanged to provide the
desired performance levels, and are indicated by the superscript
k=1,2,..., Kj, as can be seen schematically in Fig. 1.

The illustrative platform products (PP) in Fig. 1 are com-
posed of three modules. Although it is schematic, for example
in the context of computer design, one can think of m; as being
CPU, m as a hard disk module, and m3 as the motherboard.
These modules are designed and connected by the Manufac-
turer through a fixed number of assembly processes. Among
these modules, m3 is a common module as it is common to each
variant in the product family. The two variant modules, m; and
msa, each of them has three module options. Here we give the
first important assumption of this paper, which has been men-
tioned in Section I.

Assumption 1: Module options of each variant module can
be arranged in an increasing order of a certain performance
characteristic.
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The Manufacturer in Fig. 1 aims its product family at two
market regions, each of which has two market segments. There-
fore, there are four market segments should be served. With re-
spect to customer requirements, we assume the following.

Assumption 2: The primary requirement of the customers in
each market segment can be represented by the module options
of each variant module, and it is only allowed to configure a
product that offers higher ordered module options than the cus-
tomer’s requirements.

We define the primary requirement matrix, R, such that

Rj,i =k

where k is the primary module option of variant module j re-
quired by the customers in market segment 7. Also, we define
the PPD decision matrix of the Manufacturer, M, to represent
the mix of module options eventually used in the platform prod-
ucts by the Manufacturer, such that

Mj,i =k.

The selected module options are assembled by the Manu-
facturer into assemblies and then end-products which are then
delivered by the Manufacturer to the market segments. Let the
Manufacturer’s estimate of the lifecycle demand at each market
segment be d;(¢ = 1,...,T), then the total market demand for
the product family, D, is Zle d;. With respect to d;, we as-
sume the following.

Assumption 3: The forecasted demand of a market segment
is not affected by the actual PPD decision of the Manufacturer.

All the module options needed are purchased from a fixed
number of alternative suppliers s = 1,2,...,5. For the plat-
form products in Fig. 1, there are 6 alternative suppliers. For
simplicity and without losing generality, we assume that each
supplier s can only produce one kind of variant module, namely
77, and his capability or flexibility is measured by the number
of module options it can supply. Specifically, we consider two
kinds of suppliers according to their flexibility levels: high and
low. The supplier with high flexibility can supply all the module
options of a variant module. The supplier with low flexibility can
only supply either the lower half or the higher half of module
options of a variant module. In the example shown in Fig. 1, S5
and Sg are suppliers with high flexibility, while Sq, S2, S4, and
S5 are suppliers with low flexibility. In this paper, we assume
the following.

Assumption 4: The capacity of each supplier is unlimited,
and using single sourcing strategy for each used module option
is optimal for the Manufacturer.

We define the supplier selection matrix Y to represent the
decision result of supplier selection of the Manufacturer, such
that

Yje=s
where s € S}, and is the selected supplier to supply the module
option k of module 7, and the ordering decision vector T =
(T1,...Ts,...,Ts) where T is the Manufacturer’s decision of

’

ordering cycles to supplier s.

B. Description of the Game Scheme

In the kind of supply chain shown in Fig. 1, the Manufacturer
is the driving customer of the suppliers and, therefore, holds a
more powerful position in making decisions related to product
configuration and supplier selection. Therefore, the Manufac-
turer acts as the leader to make decisions on PPD (e.g., which
module option should be used) and supplier selection decisions
(e.g., which supplier should rely on for each selected module
option). Each supplier, if selected, in turn faces demands from
the Manufacturer, and acts independently to make its pricing
and ordering decisions. In other words, it is the Manufacturer
who makes the PPD decision in this game. Once the PPD de-
cision is given, the Manufacturer and suppliers make the SCC
decisions jointly. It is clear that the SCC decisions here include
supplier selection, pricing, and ordering decisions within the en-
tire supply chain.

We describe the ICPPSC problem in this paper as a three-
move noncooperative configuration game with .S + 1 players,
i.e., one Manufacturer and S suppliers. Each supplier controls
decision vectors set X (s = 1,...,.5) to maximize his pay-off
function f, and the Manufacturer controls the decision vectors
sets X&,, and X2, to maximize his pay-off function fs1.

In our game framework, the Manufacturer makes the first and
the third moves. In his first move, a decision vector x}g 41 €
Xt 41 includes PPD and supplier selection decisions is given.
From this decision vector, the total demand of module options
awarded to each supplier can be derived and be transferred to
them. After the suppliers give their rational reactions, the Man-
ufacturer moves again to give a decision vector #5,,; € X2,
includes his ordering decisions to each selected supplier. When
the Manufacturer makes his PPD decision, using higher perfor-
mance module options in place of lower performance module
options may cost him more in purchasing. However, this can
creates scale economies in module option designing, inventory,
and ordering costs.

A decision vector ¢ € X, of supplier s includes ordering
decisions and discounted pricing decisions. The aim of suppliers
is maximize their pay-off functions fs (s = 1,...,.5) by selling
module options to the Manufacturer. In fact, the Manufacturer
can not make his ordering decisions until the suppliers offer their
quantity discount schedules.

The sequential decision structure of the three-move nonco-
operative configuration game is shown in Fig. 2. It is clear that
the Manufacturer holds more powerful position in the sequen-
tial decision process in which he can impose decisions upon the
suppliers. However, suppliers can also affect some of the Man-
ufacturer’s decisions in their turn.

IV. MODEL FORMULATION

A. The Manufacturer’s Model

According to the Assumption 2, which implies that the
Manufacturer will not charge more from the customers even
if he offers platform products with higher performance than
the customers’ primary requirements, and the Assumption 3,
we can get that the total revenue of the Manufacturer is not
affected by his PPD decision. In this case, maximizing total
profit equals to minimizing the total cost of the Manufacturer.
Therefore, the objective function of the Manufacturer is to
minimize the total cost associated with developing, procuring,
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TABLE I
PARAMETERS AND VARIABLES OF THE MANUFACTURER
Symbol Meaning
Vi binary decision variable to indicate whether module option % is used by the Manufacturer
W, binary decision variable to indicate whether supplier s has been used.
Yiks binary decision variable to indicate whether supplier s has been selected to supply module option £ .
Xy binary decision variable indicating whether module option £ is used in market segment ;.
U, total unit of module options purchased from the capable supplier s .
h holding cost rate per unit per year.
DC, a fixed cost of designing, prototyping, and testing module option £ .
A ordering cost occurs at each order placed by the Manufacturer.
P unit selling price for module option % purchased from supplier s .
Uy the lifecycle demand rate for module option k according to the actual PPD decision.

Player S+1: Manufacturer Rational reactions

Given @)
System parameters
Find | .
¥ € X Decisions Player s=1,...,S: suppliers R
Satisfy )
Constraints Given .
Maximize X¢,; and other parameters

FsitGo, 50 X5 s X)) Find
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/—\/ .. Constraints
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1 1 2

Yo andx o RAC TR CRUP o I)J/

Find
e x?
Xs41 € gy 3)

Satisfy

Constraints Rational reactions
Maximize

TsetGo, 5> X 5012 X5.)

Fig. 2. Sequential decision structure of the ICPPSC configuration game.

ordering, and inventory of module options that make up the
platform products, while meeting the customer requirements.
When choosing module options and suppliers for the platform
products, the Manufacturer incurs two different costs, namely
development cost (DC), and souring cost (SC). Once the config-
uration of the platform products, or PPD decision matrix M, is
decided, DC becomes a fixed cost based on the selected module
options. In other words, DC is decided by the Manufacturer’s
PPD decisions. SC, on the other hand, is a variable cost affected
by the Manufacturer’s SCC decisions. The relevant parameters
and variables of the Manufacturer are designed in Table I.

Note that z;, Vjk, Yjks, and w, can be viewed as decision
variables too because they are deduced from the two decision
matrices, PPD decision matrix, M, and supplier selection ma-
trix, Y. Then the objective function of the Manufacturer under
the planning horizon is as follows:

Min Cy(M,Y,T) = ZZD KUk
j=1k=1

=

s .
+ § ws|: § UjkYjksPjks
s=1 j=j* k=1

hU,
+ +2TJ (1)

J

=~
Il

S
3

subject to
M;, >Rj;fori=1,2,...,I

j=1,2,...,J )
1, M =k
Tigk = 0, otherwise

I
Ujp = g diTijg,
i=1

_J1,if uj >0
ik = {0, otherwise &)
o 17 if Yj’k =S
Yiks = 0, otherwise

1 f ]; E’] 1
1 . >
Wy = , 1 S Yjks Z (4)
0./ otherwise

Jj° Kj
Z Z UjkYjks 5)

J=3° k=1
Ts > 1 and integer. (6)

Us

Basically, the minimization of the total cost by the manufac-
turer is equivalent to the maximization of its profit, because the
total revenue generated from the customer orders for the final
products is a fixed constant in this study.

Constraint (2) ensures the Assumption 1 of one-way substi-
tution between module options. Constraints (3) to (5) set the
values of Z;;i, Uik, Vjk, Yjks» Ws, and U,. Constraint (6) en-
sures that T is a positive integer.

The first term of the above objective function, DC, is rela-
tively simple. Once the configuration of the product family, or
matrix M, is decided, DC can be calculated easily. The second
term of the above objective function, SC, is clearly composed
of three parts. The first part is total unit purchase cost (PurC)
paid to suppliers, the second one is ordering cost (OrdC), and
the last one is raw material inventory holding cost (InvC). Since
DC becomes constant once the Manufacturer’s PPD decision is
given, the Manufacturer’s objective function after he made his
PPD decision is SC(Y,T)

SC(Y,T) = PurC + OrdC + InvC
s i K
hU,
=) w, Z UjkYjksDjks 5T
s=1 = k=1 S
(N
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TABLE 11
PARAMETERS AND VARIABLES OF SUPPLIERS
Symbol Meaning

p?,a undiscounted unit selling price for module option %

A order processing cost

F, manufacturing set up cost for module option % at supplier s
Ciis unit production cost of module option

vV, ordering cost occurs at each order placed by s with his supplier
hy holding cost rate per unit per year

I decision variable, s ’s ordering cycles

b, decision variable, discount rate
P discounted unit selling price for module option f , where Pu= P?ks -b,(U,/T,)

For each supplier s = 1,2,...,.5, if he is selected, the rele-
vant sourcing cost of the Manufacturer incurred by the procure-
ment of module options from this supplier; namely, SC(T%),
can be represented by

SCs(Ts) = PurCs + OrdCs + InvCs

:E:&

;o
Jj=3°®

WU,
2T,

UikYjksPiks + ATs + (8)

=1

=~

Therefore, we have SC = Zle wgSCl.

B. Suppliers’ Model

For simplicity of modeling and representation, we assume
that each supplier is homogenous with respect to the production
of module options. That is, for each supplier, the objective is to
maximize its total profit, 7, from the sales of module options to
the Manufacturer, which is equivalent to the total revenue minus
order processing cost, manufacturing setup cost, raw material
ordering cost and inventory holding cost. The relevant param-
eters and variables of any supplier s = 1,...,S are given by
Table II.

Given the ordering cycles of the manufacturer, 7T, to supplier
s, it can be easily shown that the supplier s’s ordering cycles I
should be some integer division of 7. Let I, = T /6, where 6
is an integer, and 5 > 1. Since U /T units are delivered to the
manufacturer as soon as the supplier s’s raw material inventory
is replenished, the average raw material inventory held by the
supplier s will be (65 — 1)Us /2T [45], [42]. Thus, the supplier
s’s objective function is as follows:

Mazx 74(bs, 05)

j° K;
= 3D wikyiks (Piks — Ciks)
i=i° k=1
V;Ts hs (05 - 1) Us
—(A; + F,) T — —
(4o +F)Ts = = o ©)
submitted to
7° K
Fs = Fkyjks (10)
j=3° k=1
U,
mh:ﬁh—m<?) (11)
by >0 (12)

Us
Pirs = bs (?> 2 Ciks + Ejks

s

for each k =1,2,..., Kjs (13)
65 > 1 and integer (14)

Constraint (10) gives the value of F which represents the
total manufacturing set up cost occurs at supplier s. Constraint
(12) ensures that the value of b, is nonnegative since the unit
price of module option is given by (11). Constraint (13) ensures
that the unit price offered by any supplier is not lower than the
unit manufacturing cost of the module option where € j is unit
profit margin desired by the supplier. Constraint (14) ensures
that f; is a positive integer.

C. Game-Theoretic Model

Without sufficient communication between the Manufacturer
and the suppliers, it is the Manufacturer who holds a compar-
atively powerful position over the suppliers because the Manu-
facturer acts first to offer PPD and supplier selection decisions to
the suppliers. Based on the decision structure of the game shown
in Fig. 2 and the above objective functions of all the players, we
can formulate the three-move dynamic configuration game as
follows:

Min Cp(M,Y)

subject to

constraints (2)—(5)

Mazx 7y(bs,0,), foreachs =1,2,..., S and ws = 1
subject to

constraints (10)—(14)

Min SCL(T)

subject to:

Constraint (6).

Before continuing the analysis, let us again consider the
assumption that all suppliers are homogeneous and, therefore,
have the same cost structure. This assumption is technically
not necessary for developing the model and solution technique.
Instead, it is only introduced for convenience of representation
and analysis. In other words, we only need one uniform formula
to represent the objective function (payoff) 75 of each supplier
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(player) as defined in (9)—(14) and constraints Mazm,(bs, 0;),
foreach s = 1,2,...,5 and ws; = 1 in the game model. It is,
however, perfectly appropriate for suppliers to have different
forms of cost (profit) structures. In this case, these equations
and constraints must be worked out and represented separately.
Appropriate solution techniques should also be considered for
each cost function of each supplier.

D. Model Analysis

In this section, we derive some optimization conditions for
the above game model. First we consider when no quantity dis-
count schedules are offered by the suppliers. In this case, we
have pji, = p‘}ks and the optimal decision on ordering cycles
to each selected supplier s, T, of the Manufacturer to mini-

mize SC,(Ty) can be obtained following the classical Economic
Order Quantity (EOQ) policy from (8). Thus, we have
hU,
T = > 1
C=\ s (15)

Now, suppose that p;;, and T for any selected supplier s
are fixed, then the supplier s’s problem of finding the optimal
ordering cycles, Is = Ts /0 in this case becomes

in 52 VT b (6. - 1)U,
6.>1 4, 2T, ’
f,=int

The value of f, that minimizes 6, is given by the smallest 6%
that satisfies (see [39])

2
Wels —grior 11y

S S

05 (05— 1) < (16)

Let us define |a| as the largest integer no lager than a. One
calculation method for #7 can be expressed as follows (see [42]):

a7)

Now let us consider the condition when all the suppliers are
offering the following linear quantity discount schedule: p;rs =
pgks —bs (Us/Ts), where U /T is the Manufacturer’s ordering
quantity to supplier s. Substituting for p;xs from (11) into (8),
we get the Manufacturer’s objective function in this case as
follows:

K;

Us
= Z UjkT ks [P?ks — by <T>]
j=35° k=1 s

J

hU,

AT
+ + 5T,

The necessary condition for the minimum of SC is

dSC, (T))  bU2 hU

ar, 12 +A_2T52:0
or
hUs _ (A2
bs:( 2) ( S). (18)

Using the above equation, the Manufacturer can find his op-
timal decision of T to each supplier s once the value of by is
given. Substituting (17) into constraint (12), we get

hU,
T, < =T, 19
S\ 5a s (19)

or

Substituting (18) into constraint (13) and using A, for
p‘}ks — Cjks — €jks, for each module option £ = 1,2,..., K;
of module j° where u;; > 0 and is purchased from supplier s,
ie., yjrs = 1, we can get

Us h AT,
e > Z5) = -
Ajks 2 bs <T> 2T, U,
or
AU hU.
T? + =T, — —2 >0
s T A ; 94 =
fork:1727...7Kj7 :Cjkszl,
uj >0, j =7 (20)
Define
oo DaesUs  [A5UE WU,
s 2A 4A2 2A
and
T = max{Té |k=1,2,...,K;,yjrs = 1,
ujk>0,j:js}. 21
Then, (20) is equivalent to
Ts >T. (22)

When supplier s is not selected for supplying module op-
tion k, i.e., yjrs = 0, or the module option is not used by
the Manufacturer at all, i.e., u;, = 0, constraint (13) becomes
pgks > cjks + €15 and can be ensured by system inputs.

Combining (6), (19), and (22), the reaction range of the Man-
ufacturer’s decision variable, 7T, that needs to be considered

during his second or system’s third move is given by

max {1, T} < T, < TZ, Ty is integer. (23)

Furthermore, recall that once the value of T is given, the
optimal value of §7 can be obtained from (17). Define the lower
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Fig. 3. Game tree representation of the game.

and higher bounds of ¢; to be 67 and %, respectively. Then, we

have
<1 N \/1 N (w))
f* = 24
or 5 (24)
and ]
(141 (559))
0 = 25
s 2 ( )

hS UQ
2V

Rearranging (16) we get range of the values of 7. Hence
0x (6 + 1)J .

the % %
(26)

We define [a] as the smallest integer no smaller than .

E. Solution Procedure

For noncooperative static games, Nash equilibrium is widely
known as the solution point at which every player has no reason
to change his behavior. In our noncooperative three-stage dy-
namic game of complete and perfect information, we apply the
extended solution concept of subgame perfect equilibrium to an-
alyze the strategic behaviors of the players, i.e., the Manufac-
turer and suppliers. We construct the complete extensive form
of our game which is illustrated in Fig. 3.

We assume that the Manufacturer has a finite number of plat-
form products configuration decisions, or PPD decision ma-
trices, M, which are indicated by the superscript n, where n =
1,2,..., N, and a finite number of supplier selection decisions,
or supplier selection matrices, Y, which are indicated by the
superscript f, where f = 1,2, ..., F. Then the number of pos-
sible strategies of the Manufacturer at stage 1 is N x F'. Thus,
there are N x F subgames at stage 2, one beginning at each of
Suppliers’ decision nodes. The inputs of each subgame are the
Manufacturer’s decisions, M" and Y.

In this paper, we propose a solution procedure based on the
technique of backward induction which can be used to find a
subgame perfect equilibrium. Once strategies are assigned at
each stage, we can calculate the corresponding objective value

Y

Objective values
of allplayers

Y

Objective values
of allplayers

%

. Objective values
of allplayers

for each player. Then, we can determine a subgame perfect equi-
librium according to each player’s objective using backward in-
duction. The solution algorithm is briefly summarized in Fig. 4.
The right half of Fig. 4 is the solution procedure of subgames.

V. NUMERICAL EXAMPLE AND SENSITIVITY ANALYSIS

In this section, we present a simple numerical example to
demonstrate the applicability of the proposed solution frame-
work to our game problem. Through this example, we are also
interested in investigating the mutual impacts between PPD de-
cisions and SCC decisions.

A. Initialization of Model Parameters

We aim to construct a product family which retails at approx-
imately $1,500, which has two variant modules (m; and my)
in its GBOM. Each of the two variant modules has 4 module
options. The relative values of m; and mg to the total value
of an entire product are approximately at 18.3% and 9.3%,
respectively.

The product family serves 2 market regions, namely Europe
(EU) and North America (NA), and each regional market has
4 market segments. Thus, there are totally 8 market segments.
It is reasonable that each market region has a different market
size. Thus, we assume that EU and NA have approximately 45%
and 55% of the given worldwide demand volume (D), respec-
tively. Demand volume for each market segment is equal to the
average demand volume of the market segments of the region.
With respect to primary requirements of market segments, we
assume that EU prefers lower-end module options while UA
prefers higher-end module options. The primary requirement
matrix, R, is generated randomly for our simulations as follows:

Rﬁ_<2 312 2 4 3 4)
1 31 2 4 2 3 3)°

The development cost of an entire end-product is about
$288,000 and the development cost of each variant module
is proportionately determined according to its relative value.
Further, it is reasonable that developing a higher-end module
option often costs more than developing a lower-end module
option. Therefore, we increase development cost for each
module option by 5% for one performance level higher.

The cost of good sold (COGS) of a finished product is esti-
mated at about 70% of its retail price, while about 70%—-75%
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Fig. 4. Solution procedure.

of the COGS is budgeted for raw material cost by the Manufac-
turer. With the retail price of has been set at $1,500 as above,
the total raw material cost of a finished product is about $735.
Again, the material cost of each variant module is proportion-
ately determined according to its relative value, and increases
by 5% for one performance level higher.

From the perspective of the suppliers, as we have stated in
Section III, there are two kinds of suppliers for each variant
module, i.e., the supplier with high flexibility and with low
flexibility. The former one can produce all the module options
of the variant module; the latter one can only produce either
the lower or the higher half module options of the variant
module. Therefore, we assign three suppliers to each variant
module, of which two are with low flexibility and one is with
high capability. It is reasonable to assume that the prices of
the module options from the low-flexibility suppliers are lower
than those from the high-flexibility suppliers, as well as the
manufacturing costs and setup costs occur at the corresponding
suppliers. Thus, we set the price of the same module option
charged by the low-flexibility suppliers 0.06% lower than the
price charged by the high-flexibility suppliers. We also set
the manufacturing cost and setup cost of the same module

— riesy 0
YES

TABLE III
VALUES OF VARIOUS PARAMETERS OF THE MODEL
Model parameters: A h A vy hy €
Values: 300 4 100 300 1 0.05p%

option occurring at the low-flexibility suppliers 20% lower
than those occurring at the high-flexibility suppliers. Again,
the COGS of a module option at the suppliers is about 70%
of its original price. Finally, the average fixed setup costs for
module options in m; and ms are estimated at about $400 and
$200, respectively.

The values used for other model parameters in our simula-
tions are given in Table III.

Among the various game model parameters, lifetime demand
volume of the platform products, D, is the only important one
which concerns all the players greatly. At the age of mass cus-
tomization, there is a trend toward a high level of product va-
riety and short product life cycles which leads to a lower life-
time worldwide demand than that in a mass production system.
However, what is the relationship between the level of product
variety as well as other strategic decisions of all the players and
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Fig. 5. Platform products configuration results under each level of D. (a) m; and (b) m.

the lifetime demand volume? In this paper, we are especially in-
terested in this problem in our simulations. We select five levels
of D in our simulations which include 0.06 million units (de-
noted by D7), 0.25 million units (denoted by D-), 0.5 million
units (denoted by D3), 1 million units (denoted by D,), and
2 million units (denoted by Ds).

For each level of D, the decisions of each player in the case
where the primary requirement of market segments have been
taken for the Manufacturer’s platform products configuration
decision would be determined first. In other words, platforming
is not allowed in this case. We call it “no platforming” or NP
case. Then, the decisions of each player in the case where the
platform products configuration has not been decided yet would
be determined. In other words, platforming is allowed in this
case, and we call it “with platforming” or WP case. The results
of both cases would be compared to find out how platforming
strategy impacts the behaviors of all the players.

In order to interpret the PPD decisions of the Manufacturer,
we use the term “the level of customization” to indicate the op-
timal number of product variants included in the end product
family. That is, this level measures the degree of product va-
riety of the product family. For the sourcing decisions of each
variant module made by the Manufacturer, we use the term
“high sourcing” to indicate that all the module options are pur-
chased from suppliers with high flexibility and the term “low
sourcing” to indicate that the module options are purchased
from suppliers with low flexibility.

B. Simulation Results

After the lifetime of the studied platform products described
above is assumed as two years, the optimal solutions of the
ICPPSC game are searched through the proposed solution pro-
cedure. We present the simulation results in the following.

First, we give the results of PPD decisions of the Manufac-
turer in Fig. 5 which shows the comparison between the R of
NP case and the optimal M of WP case under each level of D
for my and meo, respectively. As we can see from Fig. 5, prod-
ucts in WP case are different from those in NP case, which re-
sults in the decreases of the number of module options used for
my and mg, respectively, in the WP case. Specifically, in WP
case, only 2 module options are used for m; under Dy, and 3
module options are used for m; under Dy—Dj5, while 3 module

options are used for my under each level of D. However, all
the 4 module options are used for m; and ms, respectively, in
NP case. The decreases in the numbers of module options used
lead to a decrease of the level of customization of the platform
products, as well as the reductions of development cost from NP
case to WP case. In addition, the level of customization in the
WP case increases as D increases. This implies that the pres-
sure of mass customization of the Manufacturer is high when D
is low. In other words, the Manufacturer will have more incli-
nation to offer highly mass customized products when lifetime
demand volume is high.

Next, we present the changes of the values of the Manufac-
turer’s objective and its elementary parts between the NP and
WP cases under each level of D in Fig. 6. Fig. 6(a) shows the
decreases of total costs and the DCs while Fig. 6(b) presents the
changes of the elementary costs in SC.

We can see from Fig. 6(a) that the total cost and DC are
always lower in WP case. Moreover, the reduction in the DC
decreases as D increases because the level of customization in-
creases. On the other hand, through the Manufacturer’s objec-
tive function presented in Section IV, we can see that the dis-
crepancy between the decreases of the total cost and the DC is
the change of the SC. Then we can figure out from Fig. 6(a) that
Manufacturer’s SC is higher in WP case under demand levels
D1-D,, and is lower in WP case under demand level Dj. This
can be explained as follows. When D is low, the level of cus-
tomization is low and the module options used have higher per-
formance levels as well as prices in WP case because of our
option replacement assumption. Therefore, the SC is higher in
WP case when D is low. However, the total cost still decreases
in WP case because of the reduction of DC. As D increases, the
level of customization increases and more low-end module op-
tions with lower prices are used. Thus, the increase of the SC
in WP case decreases even becomes negative. That is, the SC is
lower in the WP case.

Fig. 6(b) presents the changes of the elementary costs in SC,
i.e., the increases of PurC and OrdC, and the decrease of InvC,
from the NP case to the WP case under each level of D. Again,
we can see from the downward trend of the PurC’s increase in
this figure that the Manufacturer’s sourcing pressure is compar-
atively high when D is low and this pressure decreases as D in-
creases, which is coincident with what we have discussed above.
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Fig. 6. Various costs of the Manufacturer under various levels of D. (a) Total cost and DC (b) Elementary costs of SC.

In addition, we can see that under the impact of platforming, the
InvC of the Manufacturer decreases to some extent under each
level of D.

Now we display the simulation results of the suppliers’ ob-
jectives under each level of D in Fig. 7. Just as in Fig. 1, S,
Sy and Sy, S5 are suppliers with low flexibility while S3 and
Se are suppliers with high flexibility for m; and ms, respec-
tively. As only selected suppliers would have profits, the results
in Fig. 7 can also reflect the supplier selection decisions of the
Manufacturer.

We consider the supplier selection decisions of the Manu-
facturer first. We can see that the Manufacturer chooses low
sourcing strategy in the WP case in stead of high sourcing
strategy in the NP case. On the other hand, when D increases,
there is a trend of using the low sourcing strategy in both
cases for the Manufacturer. Then, from the perspective of the
suppliers, we can see from Fig. 7 that for the suppliers of
each variant module, the profit of a single supplier (when the
Manufacturer uses high sourcing in both cases) or the sum of
the profits of the suppliers as a group (otherwise) increases in
the WP case. This implies that the platforming strategy is of
benefit to the suppliers either. However, such benefit mostly
goes to the suppliers who can produce the high-end module
options (i.e., So and S5).

In the above, we have discussed the results about the impacts
of platforming strategy on the objectives of the Manufacturer
and the suppliers, and the PPD and supplier selection decisions
of the Manufacturer at the first move of the dynamic configu-
ration game. Now, let us look at the results about the optimal
decisions of the suppliers and the Manufacturer at the second
and the third move of the game. Such decisions include the price
discount rate, b,, and ordering frequency, 65, decisions of each
selected supplier (at the second move) and the Manufacturer’s
ordering cycle to each selected supplier, 7’5 (at the third move).
The simulation results of these decision variables in both the NP
and WP cases under each level of D are shown in Table IV.

We can see from Table IV that, the ordering cycles of the
suppliers who can only produce the low-end module options
(i.e., S1 and S;) decrease in the WP case, while the ordering
cycles of the other suppliers (i.e., those who can produce the

high-end module options) increase in the WP case. On the other
hand, we can see from Table IV that the discount rates offered
by the suppliers decrease in the WP case. This can imply that
the Manufacturer tends to accept higher prices from suppliers,
or the suppliers can make higher sale prices under the impact of
platforming.

About the decisions at the final move of the Manufacturer, we
can see that when D is low, the Manufacturer orders more times
in the WP case. As D increases, the Manufacturer’s ordering
frequency decreases in the WP case. Moreover, most of his or-
ders go to the suppliers who can produce the high-end module
options.

Finally, we present the results about how the platforming
strategy of the Manufacturer is affected by the suppliers’ flexi-
bilities. In order to achieve this, we design some experiments in
which the sourcing strategy of the Manufacturer are restricted
to only the high sourcing or only the low sourcing. The re-
sults of the Manufacturer’s PPD decisions in these experiments
are shown in Fig. 8. In this figure, “high” or “low” means the
Manufacturer’s sourcing strategy is restricted to high or low
sourcing. We can see from this figure that the flexibilities of the
suppliers do affect the Manufacturer’s PPD decisions, and high
flexibility of the suppliers’ capability leads to a high level of
customization.

C. Managerial Implications

Based on the results obtained from the simulation analyses
presented above, we can draw a general conclusion that there
do exist mutual impacts between the PPD and SCC decisions
among the players in our configuration game of the ICPPSC
problem. In this section, we will wrap up our findings and some
main implications regarding the impacts of platforming strategy
on the benefits and decisions of all the players, and the impacts
of supply chain decisions and parameters on the platforming
strategy.

First, the total cost of the Manufacturer decreases while
for the suppliers of each variant module, the profit of a
single supplier (when the Manufacturer uses high sourcing
in both cases) or the sum of the profits of the suppliers as
a group (otherwise) increases in the WP case. This implies
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Fig. 7. PPD decisions under different suppliers’ flexibilities and level of D.

that the platforming strategy is of benefit to both the Man-
ufacturer and the suppliers. Specifically, such benefit for the
suppliers of each variant module mostly goes to those who

can produce the high-end module options at the cost of
the profits of the suppliers who produce only the low-end
module options.
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Fig. 8. PPD decisions under different suppliers’ flexibilities and level of D. (a) m and (b) m..

Second, under the impact of platforming, the Manufacturer’s
inventory cost enjoys a generally decreasing trend. In addition,
the platforming strategy increases the Manufacturer’s pur-
chasing costs especially when D is low. This is because when
D is low, the level of customization is low and the high-end
module options are ordered to replace the low-end ones. How-
ever, this still results in overall benefits for the Manufacturer
due to savings in other areas.

Third, the platforming strategy leads the Manufacturer to use
the low sourcing strategy or the suppliers with low flexibility
in stead of high sourcing strategy when D is low. This implies
that when D is low and the Manufacturer decides to provide the
customers with the products exactly the same as they require, the
suppliers would tend to build up a higher flexibility. Otherwise,
the suppliers would like to build up a lower flexibility especially
for producing high-end module options.

Fourth, the Manufacturer enjoys better benefits by producing
platform products with lower level of customization when D is

low. As D increases, the Manufacturer’s desire to offer highly
customized products becomes stronger.

Fifth, the Manufacturer tends to accept higher prices from the
suppliers under the impact of platforming so that the suppliers
share the benefits of platforming. In addition, under the im-
pact of platforming, the suppliers who can produce the high-end
module options order more frequently, and the Manufacturer’s
total ordering frequency increases when D is low and decreases
when D is high while most of his orders go to the suppliers who
can produce the high-end module options.

Finally, the flexibility of the suppliers’ capability can affect
the Manufacturer’s PPD decisions. When the flexibility is high,
the level of customization of the end-products decided by the
Manufacturer becomes higher.

D. Further Remarks on the Game Model

The game model used in this paper is sequential with the
Manufacturer taking a leading/dominating role by moving first
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to determine a few decision variables. In this setting, once the
manufacturer makes the supplier selection decision, the chosen
suppliers get more power in the channel. In this sense, the man-
ufacturer apparently looses the opportunity to benefit from the
price competition among all the alternative suppliers. This im-
plies that the suppliers make pricing decisions first before the
manufacturer makes the supplier selection decision. A game
model with suppliers as leaders is very complicated because of
multiplicity of suppliers and complexity of configuration and
supplier selection decisions. There are several good reasons for
us to consider the manufacturer-led game in this research. First,
in our research problem, there is no information exchanging nor
competitive relationship between suppliers. Therefore, there is
no wider pool as suppliers make their pricing decisions indepen-
dent of each other. We can formulate a Nash subgame for sup-
pliers to consider their competitive relationships, and then incor-
porate all the subgames in the overall game. Experience shows
that the resulting game is extremely complicated and the effi-
ciency of the computational solution is of major concern [46].
Moreover, in our research problem, the flexibility or capability
of each supplier is different. Some suppliers can only produce
the higher or lower end of the module options while other sup-
pliers can produce all the module options. Therefore, it is not
practical for them to compete. For example, the supplier who
can only produce the lower end module options cannot compete
with the supplier who can only produce the higher end module
options.

Second, the supplier selection decision of the Manufacturer
is required when we optimize the suppliers’ model. As we have
assumed that single sourcing policy is optimal for the Manufac-
turer (see Assumption 4), once supplier selection decision of the
Manufacturer is given, the total demand volume of module op-
tions to each supplier can be gotten. The total demand volume
of each supplier is an input parameter of the supplier’s model in
this paper, just like many other quantity discount models [38],
[39], [40]. In other words, a supplier’s pricing decision is af-
fected by its total demand volume, and it is difficult for this sup-
plier to make pricing decision if the demand volume is unknown.
This is true in practice. In addition, further research is needed if
the single sourcing assumption is replaced by allowing multiple
sourcing.

Finally, our solution approach proposed in this paper is an
enumerative method. The Manufacturer evaluates every pos-
sible supplier selection decision based on suppliers’ rational re-
actions and then selects an optimal one. Therefore, once the
manufacturer makes his supplier selection decision, the chosen
suppliers do not necessarily get more power in the channel. In-
stead, the only player with more power is still the Manufacturer
in our game. As our solution procedure is global and enumera-
tive, the solution gotten in this paper should be optimal.

VI. CONCLUSION AND FUTURE WORK

The work presented in this paper makes several contributions.
First, this research has examined the integrated configuration of
platform products and supply chains, and more importantly GT
has been used to formulate and solve this emerging and complex

problem. This is an early but important addition to the literature
where virtually little work has been done using the game to re-
flect the supply chain environment. The game model allows us to
mimic the cooperation and competition situation between enter-
prises in the supply chain when they make design decisions for
the products, processes and supply sources. This paper forms a
foundation for further systematic and comprehensive studies on
different supply chain coordination/competition environments.

The formulation and solution of the supply chain configura-
tion game is another important contribution of this paper. The
configuration game is complicated by the fact that supplier se-
lection itself is a decision variable. This is very different from
other types of supply chain games where the suppliers are nor-
mally selected already and, therefore, they are game players. In
the configuration problem, suppliers may not yet been selected
and it becomes an issue if they should participate in the game as
players. We deal with this problem using a three-move dynamic
game. Supplier selection is accomplished in the first move by
the manufacturer. We have also used both analytical and com-
putational methods for the derivation of the optimal ranges of
players’ rational reactions, and the development of the solution
procedure.

This paper has also contributed to the understanding and
knowledge about the mutual impacts of the configuration
decisions through a series of simulations using the proposed
game model and solution procedure. We have derived some
interesting general observations and managerial implications
from the specific case application and simulations.

An immediate extension of this paper is to conduct more
analyses using more decision parameters and variables to ob-
tain more implications from our configuration game of ICPPSC
problem. In this case, the problem complexity is increased. The
current solution procedure proposed in this paper is enumera-
tive and, therefore, has a comparatively low computational ef-
ficiency. A more sophisticated solution algorithm is required to
solve the complex model for better efficiency and effectiveness.
We plan to develop a parallel hybrid coevolutionary algorithm
for solving the game models.

In this paper, the suppliers’ decisions are comparatively
simple and they only offer quantity discounts in this game.
The suppliers may also offer volume discounts in addition to
quantity discounts and have more decision variables. As for
the Manufacturer’s objective function, it may be extended to
a profit model which takes the Manufacturer’s pricing policy
as a new decision variable. Finally, we did not consider the
locations of the players as well as the transportation lead-time
between each player in this paper. Our extended model may
take these into consideration.

Configuration games need further investigations. It is impor-
tant to use different types of game models to simulate various
coordination strategies in SCM, from fully integrated, cooper-
ative to fully competitive, and from simultaneous to sequen-
tial. First, the game model used in this paper is sequential. The
Manufacturer takes a leading/dominating role by moving first
to determine a few decision variables. In this setting, once the
manufacturer makes the supplier selection decision, the chosen
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suppliers get more power in the channel. In this sense, the man-
ufacturer would loose the opportunity to benefit from the price
competition among all the alternative suppliers. This raises an
issue who moves first. It would be interesting to see the outcome
of the game where the manufacturer makes suppliers move first
to commit to their prices prior to supplier selection decision.
Alternatively, these two decisions are made simultaneously in
a simultaneous game. In both cases, the resulting game models
are completely different and much more complicated to solve.
This is an area for further investigation. Second, the game model
used in this paper is noncooperative. It would be interesting to
investigate other game models with closer cooperation between
the Manufacturer and suppliers (e.g., fully integrated supply
chain and cooperative coalitional games). In a coalitional coop-
erative game, individual suppliers cooperate to meet customer
demand which cannot be met individually. Third, the compet-
itive relationship between suppliers in the game also deserves
further study. Through competition, the Manufacturer may get
lower prices from suppliers and, therefore, get a higher pay-
off. This can be done using a competitive simultaneous game
or subgame. Fourth, an assumption was made in this research
upon single sourcing. If multisourcing is allowed, how the game
model should be revised and the solution technique be extended
requires further study. Finally, it would be interesting to com-
pare the results obtained in the game model used in this paper
with those using the game models mentioned above. Such com-
parative analyses will provide significant insights for integrated
configuration of platform products and supply chains under dif-
ferent coordination schemes.

Finally, while the game model presented in the paper was for
a two-echelon supply chain: the Manufacturer and its suppliers.
It is desirable to include other echelons such as retailers and dis-
tributors. The game-theoretic approach presented in this paper
can be extended to solve such complex chain. For a three-ech-
elon supply chain (supplier-manufacturer-retailer), for example,
it can be explored by applying the game-theoretic approach pro-
posed in this paper on both ends of the chain. However, it is
worth pointing out that it is not easy to consider multitier supply
chains in a game model although several such models exist in
the literature. Most of such game models are associated with
some special assumptions. It is our ultimate intention to extend
our work in this paper for multitier supply chain games. Our
planned approach is to formulate a game for the pair-wise two-
tier supply chains and then propagate the solution into the next
tier in a similar way. We have conducted some investigations
into the two-tier supply chains 1) retailers versus manufacturer
reported separately in another paper [46] and 2) manufacturer
versus suppliers (as in this paper) in two separate researches.
This combination of retailers-manufacturer game and manufac-
turer-suppliers game into one game is itself novel, deserving
substantial further research efforts.
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