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This study considers pricing, production and transportation
decisions in a Stackelberg game between three-stage, multi-
product, multi-source and single-period supply chains called
leader and follower. These chains consist of manufacturers,
distribution centers (DCs), and retailers. Competition type is
horizontal and SC vs. SC. The retailers in two chains try to
maximize their profit through pricing of products in different
markets and with regard to the transportation and production
costs. A bi-level nonlinear programming model is formulated in
order to represent the Stackelberg game. Pricing decisions are
based on discrimination pricing rules, where we can put different
prices in different markets. After that, the model is reduced to a
single-level nonlinear programming model by replacing Karush-
Kuhn-Tucker conditions for the lower level (follower) problem.
Finally, a numerical example is solved in order to analyze the
sensitivity of effective parameters to price and profit, and some
managerial insights are explained during this analysis.
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1. Introduction

compete against each other in the near future [1].

Nowadays, markets in different regions are
competitive  and  dynamic. Technology
development, Globalization, urbanization and
diversified customer expectations are changing
the type of competitions from competitive
independent firms to competitive supply chains
(CSCs). [1] According to Deloitte Consulting
report [2], experts of different large industries in
America and Canada comprising automotive,
high-tech, aerospace and consumer product
industries believe that, instead of competition
among individual firms, the whole SCs will
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Taylor (2003) mentioned that "in the 21st
century, being the best at producing or selling a
superior product is no longer enough. Success
now depends on assembling a team of companies
that can rise above the win/loss negotiations of
conventional trading relationships and work
together to deliver the best products at the best
price. Excellence in manufacturing is just the
admission fee to be a player in the larger game of
SC competition” [3].

In supply chain context, there are three kinds of
competitions: competition among the firms of
one tier of a supply chain (Horizonta
competition in one SC) [4-7]; competition among
the firms of different tiers of a supply chain
(Vertical competition in one SC) [8-10];
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competition between rival supply chains
(Horizontal competition between two SCs) [11-
16]. There is not much analytic work in the
literature that studies the interaction of multi-
product supply chains and particularly, supply
chain versus supply chain competition.

Most of the research works in the literature
studied single-product problems which are far
away from applicable real world problems. There
are few who talk about multi-product problemsin
supply chain competition [13] [17-19]. Having an
integrated insight into supply chain management
was a great motivation to investigate multi-
product competition. It is al'so important in multi-
product supply chainsto consider the correlations
between the different product types of supply
chains. These correlations could be substitutable
or complementary. Most of the papers do not
consider these two correlations simultaneously.
Therefore, this isimportant to bring an integrated
real insight into supply chain competition which
considers correlations between products of multi-
product competitive SCs.

There are many real-world applications for these
types of supply chains such as computer
industries, home appliances, etc. For example, in
computer industry, we can consider desktop and
laptop computers alongside with their printers,
scanners and external hard drives. As seen, there
is a simultaneous complementary and
substitutabl e relationship between the products of
supply chains.

In this paper, supply chain pricing problem is
formulated, and the later competition with the
existing rival chain is anticipated in markets.
Following that type of the competition, we have
designated a Stackelberg game between two
chains in duopolistic markets. One of them isthe
leader of the market, and the other is the follower
of him. Both chains can affect each other's
demand by pricing decisions of different products
in different markets. Leader and Follower are
manufacturing similar and multiple products. In
fact, we are trying to determine what is the best
strategy for the market leader in order to
maximize his profit considering the follower’s
optimal pricing decision encounters with him,
and aso his entire multi-product’s demand in
different markets. On the other hand, there is a
complementary relationship between the products
at each chain that can affect SC's success in
different markets.

This paper is organized as follows:; In Section 2,
the literature of our problem is reviewed and the
research gaps alongside with contributions are

explained. In Section 3, the problem scope is
described and the mathematical model is
proposed. In Section 4, we represent the KKT
description and formulation. In Section 5, a
numerical example is presented with some
sensitivity analyses. We conclude the paper in
Section 6.

2. Literature Review

Since there is not so much literature on multi-
product competitive supply chain [13] [17-19],
we focus on similar research works.

In multi-product competitions: Zhang proposed a
network economic model for SC vs. SC
competition and comprises a heterogeneous
multi-product supply chain competing for
multiple markets. Then, he presented a
variational inequality of the problem competing
for multiple markets [13]. Mokhlesian and
Zegordi considered an in-channel supply chain
competition with two echelons. one manufacturer
and several retailers. They investigated the
coordination of inventory and pricing decisionsin
a competitive multi-product supply chain with
different market powers. They proposed a multi-
divisiona nonlinear bi-level programming model
considering the manufacturer as the upper level,
and suggested a solution procedure based on GA
[17]. Naimi Sadigh et al. proposed a Stackelberg
gane framework to a  multi-product
manufacturer-retailer supply chain where the
demand of each product is jointly influenced by
price and advertising expenditure. Severd
solution procedures, including an Imperiaist
Competitive Algorithm (ICA) and Evolution
Strategy (ES) methods, have been proposed to
solve Stackelberg games [18]. He et 4.
investigated an agent-based retail model (ARM),
grounded in complex adaptive systems, which
comprises two products and three types of agents:
suppliers, retailers, and consumers. They derived
the agent’s optimal behaviors in response to
competition by evaluating the evolutionary
behavior of the ARM using optimization methods
and genetic algorithm. They are seeking optimal
pricing and inventory control policy with price-
sensitive  customers [19]. In single-product
competitions, Qian considered two competitive
paralel distribution channdls (PDCs), where the
retailer plays as a leader and moves first, and the
manufacturer is a follower with PDC one moving
first, and PDC two moving next. She shows that
the second-mover PDC has the advantage [20].
Baron et al. [21] studied the Nash equilibrium of
two supply chains, each being composed of one
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manufacturer and one retailer by extending the
seminal work of McGuire and Staglin [22]. They
showed that both the traditional Manufacturer’s
Stackelberg (MS) and the Vertical Integration
(V1) strategies are specia cases of Nash
bargaining on the wholesale price. Anderson and
Bao investigated price competition having a
linear demand function with deterministic
parameters. They assumed that there are supply
chains competing in the market with substitutable
products, each having one manufacturer and one
retailer. They studied the effect of varying the
level of price competition on profits of the
industry participants [23]. Boyaci and Gallego
investigated a cross-channel competition between
two SCs with one manufacturer and retailer. They
modeled customer service competition using
game theoretical concepts [24]. Khojasteh et al.
developed a price competition model for a new
supply chain that competes in a market with some
rivals. This supply chain has a risk-neutral
manufacturer as a leader and one risk-averse
retailer as the follower. They finaly obtained the
optimal wholesale and retail prices in a real-
world case [25]. Rezapour and Zanjirani Farahani
proposed a bi-level model for strategic design of
competing in centralized single-product supply
chain networks with deterministic demands. They
derived equilibrium conditions with the
establishment of finite-dimensional inequality
formulation and solved it using a modified
projection method [26]. Rezapour et al.
investigated a sequential game between two rival
supply chains with single-product SC vs. SC
competition and deterministic demand,
considering that the new entrant supply chain has
location decisons. Two dstrategies were
represented: Stackelberg and minimum regret.
The linear binary bi-level model was solved by
combinatorial meta-heuristic [11]. Rezapour et al.
proposed a bi-level model in order to represent
the competition between two single-product SCs
with probabilistic demand and distance as
competition criterions. They solved the bi-level
model using Nash equilibrium and an exact meta-
heuristic algorithm [12]. Azari Khojasteh et al.
investigated a price competition between two
leader-follower single-product supply chains with
one manufacturer and one retailer. They derived
the optimal conditionsin a Stackelberg game, and
found that the follower has an advantage when
the products are highly substitutable [27].
Esmaeili et. a. considered pricing and advertising
decisions simultaneously for a three-level supply
chain. The amount of market demand is

influenced by pricing and advertising decisions.
In this paper, three well-known approaches in
game theory, i.e, Nash, Stackelberg, and
cooperative games, are exploited to study the
effects of pricing and advertising decisions [28].
Jafari et a. proposed adua channel supply chain
including one manufacturer and two retailers. A
game theory approach is developed to analyze
pricing decisions under centradized and
decentralized scenarios. Finadly, the equilibrium
decisions are discussed and some managerial
insights are revealed [29].

Research gaps:

As can be seen from the above reviewed
literature, there exist some research gaps.

e The first one exists in multi-product
competitive supply chain context. There is
no concern of horizontal competition
between multi-product supply chains.

e The second gap is not using the
complementary and substitutable
relationship simultaneoudy in a multi-
product competition between SCs.

According to these explanations, this paper
contributes to competitive supply chain in two
ways:

e Fird, in today’s fierce markets, there should
be an integrated view of competition
between big brands in world's market. So,
al of the products that have been produced
by one brand can be very helpful for
understanding the competition complexity in
today’ s market.

e Second, this paper tries to represent the
complementary relationship between the
products of one specific chain aongside
with substitutable products of another chain
that could have a noticeable impact on
chain’s demands.

3. Problem Description

In this section, the echelons of the centralized
supply chain network structure, competition type,
demand function, and mathematical model will
be introduced. Our chain includes three stages:
producers, distribution centers (DCs) and
retailers. In this network structure, markets
(customers) are demand points as shown in
Figure 1. Our model includes decision-making
for tactical and operational levels. Determination
of the amounts of products transported to
customers makes our tactical decisions. After
that, pricing of products in different markets sets
the decisions at the operational level.
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We will continue to explain pricing decisions
within the introduction of demand function.
3-1. Competition type
In general, our competition structure is
competition with foresight. This type of
competition helps industries in anticipating later
reaction of existing or new rivals to keep their
market shares and incomes. It might be
interesting for the industries not to needlessly
invest in aregion in which investment will be lost
to the followers, anyway. The situation becomes
quite different when a market becomes aware of
other rivals entering it soon afterwards. It will
then be necessary to make decisions with
foresight about this competition, which itself will
enter a market where competition is already
present. These games have potential applications
for network routing and pricing in transportation
systems, competitive designing with foresight,
and many others[11].
Considering duopoly in our markets, we are
trying to design a sequential Stachkelberg game
between two competitors, caled Leader and
Follower. Competition structure in our model is a
horizontal competition between two SCs. In fact,
pricing decisions of each chain in different
markets and for different products can affect our
competition. Because of our competition type, we
are going to model the competition between two
SCsin the form of bi-level programming.
3-2. Demand function
It is assumed that the demand function is linear
and price-dependent. Self-price, competitor’'s
price, and complement prices affect the demand
of each product in different markets. In multi-
product case, the linear function for leader's
chainis shown asfollows: [17]
DTLnT = arlrir - bf’hrrprfzr + drlizrprir

= Bl Ph @

l#r

where ak, is the potential demand matrix for
market m = 1..M and product r = 1..R of the
leader’s chain. Also, bk, is the matrix of price
sensitivity coefficients with bk,.. < 0 , which
means that increasing the price of each product
leads to the decrease in its demand. The sign of
bk, 1+ r for the complement products is
bk, <0 due to the negativity in cross-price
elagticity for complementary products. It shows
that an increase in the price of each product will
decrease the demand of its complements,
if bL,. #0. After that, df,, is the matrix of
follower’'s coefficients which affects leader’'s
demand for product r in market m. In fact, thisis
the cross-price €asticity for substitutable

products. Also, B, denotes the price of product r
for market m in both leader (PL,) and follower's
(PF..) demand. Therefore, as the leader, we can
define the follower’ s demand function as follows:
Drflr = arfzr - bTI;‘lTTPmFT + d#annLlr

= Pl @

l#r

As explained, the price of each product has
different quantities in different markets by the
same provider. Pricing strategy of this paper is
the third-degree discriminatory pricing, where
each chain can charge different pricesto different
groups of customers. Since the model’s markets
are demand points, obviously different groups of
customers can be defined.
3-3. Mathematical model
In this study, we consider two supply chains,
caled leader and follower, with three levels. At
the first level, we have many producers that
transport their products to distribution centers
(DCs) in the second level. Then, we have retailers
in the third level that receive products from DCs
and transport them to the customers in different
markets. There exists a horizontal competition
between two supply chains in retailer's level.
However, it is worth noting that there is no
competition between the retailers of one specific
supply chain. According to the Stackelberg game,
we formulate the problem as a bi-level model.
The upper level is the leader of the market and
tries to maximize his profit considering the prices
of his own products (both self-price and
complement-price effects) and the price of the
follower’s products. Similarly, we have the lower
level which contains the maximization of
follower’s profit considering competitor’s prices
and the prices of hisown.
3-3-1. Assumptions
Here are the assumptions used for the
devel opment of the mathematical model:

e Demand of each product in each market for
both upper and lower levels follows a
linear function of self-price, competitor’'s
price, and the complement-prices of their
own chain.

e For both chains, the mode is
incapacitated.

e For both chins, shortage is not permitted.

o Probabilistic behavior of customers
(according to price and transportation
cost) causes different demands for the
retailers of two chains.

e Each customer is free to purchase his
favorite products from different retailers
in any volume.
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e For both Chains, the transportation cost in i’ Index of manufacturers
the third-stage is meant to be the distance j' Index of DCs
of each retailer from different markets k' Index of retailers
(customers). pch Production Cost for producer i’ and

P product r
@ @ @ S " 7 @ Tc1'i’,j,r Transportation Cost of product r from
producer i’ to DC '
ONONONO

Tczjé’,k,r Transportation Cost of product r from
DC toretailer k'

TC3£'mr Transportation Cost of product r from
retailer k' to customer (market) m

x5, Decision variable:  Transportation

ij'r X

variable for amounts of product r
transported from producer i’ to DC j'

e
A

N
v S

O O m@m

Sﬁk’r Decision variable:  Transportation

s N R variable for amounts of product r
transported from DC j' toretailer k'

22 Decision variable: retail price of

Leader's Cain > ¢ Follower'sClain product r to be charged on market m

by follower’s chain.

Fig.1. SC structure for both Leader and qf w'my  DEcision variable: quantity of product
Follower r transported to customer (market) m
e Competition is horizonta  between by retailer k' in leader’s chain.
retailers of two chains. 3-3-3. Bi-level model
3-3-2. Notations According to the assumption and notations
Parameters and variables of the upper level described, the bi-level model is presented as
(Leader): follows:
[ Index of manufacturers
j Index of DCs Leader’s model (upper level):
k Index of retailers =ZZ L pl
m Index of demand points (markets) Max f, i L B D mr
r Index of products L vi
PCL Production cost for producer i and _ZZZP CirXijr
product r LT
TC1j;,  Transportation cost of product r from - Z Z Z TC1{, XEy 3)
producer i to DC j T T
TC24 Transportation cost of product r from _ Z z Z L oL
T bCjto retailer k , TC2jirSjier
T3k, Transportation cost of product r from Sk
retailer k to customer (market) m - Z Z z TC3"kmrq" oy
Xty Decision  variable:  Transportation K om T
variable for amounts of product r St
transported from producer i to DC j
Sher Decision varigble:  Transportation Drivr = @y = biprr Py + dinr Py
variable for amounts of  product r — ) bk, PL vmr (4)
transported from DC j to retailer k =
pL. Decision variable: retail price of L
product r to be charged on market m Z Qiemr
by leader’s chain. m (5)
q*,,,  Decision variable: quantity of product < z Sher vr,k
r transported to customer (market) m J

by retailer k in leader’ s chain.
Parameters and variables of the lower level
(Follower):
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. (6)

< z Xk, vjr
Z Temr -

=Dk, vm,r

le}r , S]kr' Pr%lr' Ch%mr' Drl;lr (8)
>0 Vi jkmr

Follower’s model (lower level):

Max fp =), ) FhDf
Yyt
ZZZTCl5f'er'f'r ©)
Z Z Z TC21 ., Shery
Y Y
k' m r

St
DrI;lr =am brI;lrrPrgr + eranrﬁr
- z brnir Pt vm,r (10
l#r

F
Z Q' mr
m v ) (11)
< Z Sjk’r Vr , k

J

F
Z Sj’k,r
K (12)

F ./
< E Xi!jlr vj,r
F
q,
z k'mr (13)

= DTI;‘lT A m,r
<ak, + a,ilr vm,r
F F F
Xitjrrs S j'ie'rs Fmrs Qic'mrs Dy (25)

>0 vi',j, k', mr

Objective functions (3) and (9) maximize the
annual profit of leader and follower's chain,
respectively. Constraint sets (4) and (10) show
the linear demand function of leader and
follower, respectively. Constraint sets (5)-(6) and
(11)-(12) consider network balancing for leader
and follower. Congtraint sets (7) and (13) show

the demand assignment to the retailers of both
chains. Constraint set (14) controls the demand of
both chains, not to exceed the potential demand
of each market for each product. Last constraint
sets (8) and (15) represent the allowed sign of
variables in both chains.

4. KKT conditions

In this section, we propose Karush-Kuhn-Tucker
conditions for our bi-level model. According to
KKT conditions for bi-level problems, we must
have convexity conditions for follower's
constraints. After that, we must consider the
concavity of the follower's objective function.
Bi-level programming is formulated as follows
[30]:

max f,(x, y) (16)
Ss.t
G(x,y) <
0 (17)
H(x,y) =
0 (18)
maxy, fr(x,y) (19)
Ss.t
gi(x,y) <0 i=1,..,m (20)
hi(x,y) =0 ji=1.,1 (1
x=20,y=0 (22)

Considering the presented bi-level model and the
KKT conditions, the single-level model is as
follows[17, 30]:

max f; (x, )
s.t

G(x,y) <0

H(x,y) =0

Vfe, (c,y%) = B u; Vg, (x,y7) +

j=1 4 Vhy (e, ) (23)
u;gi(x,y") <01
=1,..,m (24)
gi(x,y) <0 i=1..,m
hij(x,y) =0 j=1,..1
x=20,y=0

U; >0 i

=1,..,m (25)

where u; and 4; are the values of dual variables
and Lagrangian multipliers; (x,y) are the
decision variables. Equations (23) and (24)
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satisfy the optimality conditions for the lower
level problem, called follower in our model.
Stackelberg equilibrium strategy for the upper
level (leader) problem is achieved by the
assumption that the lower level (follower) plays
his optimal strategy. Achieving the KKT
conditions for the lower level can convert our bi-
level model into a single level. Thus, we can
guarantee the globality of the optimum solution
because of the convex constraints and concave
objective functionsin both levels.

Clearly, constrained convexity of leader and
follower is proven because of the continuous
variables and linear constraints.

Lemma. Objective functions f; and fp are
concave functions.

—2b{1, —biz1 — b1 0
—biz1 — bi1 —2biz; 0
0 0 —2b%,
0 0 ~b3z1 — b3z
0 0 0
0 0 0

0 0 0
0 0 0
_bgzl - bglz 0 0
—2b%,, 0 0
0 _2b§11 _b§21 - b§12
0 _b§21 - b3F12 —2b§22

Proof. Concavity of the objective functions can
be proven using negative definite Hessian matrix
of the objective functions.

We know that the summation of multiple concave
functions will be a concave function. So, it is
only necessary to prove the concavity of the first
nonlinear statement of the objective functions.
Thus, using the Hessian matrix for follower, if we
put (m = 3,r = 2), we will have the following
statement for the first term of the objective
function:

P11 (D11) + P13(Dy12) + Pp1(D21)
+ Py3(D32)+P31(D31) + P33(D3z)
According to equations (4) and (10), we can
replace the following statements with their
equals. After that, we have the following Hessian
matrix for Pyq, P12, P21, Pa2, P34, P35 according to
Table 2 (price coefficients):

(26)

Now, bf, ... values can be replaced in Hessian matrix; after that, the following eigenvalues can be driven by

Matlab software:
—0 8 0
/ :
0 0 -3
0 0 —0.95
0 0 0
l 0 0 0

Clearly, we can conclude that this symmetric
matrix is negative definite due to the negative
eigenvalues of Hessian matrix. Conseguently, the
follower's objective function is concave. The
same applies to the leader’ s objective function.

Max f}, = Z Z PnLlr (arlr‘lr - banrrPrﬁrE'L dfnrprgr
melTPTI;Ll) ZZZPCLXLI}r
l#r
Z Z z TCllL]erLjr z Z Z TC2y, S

Z Z z TCc3t kmrq kmr

(4) -

0 0 —3.95

0 0 \ —3.94

0 0 _|—38

0 0 [ -22

-3 —0.94I —2.06
-094 -3 | —2.05
According to these assumptions, the proposed
converted KKT single-level model will be
presented as follows:

(@7
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amr - b‘anTTPTf‘lT + dglrpnlir Z bmlrprlr‘ll =0 vm,r (28)
l£r
29
Z Z( amr banrrPrﬁr + dﬁlrprﬁr Z bmlrprell ( )
l#r
Z b lPTIY‘ll + /1mrr mrr — Z Amrlbmrl
l#r l#r
_u3mrrbrFrer + Z u3mrlbr€1rl + u4’mrrb1€1rr
l#r
- Z u4mrlb11:1rl - u4mrrdfnr) =0
l#r

—|1'|*22 PCﬁr—ZZZTcﬁ,j,r (30)
+u|*22uz, o
S , (31)
S ey S
—|K|*Zzuzﬂr=o
S

YT
|K|*Zzamrr e ZZulkﬁo

ulyr, Z Qpt oy — ZSﬁk,r =0 Vi
m j
F . (34)
ZS "k'r ZXL "i'lr | — V] T

(33)

(35
Y- ( @i + Dy Py = Pl + ) Dy P )
l#r

=0 vm,r

L L L F L (36)

mrr( amr bmrerr + dmerr Z bmerml
l#r
+ (arﬁr - bTFYLTTPTfLT + dfnrprftr - Z bmerrI:ll > - (aanr
l#r
+af,)) =0 vm,r
amr - bmrrPnIir + dfnr mr Z bmer‘rI;ll 20 (37)
[£34

(10) — (14)
XL’]’T ’ S]’k r mrv qkmr' l}‘r , Sjkr' Pr%l‘rv qkmr' ulyr,, uzj’r (38)
U3 W = 0 vi,jkmri,j k'
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Equation (27) is the leader’s objective function
subject to the mentioned leader's constraints
(DL, and Df . are substituted by their equal
values from constraints (4) and (12)). Constraint
sets (28) and (37) prevent the demand violation.
Congtraints  (29)-(36) satisfy the optimality
conditions of follower's modd. Finally,
constraint (38) shows the allowed sign of the
variablesin both models.

5. Numerical Example
In this section, a numerica example is solved
using the proposed fina KKT transformed
model. Solving procedure is performed by a

personal computer with Intel ® core™ i3 CPU
227 GHz and 6GB RAM, and the software
GAMS 24.1.2 with Baron solver was used to
solve the proposed NLP problem. The execution
time was about 8 seconds.

Inputting the indices m=3, r=2,i=2, j =
3,k=2,i'"=2,j'"=3,k'=2 for  the
number of markets, products, leader’s producers,
DCs, retalers, follower's producers, DCs, and
retailers, gives us a small-sized problem, in turn.
The potential demand of each product in each
market for both chains is shown in Table 1.

Tab. 1. Potential demand for both chains

Ay Product 1 Product 2

ak, 1,500,000 1,000,000

ak. 1,000,000 1,500,000

al, 1,200,000 1,500,000

af, 1,700,000 1,000,000

al, 1,300,000 1,100,000

ak, 1,300,000 1,200,000
Also, price-sensitive coefficients (b%,.., b%,,..) and (d%,, df,,) are randomly generated as summarized in
Table 2 [17].

Tab. 2. Price-sensitive coefficients

Coefficient type

Coefficient range

bL ., U(0.5,1.5)
bE . U(0.8,1.3)
dL,, U(0.9,1.2)
dr . U(0.3,1.6)

Production and transportation costs are randomly generated as shown in Table 3[17].

Tab. 3. Costs of both chains
Type of cost Cost range
TC1 U(100,200)
TC2 U(150,500)
TC3 U(100,700)
PC U(10,30)

5-1. Execution

In this subsection, the implementation results of GAMS run are shown in tables (4)-(6).

Tab. 4. Prices and profits of both chains

for different products and markets

PL. r=1 r=2
m=1 686,598 223,830
m=2 359,582 538,127
m=3 343,365 535,785

Leader’ s Profit 2,462,827,182,430

PF. r=1 r=2
m=1 737,657 219,244
m=2 462,069 364,262
m=3 375,011 479,479

Follower’ s Profit 2,414,480,188,480
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These tables consist of optimal price with profits,
optimal demands, and optimal  market
assignments, respectively. Table 5 shows the
demands of each market for each product taken
by both chains. The differences between pricesin
various markets can be seen in this table. On the
other hand, because of the follower's greater
complementary impact of product 1 on product 2
in the first market (bf;,), P, cannot increase
more than PL,, and the opposite analysis is taken
for Pf,. This price can increase more than Pf;
because of bf;, < bk, .

As seen in Table 5, the mentioned market has
greater demand for the follower in product 1 and
lower demand of product 2.

Demand assignment of each chain is shown by
q* and summarized in Table 6.

These variables represent the amount of products
transported to markets according to the
transportation costs (TC3). It is worth noting that
the price of each product is set by each chain in
different markets, and each retailer is forced to
follow the chains' prices in different markets.
Thus, distance criteria (TC3) can affect
customers choice of a retailer in one specific
market.

Tab. 5. Demand share of chains for different products and markets

DL r=1 r=2
m=1 1,118,228 608,859
m=2 726,745 967,644
m=3 727,780 990,508

DE.. r=1 r=2
m=1 1,214,339 548,518
m=2 801,625 845,488
m=3 772,436 905,140

Tab. 6. Demand assignment to leader and follower (regarding the TC3 costs)

k =1 (Retailer 1)

k = 2 (Retailer 2)

L
Qiemr r=1 r=2 r=1 r=2
m=1 - 608,859 1,118,228 -
m=2 - - 726,745 967,644
m=3 - - 727,780 990,508
F k’ =1 k’ =2
Q" mr r=1 r=2 r=1 r=2
m=1 - 548,518 1,214,339 -
m=2 - 845,488 801,625 -
m=3 - - 772,436 905,140

5-2. Sensitivity analysis

In this subsection, the sensitivity of b,,,, and
dnr 1S investigated for both chains in order to
represent the verification of the demand function.
Firgt, the self-price coefficient was multiplied by
0.5 and, also simultaneously, we have doubled
the cross-price for substitutable products. Good
results were obtained as shown in Table 7 on
leader's analysis. These results show that the
leader can defeat his rival through decreasing

self-price sengitivity and increasing that for cross-
price. We have 514% profit improvement for
leader and 184% improvement for follower.

After that, the complementary coefficient for
leader was investigated. Thus, bk, was
multiplied by 5. It means that product 1 has
significant impact on product 2 in leader’s chain,
and price increase of product 1 will cause a huge
decrease in the demand of product 2.

Tab. 7. Prices and profits of both chains after changing the coefficients

PL. r=1 r=2
m=1 2,500,000 -
m=2 - 2,432,494
m =3 - 2,329,132

Leader’ s Profit 15,121,860,608,200
PE. r=1 r=2

International Journal of Industrial Engineering & Production Research, December 2017, Vol. 28, No. 4



Pricing Decisions for Complementary Products of

Amin Saghaeeian & Reza

Competitive Supply Chains Ramezanian 399
m=1 1,400,593 -
m=2 124,415 976,344
m=3 45,012 1,240,438
Follower’s Profit 6,863,420,661,100
The result shows that all price and demand network  design:  An  overview  of

changes are in the market due to the coefficient
increase in market 1. Thus, the demand of
product 2 in that market went down to zero due to
the huge price effect of his complement (Product
1). It is worth noting that a huge complementary
relationship between two products causes a
decrease in supply chain's profit in comparison
with a norma one, especially when we have
lower self-price sensitive demands. Therefore, it
is recommended for the managers not to charge
the product prices with big difference when we
have complementary products and lower self-
price coefficients.

6. Conclusions

This paper developed a hi-level programming
model for the Stackelberg game between leader
and follower supply chains under a linear price-
dependent demand. In this model, products of
one SC can compete with the same products of
another SC with a subgtitutable and
complementary relationship between them. This
study also considered production, transportation,
and pricing decisions in  multi-product
competitive leader-follower supply chains. KKT
approach was used in order to find the optimal
conditions of lower level problem. Findly, a
numerical example was solved in order to
analyze some sensitive parameters of the model.
The results show a notable profit growth, when
we decrease self-price and increase the cross-
price (replaceable) coefficients. The managers of
supply chains might try to reduce self-price by
developing brand loyalty for their products and
employing marketing activities that lead to more
frequent brand switching in order to increase the
Ccross-price.

For the future research, this method can be used
for designing the networks of reverse, close-loop,
and open-loop SCs. One can extend this model to
include more competitor SCs in the markets. In
addition, there could be more criteria with respect
to the demand function. Inventory decision and
back-order products can be investigated in the
future.

References
[1] Farahani, R., Rezapour, S., Drezner, T. and
Falah, S., “Competitive supply chain

classifications, models, solution techniques
and applications”. Omega, Vol. 45, 2013,
pp.92-118.

[2] Deloitte Consulting. Energizing the supply
chain: trends and issues in supply chain
management. 1999.

[3] Taylor, D.A., 2003. Supply chans. a
management guides, Pearson Education,
Boston.

[4] Bernstein, F. and Federgruen A., “A general
equilibrium model for industries with price
and service competition”, Oper Res, Vol. 52
No. 6, 2004, pp.868-886.

[5] Carr, C. and Karmarkar, US., “Competition
in multi-echelon assembly supply chain”,
Manage Sci, Vol. 51, No. 1, 2005, pp.45-59.

[6] Chen, H., Chou, HW. And Chiu YC., “On
the modeling and solution algorithm for the
reverse logistics recycling flow equilibrium
problem”. Transport Res Part C, Val. 15,
2007, pp.218-34.

[7] Corbett, CJ and Karmarkar, US,
“Competition and structure serial supply
chains with deterministic demand”, Manage
Sci, Val. 47, 2001, pp.966-78.

[8] Bernstein, F. and Federgruen, A.,
“Decentralized  supply  chains  with
competing retailers”. Manage Sci, Vol. 51,
No. 1, 2005, pp.18-29.

[9] Mishra, BK. and Raghunathan, S., “Retailer
vs. vender managed inventory and brand
competition”, Manage Sci, Vol. 50, 2004,
pp.445-457.

[10] Narayanan, VG. and Raman, A., “Agency
costs in a supply chain demand uncertainty
and price equilibrium”, Manage Sci, Voal.
51, No. 1, 2005, pp.120-32.

[11] Rezapour, S., Zanjirani Farahani, R.,
Ghodsipour, SH. and Abdollahzadeh, S.,

International Journal of Industrial Engineering & Production Research, December 2017, Vol. 28, No. 4



400  Amin Saghaeeian & Reza Ramezanian

Pricing Decisions for Complementary Products of
Competitive Supply Chains

“Strategic design of competing supply chain
networks with foresight”, Advances in
Engineering Software, Vol. 42, 2011,
pp.130-141.

[12] Rezapour, S., Zanjirani Farahani, R.,
Dullaert, W. and De Borger, B., “Designing
a new supply chain for competition against
an existing supply chain”, Transportation
Research Part E, Vol. 67, 2014, pp.124-140.

[13] Zhang, D., “A network economic model for
supply chain  versus supply chain
competition”, Omega, Vol. 34, 2006,
pp.283-295.

[14] Fdllah, H., Eskandari, H. and Pishvaee,
.M.S., “Competitive closed-loop supply
chain network design under uncertainty”,
Journal of Manufacturing systems, Vol. 37,
Part. 3, 2015, pp.649-661.

[15] Rezapour, S. and Zanjirani Farahani, R.,
“Supply Chain Network Design under
Oligopolistic Price and Service Level
Competition with Foresight”, Computers &
Industrial Engineering, Vol. 72, 2014,
pp.129-142.

[16] Rezapour, S., Zanjirani Farahani, R,
Fahimnia, B., Govindan, K. and Mansouri,
Y., “Competitive Closed-Loop Supply Chain
Network Design with Price-Dependent
Demands”, Journal of Cleaner Production,
Vol. 93, 2015, pp.1-22.

[17] Mokhlesian, M. and Zegordi, H.,
“Application of multidivisional bi-level
programming to coordinate pricing and
inventory decisions in a multiproduct
competitive supply chain”, Int J Adv Manuf
Technol, Vol. 71, 2014, pp.1975-1989.

[18] Naimi Sadigh, A. Mozafari, M. and Karimi,
B., “Manufacturer—retailer supply chain
coordination: a bi-level programming
approach”, Advances in Engineering
Software, Vol. 45, 2012, pp.144-152.

[19] He, Z., Wang, S. and Cheng, T.C.E,
“Competition and evolution in multi-product
supply chains: An agent-based retailer
model”, Int. J. Production Economic, Vol.
146, 2013, pp.325-336.

[20] Qian, Y., “Competitive parallel distribution
channels with move sequence”, Journa of
Systems Science and Systems Engineering,
Vol. 15, 2006, pp.114-123.

[21] Baron, O., Berman, O. and Wu, D.,
“Bargaining in the Supply Chain and Its
Implication to Coordination of Supply
Chains in an Industry”, Working Paper,
Joseph L. Rotman School of Management,
University of Toronto. 2008.

[22] McGuire, T.W. and Staelin, R., “An industry
equilibrium analysis of downstream vertical
integration”, Marketing Science, Vol. 2,
1983, pp.161-191.

[23] Anderson, EJ. and Bao, Y., “Price
competition with integrated and
decentralized supply chains”, European
Journal of Operational Research, Vol. 200,
2009, pp.227-234.

[24] Boyaci, T. and Gallego, G., “Supply Chain
Coordination in a Market with Customer
Service Competition”, Production and
operations management, Vol. 13, 2004, No.
1, pp.3-22.

[25] Khojasteh, M.A., Naseri, M.A. and Zegordi,
SH., “Competitive Pricing in a Supply
Chain Using a Game Theoretic Approach”,
Iranian Journal of Operations Research, Val.
4, No. 2, 2013, pp.161-174.

[26] Rezapur, S. and Zanjirani Farahani,
R.“Strategic ~ design  of  competing
centralized supply chain networks for
markets with deterministic demands”,
Advances in Engineering Software, Vol. 41,
2010, pp.810-822.

[27] Azari Khojasteh, M.,  Naseri, A. and
Nakhai Kamal Abadi, M., “Price
Competition Between Two Leader-Follower
Supply Chains, A Case Study”, International
Journal of Industrial Engineering and
Production Research, Vol. 24, No.4, 2013,
pp.277-283.

[28] Esmaeili, P., Rasti-Barzoki, M. and Hejazi,
SR., “Optimal pricing and advertising
decisions in a three-level supply chain with
Nash, Stackelberg and Cooperative games”,
International Journal of Industrial

International Journal of Industrial Engineering & Production Research, December 2017, Vol. 28, No. 4



Pricing Decisions for Complementary Products of
Competitive Supply Chains

Amin Saghaeeian & Reza

. 401
Ramezanian

Engineering and Production Research, Vol.
27,No. 1, 2016, pp.41-55.

[29] Jafari, H., Hejazi, SR. and Rasti-Barzoki,
M., “Game theoric approach for pricing
decisions in dual channel supply chain”,
International Journal of Industrial

Engineering and Production Research, Voal.
28, No. 1, 2017, pp.1-8.

[30] GUmis, Z.H. and Floudas, C.A., “Global
optimization of  mixed-integer  bilevel
programming problems”, Computational
Management Science, Val. 2, 2005, pp.181-
212.

Follow This Article at The Following Site

Saghaeeian A, Ramezanian R. Pricing decisions for complementary products of
competitive supply chains. IJEPR. 2017; 28 (4) :389-401

URL: http://ijiepr.iust.ac.ir/article-1-751-en.html

International Journal of Industrial Engineering & Production Research, December 2017, Vol. 28, No. 4



