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1. Introduction

Abstract. Globalization, increased governmental regulations, and customer demands
regarding environmental issues have led the organizations to review the measures necessary
for the implementation of the Green Supply Chain Management (GSCM) to improve the
environmental and economical performances. The paper proposes a Cournot-oligopoly
model for green supply chain management. It provides a novel approach to construct a
model that maximizes government tariff and profits of the suppliers and manufacturers
in all the GSCs. The bi-level model is converted to a single-level model by replacing the
second level with its Karush Kuhn Tucker (KKT) conditions and linearization techniques.
Then, a Genetic Algorithm (GA) is utilized to solve the single-level model using MATLAB
software. Afterwards, the obtained results are compared with optimal solutions acquired by
Enumerative Method (EM) to evaluate the validity and feasibility of the proposed GA. The
sensitivity analysis of this model indicates that the fiscal policy of the government greatly
affects the reduction of environmental pollution costs caused by industrial activities such
as automobile production in a competitive market. Therefore, the amount of non-green
products’ taxes is directly related to the decrease of environmental pollution.

(© 2017 Sharif University of Technology. All rights reserved.

world. Increasing amounts of dangerous and harmful
gases as well as particles caused by various reasons are

The control of any pollution of environment in different
highly polluted regions of cities is an important task
for the modern society. Air pollution has been steadily
increasing during the last decades, and the need to set
up effective control strategies for the air pollution prob-
lem has become even more significant. Air pollution
is also a serious environmental health problem, which
influences developed and developing countries in the
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being emitted into the atmosphere, which inevitably
damage the human health and the environment.

The economic growth increases the level of energy
and material consumption, which contributes to the
environmental issues and resource-depletion problems.
It has become increasingly significant for organizations
facing competitive, regulatory, and community pres-
sures to balance economic and environmental perfor-
mances [1]. As a result, GSC, practices by forward-
thinking organization, emerges as a new systematic
environmental approach in supply chain management,
enjoying wide-spread and increasing acceptance [2]. In
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recent years, this field has expanded with the interests
of both academia and industry.

Effects of governmental supervision on multi-
product GSC have been rarely studied by researchers
in GSCM and the related areas. Furthermore, due
to various reasons, such as globalization, increased
governmental regulations, and the customer demands
regarding environmental issues, we believe it is essential
for organizations to review the measures necessary
for the implementation of the Green Supply Chain
Management (GSCM) to improve the environmental
and economic performances. Accordingly, this work
studies the interactions of GSCs under government’s
financial and environmental supervision. In this pa-
per, we propose a bi-level Cournot-oligopoly model
for green supply chains with different brands and
various degrees of environmental consciousness. It
provides a novel approach to construct a model that
maximizes government payoff as well as the suppliers
and manufacturers’ profits in all the GSCs. This
paper, also, utilizes a Cournot framework in which
the firms compete using their product flows as strate-
gic variables [3]. The generalized framework in this
paper captures the competition among the companies
and firms in different GSC activities of procurement
and manufacturing. The government is assumed to
not only seek to maximize its own income, but also
to reduce the environmental pollution throughout its
intervention in the competition. The bi-level model
is converted to a single-level model by replacing the
second level with its Karush Kuhn Tucker (KKT)
conditions and linearization techniques; subsequently,
a Genetic Algorithm (GA) is utilized to solve the single-
level model. Afterwards, the obtained results are com-
pared with optimal solutions acquired by Enumerative
Method (EM) to evaluate the validity and feasibility
of the proposed GA. Other research questions are as
follows:

¢ Regarding the leadership role of the government,
how can the interactions of several GSCs and gov-
ernment be modeled?

e What are the responses of GSCs to taxes and
subsidies of the government?

e What is the best strategy of the government in the
competitive market of several GSCs?

This paper is organized as follows. Section 2 briefly
reviews the related literature. In Section 3, after intro-
ducing some notations and assumptions, we develop
the bi-level GSC in oligopoly model. In Section 4,
we present the solution methodology of this study in
detail. Section 5 presents the practical implementa-
tion of the model; finally, Section 6 concludes the

paper.

2. Literature review

This study is related to green supply chain manage-
ment, bi-level programming models, genetic algorithm,
and Cournot-oligopoly; thus, we review the subjects in
the following subsections.

2.1. Survey on GSC studies

GSC involves a fundamental rethinking of supply
chain management practices, and how they can be
integrated with the company’s environmental strat-
egy [4].

Since the early periods of the industrial rev-
olution, the survey and management of industrial
pollution has been an important issue for the gov-
ernment and society. During these early days, in-
dustrial pollution and GSC topics were not a major
and serious subject for management or economics
researchers. Subsequently, the perspective has changed
from GSC as a burden to GSC as a potential source of
competitive advantage [5]. After that, some researchers
began to consider environmental manager in a different
role [6]. Some subjects, such as greener manufacturing
and operations [7], relationship between environmental
and economic performance of firms [8], study of the
Environmental Management System (EMS) implemen-
tation operations [9], and overview of management
problems and environmental consequences in reverse
manufacturing [10] have been discussed by researchers
in this field. In addition, Lee and Chan [11] proposed
a GA to maximize the coverage of customers and
minimize the total reverse logistics cost. Also, Lee and
Lam [12] proposed a sustainable industrial marketing
framework of the latest requirement of green and
sustainable operation. Likewise, Zhang et al. [13]
studied CVRP from an environmental perspective and
introduced a new model, called Environmental Vehicle
Routing Problem (EVRP), with the aim of reducing
the adverse effect on the environment caused by the
routing of vehicles. In this study, the environmental
influence is measured through the amount of the carbon
dioxide emission, which is a widely acknowledged
criterion and accounts for the major influence on the
environment.

In the recent literature, similar research studies
have been done on this topic, as well. Chibeles-
Martins et al. [14] studied the supply chain design and
planning problem and proposed an optimization model
to support the associated decisions. Their model was
generated using Mixed Integer Linear Multi-Objective
Programming, which was solved through a simulated
annealing-based multi-objective meta-heuristics algo-
rithm (MBSA). Prior to that, Tognetti et al. [15] inves-
tigated the interplay between the emissions and costs
of the supply chain contingent upon the production
volume allocation and the energy mix.
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2.2. Survey on bi-level programmaing problems
Another field related to this study is Bi-Level Program-
ming Problem (BLPP) that consists of two players at
different levels, including the leader and the follower or
followers.

In the context of BLPP, a number of subjects
have been presented, including some effectual research
studies [16,17], test problem generators [18], and some
Evolutionary Algorithm (EA) studies [19-23]. Since
then, a number of studies have been conducted on bi-
level programming [24-26].

However, when BLPPs get complicated, other
approaches, such as evolutionary techniques, will need
to be used. Also, some of the evolutionary algo-
rithms for BLPPs have been used as nested strategies
that solve the lower level optimization problem for
upper level decision problem [20,23,27-29]. Mathieu
et al. [20], Yin [23], and Li and Wang [30] utilized
the upper level optimization problem by using an
evolutionary algorithm and the lower level using a
classical approach.

Some researchers also replaced the lower level
optimization problem with the KKT conditions to solve
the single-level problem [26,30,31]. Also, Wang et
al. [32] proposed an evolutionary algorithm based on
a constraint handling scheme. Moreover, they solved
a number of standard test problems. In this study,
we will replace the lower level problem with the KKT
conditions.

2.3. Survey on genetic algorithms

We utilize a Genetic Algorithm (GA) to solve the
single-level optimization problem. GA was initially
utilized by Liu [33] for solving Stackelberg-Nash equi-
librium of nonlinear multi-level programming with mul-
tiple followers. After that, so many researchers used
GA to solve similar problems; for instance, Hencheng
and Yuping [34] proposed a genetic algorithm based
on an exponential distribution for the aforementioned
problems. Calvete et al. [35] developed a genetic
algorithm for the linear bi-level problem in which
both objective functions are linear, and the common
constraint region is a polyhedron. Also, Wang et
al. [36] constructed a genetic algorithm based on the
simplex method to solve the Linear-Quadratic Bi-level
Programming problem (LQBP). They transformed the
LQBP into a single-level programming utilizing Kuhn—
Tucker conditions of the lower level programming,
which can be simplified to a linear programming by the
chromosome according to the rule. Kuo and Han [37]
applied bi-level linear programming to supply chain
distribution problem and developed an efficient hybrid
method based on Genetic Algorithm (GA) and Particle
Swarm Optimization (PSO). Lin et al. [38] suggested a
genetic algorithm to solve continuous and ingot casting
scheduling problems; a genetic algorithm was proposed

for solving the bi-level programming problem in steel-
making production based on the characteristics of the
problems involved.

2.4. Survey on Cournot-oligopoly models

Most of the studies in the field of decision-making
procedures of GSC are chiefly based on the framework
of game theory. Applications of game theory in
SC problems have been discussed by different au-
thors. However, game theory’s applications to GSC
are still under development. Acemoglu et al. [39]
and Xiao et al. [40] investigated the efliciency of
oligopoly equilibrium in a toll and capacity competition
game. Sheu [41] studied the problem of negotiations
between producers and Reverse-Logistics (RL) sup-
pliers for cooperative agreements under government
intervention. The author concluded that excessive
intervention of the government may result in adverse
effects on chain members’ profits and social welfare.
Masoumi et al. [42] constructed a generalized net-
work oligopoly model with arc multipliers for SCs
of pharmaceutical products using variation inequality
theory. Their model captured the Cournot competi-
tion among the manufacturers who seek to determine
their profit-maximizing product flows. Tsitsiklis and
Xu [43] considered a Cournot oligopoly model in which
multiple suppliers (oligopolists) compete by choosing
quantities. The authors compared the social welfare
achieved at a Cournot equilibrium to the maximum
possible, for the case where the inverse market de-
mand function is convex. Afterwards, Desgrangesa
and Gauthier [44] studied rationalizability in a linear
asymmetric Cournot oligopoly with a unique Nash
equilibrium. Also, Goltsman and Pavlov [45] discussed
the communication in a static Cournot duopoly model
under the assumption that the firms have unverifiable
private information about their costs. This paper
states that if the firms can communicate through a
third party, their communication can be informative,
even when informative cheap talk is impossible.

2.5. Research gap

In this paper, we propose a Cournot-oligopoly bi-level
model to analyze the competitions in multi-product
GSCs under government supervision. effects of the
governmental supervision on the multi-product GSCs
have been rarely discussed in the earlier studies on
GSCM and the related areas. Also, the multi-product
bi-level GSC Cournot-oligopoly model in this study is a
new formulation in perspective. We convert the bi-level
model into a single-level model using KKT conditions
and reformulate the NLP problem to a linear one in
order to decrease the model’s complexity. To the best
of authors’ knowledge, no study has considered these
issues simultaneously. Also, we consider the trade-off
between government revenue and environmental pollu-
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tion cost in the first level of the problem. Furthermore,
GA is utilized to solve the model; afterwards, the
obtained results are compared with the results acquired
by Enumerative Method (EM) to evaluate the validity
and feasibility of the proposed GA.

3. Mathematical formulation

In this research, we formulate a competitive model in
Multi-Product GSCs under government supervision to
reduce the environmental pollution cost and also the
related environmental pollution. In this section, we
introduce mathematical model for the problem and its
components.

Each SC consists of a raw material supplier
and finished product manufacturer. In Figure 1, the
overview of the problem is illustrated.

Government tries to reduce the environmental
pollution cost by assigning tariff rate to raw materials
(t;) and also tariff rate to final products (7}) for all
GSCs. Positive tariff value of raw material j (i.e.,
t;) means that the government assigns tax to the
raw material; however, negative value of this variable
means that the government assigns subsidy. Similarly,
positive tariff value of final product, k (T} ), indicates
that the government assigns tax to the final product,
and negative final product tariff value represents that
the government assigns subsidy to the final product.
In the second level, each supplier in each GSC at-
tains profit from raw materials’ sale (g;;) made to
manufacturer. Also, each manufacturer, in each GSC,
achieves profit from the final products’ sale (Q;;) in the
competitive market. The price of each type of product
is determined via the competition among different
SCs.

The problem considered, in this study, consists of

GSCs in which manufacturers of the finished product
and suppliers of raw material compete to manufacture
products under the supervision of the government.
In this research, the issue of the environment policy
for green products’ production, using recycled raw
materials and green energy, has been discussed.

In this study, the problem is formulated as a
bi-level nonlinear programming model. In the first
level, the government has considered tariff as decision
variable that includes subsidies and taxes assigned
to green and non-green raw materials and products,
supplied and produced by different GSC members,
respectively. This financial intervention by the gov-
ernment tries to reduce environmental pollution cost;
therefore, in the first level, the government income
will be maximized considering a constraint to control
environmental pollution cost. At the second level, GSC
members, such as raw material suppliers and finished
product manufacturers, will maximize their profit.

3.1. Definition of sets and notations
Sets and Indices

I={1,2,---,i,--- ,N} The set of SCs
J={1,2,---,4,--- ,m} The set of product’s
raw materials

K={1,2,---,k,---,n} The set of products

Parameters

ik The coefficient of component 7 in SC %
in product k

Wij The unit wholesale price of component
7 presented by supplier ¢

Cik The unit direct cost of final product &
in SC ¢

Vi The environmental pollution cost

caused by product k of SC ¢

Government’s policy makers (leader player)
Bl g O T

SCy l

- N
Supplier 1 | | Supplier M
911 QM

1 L

Manufacturer 1

Qu,- -, Qix

!

| [

SC” l

- N

Supplier 1 Supplier M
qn1 qn M

Manufacturer 1

Qni, +, Quk

!

Competitive market

Figure 1. Overview of the competition of SCs.
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®; The environmental pollution cost
caused by production of component j

£ The cost function coefficient of each
supplier for raw material j

gj The cost function coefficient of each
supplier for raw material j

h; The cost function coefficient of each
supplier for raw material j

ag The cost function coefficient of each
manufacturer for product &

bi The cost function coefficient of each
manufacturer for product &

Decision’s variables

qij The amount of component j supplied
by supplier ¢

t; The tariff on raw material j imposed
by the government

Tk The tariff on product k imposed by the
government

Qik The number of final product k

produced by manufacturer ¢ (in SC i)

3.2. Assumptions
In order to formulate the model, the following assump-
tions have been considered:

- The tariff set for the manufacturer and supplier will
be considered for each unit of raw material and the
final product. The tariff decision variables are free
in sign, such that the positive values indicate tax
allocation to raw material or final product. On the
contrary, negative values represent subsidy alloca-
tion to raw material or final product by government;

- Each GSC manufactures and presents n types of
product to the competitive market; hence, the SCs
are assumed multi-product;

- Cournot games are used for the competition among
manufacturers. Hence, the price of each product
depends on production quantities of SCs. Oligopoly
games are used for the competition among manufac-
turers. So, the sale price of any product is obtained
by the total market demand.

3.3. Bi-level programming formulation

In this section, we propose the mathematical model for
the problem. As mentioned before, the proposed model
is a bi-level nonlinear model by which the upper level
optimizes the government income and the lower level
maximizes the supplier and manufacturer’s profits in
all GSCs.

The first level problem of government:

N n

max llg = Z

1=1 | k=

TQix + Y tidis | » (1)
1 =1

s.t.:

N n

Tg=>_

=1 | k=

Qintik + Y _ 46, | < UB, (2)
1 j=1

m
> wits—(fiai+9,45+h;) —tia; > Re, Vi,
j=1

n

N m
Z [(ak — by Z Qik) Qir — Zwijaijk%'j
i—1 i=1

k=1

— ik Qir — ThQir | = R, V. (4)

In Eq. (1), the government’s income is expressed
by the total amount of tariff on raw materials and
final products for all GSCs. Positive tariff value of
raw material j (i.e., ;) means that the government
assigned tax to the raw material; negative value of this
variable means that the government assigned subsidy
to the raw material. Similarly, positive tariff value
of final product &k (T}) indicates that the government
assigned tax to the final product, and negative tariff
value of final product represents that the government
assigned subsidy to it. Hence, in the objective function,
the government maximizes net income; we assume
that pollution, even in green products, is unavoidable.
Constraint (2) limits the pollution costs of agents to
the Upper Bound (UB) which is maximum amount
of pollution cost permitted by the government. The
total pollution cost (I'g) is obtained from pollution
costs caused by procurement of raw materials and
production of final products in all GSCs.

Constraint (3) is Individual Rationality (IR) con-
straint under which GSCs agree to supply and manu-
facture in the market; otherwise, they refuse to conduct
business and market demands will not be satisfied. The
same explanation is true about Constraint (4). These
two constraints express that a lower bound should
be held for net profits of suppliers and manufactures
in each GSC. On the other hand, these constraints
preserve the supply chain structure and ensure the
willingness of the GSCs to be present in the market
and also their having long-term relationships with the
government. This constraint has also been utilized
by other researchers such as Xiao and Yang [46] and
Hafezalkotob [47].

The problem of supplier i (the second level) is
described as follows:

m
max m, =y Wity — (¢ + 9,45 + hy) = i,
j=1 (5)
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s.t.:
¢ij < caps,; Y 7. (6)

Objective function in Constraint (5) represents
the profit of supplier in ith GSC obtained from selling
raw materials to the manufacturer. To estimate
the amount of procurement cost for each supplier, a
quadratic function has been used to consider all direct
and marginal costs. Constraint (6) shows the capacity
of any raw materials.

Similarly, the problem of manufacturer i (second
level) is described as follows:

n

N
max Ty, = Z [(ak — b Z Qik) Qik
i=1

k=1

- Zwijoéijqu‘j — i Qi — TeQur |, (7)

j=1
s.t.:
YoapQu<a; Vi (8)
k=1
Qir < cappm,, Y k. (9)

Objective function in Constraint (7) is the amount
of manufacturer’s profit in ith GSC which is acquired
by selling finished products to the market. We consider
oligopoly games among the manufacturers of all GSCs.
Hence, the price of finished product is a function of
demand for each output produced by product k. So,
sale price of finished product is calculated as follows:

N
Pr=ar — by > Qi

=1

On the other hand, the cost of purchasing raw
materials and marginal cost will be deducted from
manufacturers’ income. The tax rate for non-green
products or the amount of subsidy for green products
will be added.

Constraint (8) declares that the amount of raw
materials consumed in the process of final products’
production could not be more than the available
raw material purchased from supplier. Obviously,
the amount of raw material consumption in final
product’s production should be equal to or less than
the total amount of available raw material. Moreover,
Constraint (9) states that quantity of final products
should not exceed the capacity of production quantity
of manufacturer .

So, the single-level problem of the government can
be rewritten as follows:

First level:

N n m
max Mg = TiQik + Y tiais | » (10)
i=1 | k=1 j=1
s.t.
N n m
To=> > Quta+ Y ai0;| <UB. (11)
i=1 | k=1 j=1

Second level:

max m., =Y wi;gi;—(fiqi;+9;05+h;) Vi, (12)
Jj=1

S.t.:
qij S Capsu v jv (13)

n N
max my, = Z [(ak — by, ZQik) Qik

k=1 =1
_Zwijaiﬂcqw — Qi —Te Qx| Vi, (15)
i=1
s.t.:

Zaiijik < q; v 7, (16)
k=1
Qir < capp,, vk, (17)
Qi >0 vk (18)

3.4. Reformulation as an NLP problem

Owing to the complexity of the multi-level program-
ming problems and the lack of methods to solve them,
we use KKT conditions to reformulate the problem as a
single-level nonlinear programming model. Afterwards,
we will explain the proposed method used in this study
to solve the NLP problem. It should be noted that to
establish KKT optimality conditions, we proved the
lower-level problem’s concavity.

Proposition. IIg, and IIj;, are concave if and only if
their Hessian matrix is Negative Semi-Definite (NSD),
that is, we have dtHnSid < 0 and dtHnMi d < 0 for all
d € R", d # 0 [48]. The related proof has been brought
as below:

The following proof shows the concavity of any
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IIs, and IIy,. For any suppliers in GSCs, we have:
d'Hg,d

—2g1 0 - 0 dy
0 00 =2¢, /) \dm

= —2(g1di + -+ + gmd;,) < 0.

Obviously, according to the values of g;, matrix Hg,
is negative semi-definite; therefore, (Ilg,) function will
be concave.

Similarly, for manufacturer’s objective function,
we have:

d'Hy.d

—2b; 0 - 0 dy

= —2(byd} + -+ +b,d%) < 0.

Obviously, according to the values of by, matrix Hyy,
is negative semi-definite; therefore, (IIs,) function
will be concave.]

N n

max Ilg = Z T:Qir + Z tiqi; | > (19)
i=1 |k=1 j=1
s.t.:
To=> > Qutin+ > ai0;| <UB, (20)
i=1 | k=1 Jj=1

> wisqi;— (i +9;45+hy) —tiq; > Re, ¥ i, (21)
j=1

n

N m
Z [(ak — by Z Qik) Qir — Zwijaijk%'j
i1 i=1

k=1

—cinQir — ThQir| > R, Vi (22)

N
(ak — bk > Qir — bpQuk — cik — Tk)
i=1

m n
- E Ui Qjk — E vy, =0
7j=1 k=1

wij = £ =200 —t; — > Ay =0 Vi (24)
=1

¢i; < caps,, v (25)
Zaiijik < gy v, (26)
k=1

Qir < CaPmyy Yk, (27)
)\ij(caps”- - QU) =0 v j7 (28)

Ui (qij — Zaiijik) =0 Vj (29)
k=1

Vik(capm,, — Qix) =0 Vi, k, (30)
Qi >0 vy >0 Vi, k, (31)
Uij, Aij > 0 Y1, g, (32)
qi; >0 Y i, 7, (33)
Ty,t; Freein sign v g, k. (34)

Egs. (19)-(22) represent the objective function and
constraints corresponding to the first level of the model.
Eqs. (23) and (24) are the Lagrangian derivatives
acquired from the second-level with A;;, u;;, and v;;, as
slack variables. Other constraints are the same in bi-
level model and should be repeated in one-level model
formulations. Constraints (28)-(30) are implemented
to establish KKT conditions. Defining binary
variables, we transform nonlinear Constraints (28)-
(30) into linear omes; hence, the flowing constraint
should be substituted for these equations:

qij — caps;; <M v 7, (35)
Aij <(1—n;)M Y 4, (36)
zn:aiijik —qij S u; M v 7, (37)
k=1

iy < (1—pj)M Y 4, (38)
Qik — capm,, <M vk, (39)
Vi < (1= 0 M vk, (40)
7, =0 or 1, (41)

w; =0 or 1, (42)
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=0 or 1, (43)

where M is considered as a very large number; n;, 1 ,
and 6}, are binary auxiliary variables. Constraints (35)
and (36) indicate Constraint (28) as a linear one
using 7n; as a binary variable that is defined in
Eq. (41). Accordingly, Constraints (37) and (38)
present Constraint (29) as a linear one using u; as a
binary variable that is defined in Eq. (42). At last,
Constraints (39) and (40) present Constraint (30)
as a linear one using #; as a binary variable that is
defined correspondingly in Eq. (43). Therefore, we
reformulated the problem to a single-level MINLP that
can be solved by GA implemented in MATLAB 7.11.
For validation of the proposed GA, we compare the
results of GA method with those of EM that produces
optimal solution by counting all feasible space.

4. Solution methodology

Complexity of the problem depends on the size of
the problem; therefore, solution time of the proposed
algorithms is used as a criterion for evaluating the
algorithms. To solve this problem, usually, metaheuris-
tic methods can be utilized for these problems. Due
to the non-linearity and mixed integer properties of
our problem, the problem belongs to NP-hard class
of problems; thus, EM requires a long to time to
find the optimal solution and that is why we opt for
GA.

GA is one of the evolutionary algorithms that
combines the effect of the genetic code and data trans-
fer as well as compatibility with the existing natural
selection procedure based on environmental modeling.
Better generation often arises from composition of
better chromosomes. Sometimes, mutations in chro-
mosomes may improve the next generation, and GA
utilizes this idea to solve real problems. The proposed
GA procedure for Problems (19)-(43) is described in
Figure 2.

Representation chromosome is one of the most
important factors of GA with significant impact on

Select parameters;

Select initialize population;

‘While (the stop condition does not occur) do
Evaluate fitness function (Ilg in Eq. (19));
{

Check feasibility (Eqgs. (20)-(43))

}

Select parents;

Heuristic function;

Crossover;

Mutation;

Sort population;

Select the best population as the final solution;

Figure 2. Pseudocode of the proposed GA.

the GA performance. In this study, each chromosome
is a one-dimensional array consisting of decision and
auxiliary variables as the genes of each chromosome:

V= [tlv"' 7tm1T17"' 7T717Q117"' ydNm»
Qll?”’ 7QN7’L7T117H' sTNm>
ulla"'7uNmavlla"'aUNn]- (44)

In Eq. (44), vector V, we employ government decision
variables (t;, Tk ), supplier decision variables in each SC
(¢i;), manufacturer decision variable in each SC (Qx),
and the KKT wvariables, respectively, to represent the
solution chromosome.

Now, we describe the main steps of the proposed
GA:

- Initialization: In this study, p chromosomes are ran-
domly generated to form the initial population. Each
row of population matrix represents a chromosome.
Therefore, a fixed number of the chromosomes are
determined by a range of genes so that the initial
random population can be formed;

- Fitness function: After generating the initial pop-
ulation, the fitness function should be calculated
for each chromosome. Each chromosome represents
a solution; thus, the fitness of the chromosome
can be evaluated by computing objective function
(government revenue) for the corresponding solution;

- Selection strategy: In the related literature, there
are various selection methods such as the roulette
wheel, tournament selection, and ranking selection.
In this study, we use a ranking method as a selection
strategy. Therefore, the current generation is sorted
from the best to worst in order of their fitness value;
hence, the chromosome with a high rank has more
chance to be selected for a new generation;

- Heuristic operator: In this research, the proposed
algorithm uses a heuristic function to create a new
offspring. This function performs as follows: amount
of each chromosome in a column will be replaced
with mean value of the chromosomes in the higher
rank of the population;

- Crossover: The action of combining two chromo-
somes (parents) and obtaining two new chromosomes
(children) is called Crossover. Genes that need to be
selected from each parent will be chosen in many
ways, such as one-point or two-point crossover. In
this study, firstly, a gene is randomly selected from
each column. Secondly, the genes are written in
reverse from the next point to the last gene in that
column. Afterwards, we check the feasibility of the
new offspring. If a new child is feasible, it will be
considered as the new generation,;
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Table 1. Supply and pollution costs as well as sale price of stochastic raw material in numerical example.

Pollution cost Sale price

GSC 1 GSC 2
in GSCs in GSCs
1 2 1 2 1 2 1 2
Raw materials 150 200 120 250 10 20 400 300
Final products 355 256 350 260 100 300 1000 1200

- Mutation: Besides crossover, mutation operation is
also utilized to improve the solutions. This operation
is performed in order to escape from being trapped in
local optimum. In this study, a mutation operation is
performed so that for each column of the population,
two genes are selected, and then replaced with each
other. Similarly, if a new child is feasible, it will be
considered as the new generation;

- Termination criterion: The process is repeated
several times to produce the next generation. In this
research, after n number of iterations, the algorithm
stops and reports the best obtained solution.

5. Results and discussion

A numerical example is first introduced, and then,
a comparison between the results of EM and GA is
presented for evaluating the validity of the methods.

5.1. Numerical example

In this section, we will explain the problem in detail
for the automotive industry that has been previously
described. This problem is considered between two
GSCs, such that each one contains a raw material
supplier and a manufacturer that produces different
vehicles with green and non-green qualities. Both raw
materials have been utilized to produce green and non-
green automobiles. Obviously, the consumption rate of
each raw material to produce products is different. In
this example, the maximum environmental pollution
cost is considered 7000. Moreover, the amount of
capacity required to produce both kinds of the final
products is assumed 80. Other data utilized to solve
the numerical example are shown in Tables 1 and 2.

Table 2. Coefficient of components and the cost function
coefficient of each manufacturer.

Cost
GSC 1 GSC 2 coefficient
in GSCs
1 2 1 2 1 2
Raw materials 0.2 0.1 0.1 0.1 0.8 0.9
Final products 0.1 0.2 0.1 0.1

The proposed GA for solving Problems (10)-(43)
is implemented by MATLAB 7. The values of the
decision variables of suppliers, manufacturers of GSC,
and the government for the best solution are shown in
Table 3. Moreover, the values of the best solution for
revenues of the government, suppliers, and manufac-
turers and environmental pollution cost are shown in
Table 4. In addition, the values procured for binary
variables and variables related to the KKT linear
constraints are shown in Tables 5 and 6, respectively.

5.2. Computational results
As a numerical example, an oligopolistic competition
between two GSCs is considered.

Due to the increasing environmental legislation,
demands and requests of customers, the car manufac-
turers have tried to boost their green management.
The vehicles’ environmental compatibility is relevant to
suppliers’ environmental performance. As a result, the
environmental requirements of the automobile man-
ufacturers will meet the cooperation with suppliers.
In this study, two approaches have been utilized in
production process. In the first production method,
we consider green materials and also green energy. In
other words, in this method, recyclable raw material
and green energy, such as solar energy or energies with
less environmental impact, are considered to produce
final green products. The second method regards non-
green products and renewable raw materials. The pro-
duction method selected for each manufacturer in SCs
depended on the government’s fiscal and environmental
policies and available tariff rates.

According to Cournot game, the price of finished
product is a function of product demand; also, with
considering oligopoly competition, price of the final
product is a function of the total demand in the market.
For this problem, firstly, we introduce problem sizes
regarding the number of suppliers and manufacturers
shown in Table 7. Afterwards, we represent the results
obtained by EM and GA. As mentioned before, we
use EM to prove the validation of the proposed GA.
Subsequently, the results are compared with those of
the GA to validate the approach. These results are
shown in Table 8.

Table 3. Decision variables values obtained by the proposed genetic algorithm.

di1 g21 qi2 q22 Q11

Q21

Qiz Q22 t1 t2 Th T

69 7 80 66 80

75

70 80 44 39 -13 46
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Table 4. Best solutions values obtained by the proposed genetic algorithm.

Government Supplier Supplier Manufacturer Manufacturer Environmental
income income 1 income 2 income 1 income 2 pollution cost
17398 9588 5629 121690 122670 6120

Table 5. Optimum values of the KKT variables in the proposed genetic algorithm.

V11 V21 V12 V22 w11 U21

U2 U22 T11 T21 T12 T22

0 0> 0> 0 0 0

0 0> 0 0> 0 0

Table 6. Optimum values of the binary variables in the
proposed genetic algorithm.

M M2 My My 61 62
1 0 0 1 0 0

Table 7. Test problem sizes.

Number of Number of
Code
suppliers manufacturers
2-2 2 2
3-3 3 3
4-4 4 4

In Table 8, results acquired by GA are presented
in six columns. The first four columns represent
the population size, number of iterations, objective
function value, and the problem’s solving time. The
next two columns indicate the average value of the
objective functions and the solving time of all problems,
respectively. Moreover, results obtained by EM have

two columns that show the optimal solutions of the
problem and the solving time, respectively. Results
presented in Table 8 express that the proposed GA on a
greedy search is an efficient algorithm to produce good
results.

By comparing the results, we can conclude that
the difference between the solutions obtained by GA
and the optimal solutions acquired by EM is one of the
factors indicating the quality of the proposed method.
With increasing the problem size, EM can no longer
reach an optimal solution. Hence, large-sized problem
should be solved by the proposed GA. Figure 3 clearly
displays the difference between the results obtained
from GA to the global optimum solutions of the
problem obtained from EM.

Now, we analyze the sensitivity of government
revenue with respect to the upper bound of environ-
mental pollution cost (UB). Five values have been
chosen for UB: UB1 = 7000, UB2 = 6000, UB3 = 5000,
UB4 = 4000, and UB5 = 3000. Objective functions for
these values are reported in Figure 4.

Table 8. Computational results for GA.

Genetic algorithm Enumerative
A method
Code T veragTe‘ T %Error"
Pop Iteration Answer tme Answer mme Answer rme
(sec) (sec) (h)
10 20 16945 597
10 40 17124 675
2-2 17173.5 734 17398 85 % 1.3
10 60 17257 710
10 80 17368 954
10 20 34951 758
10 40 35864 946 . .
3-3 35946.75  1020.25 36901 120 % 2.58
10 60 36102 1072
10 80 36870 1305
20 20 56874 1486
20 40 58421 1675
4-4 7 ? 58463.5 1784 N N —
20 60 58705 1861
20 80 59854 2116

1% Error = EM SDIE‘;\‘/F:;ﬁi}zolutlon % 100
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Figure 3. Comparison of the values of objective function
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Figure 4. The sensitivity of objective value to different
threshold of environmental standard.
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Figure 5. The sensitivity of raw materials’ tariff to
different threshold of environmental standard.

According to this figure, it is quite clear that the
government income is decreased by reducing UB, that
is, decreasing the threshold of environmental pollution
standard would lead to producing more non-green
products.

Figures 5 and 6 also indicate that the tariffs
assigned to raw materials and the final products by the
government are sensitive to changes of UB. In Figure 5,
t; (t1 and tg) refers to the tariffs on raw material
j imposed by the government (j = 1,---,2). Also,
in Figure 6, Ty, (71 and T3) refers to the tariffs on
product k imposed by the government (k = 1,---,2).
According to these figures, we can conclude that by
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Figure 6. The sensitivity of products’ tariffs with regard
to threshold of environmental standard.

reducing UB, positive values of tariff rate (tax) assigned
to non-green materials and finished products by the
government will be increased. Similarly, the negative
values of tariff rate (subsidy) allocated to raw materials
and finished products are also raised by the government
to convince GSC members to improve the quality
of their products. This means that suppliers and
manufacturers will reduce their production of non-
green products; as a result, the environmental pollution
cost decreases.

6. Conclusions and further study

In this research, a competitive market based on
oligopoly and cournot games was considered between
multi-product green supply chains with a focus on the
automotive industry. Each supply consisted of a man-
ufacturer and a set of suppliers. We investigated the
role of government as a leader on the competition via
finance intervention. In this regard, a nonlinear bi-level
model is proposed, and in the first level, priorities of
the government policy were to maximize its net income,
control the environmental pollution, and increase social
welfare. In the second level, the objective was to
maximize the profit of each GSC member.
Subsequently, the bi-level model was converted
to a single-level model by replacing the second level
with its Kuhn Tucker conditions and using linearization
techniques. The proposed approach was implemented
and evaluated using MATLAB 7. Then, the results
obtained from the GA were compared to the exact
ones of EM in small-sized problems in order to validate
the GA. The results showed that the GA was close
to global optimum in smaller size problems. The
sensitivity analysis of this model indicates that the
fiscal policy of the government is greatly effective
in reducing environmental pollution costs caused by
industrial activities, such as automobile production, in
a competitive market. We found that this effect was
resulted from appropriate the tax and subsidy of the
government. Many other aspects could be researched
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in future studies. Since the model was considered with
certain values of price and demand, in future, uncertain
values may be considered. Moreover, in the present
model, only supplier and manufacturer were considered

as GSC members.

Other possible members, such as

retailer and distributer, can be added to the model in
the future study.

References

1.

10.

11.

12.

Shultz, C.J.II. and Holbrook, M.B. “Marketing and
tragedy of the commons: A synthesis commentary
and analysis for action”, Journal of Public Policy and
Marketing, 18(2), pp. 218-29 (1999).

Zhu, Q. and Sarkis, J. “Relationships between opera-
tional practices and performance among early adopters
of green supply chain management practices in Chinese
manufacturing enterprises”, Journal of Operations
Management, 22, pp. 265-289 (2004).

Cournot, A.A., Researches into the Mathematical Prin-
ciples of the Theory of Wealth, English Translation,
MacMillan, London, England (1838).

Wilkerson, T., Can One Green Deliver Another?,
Harvard Business School Publishing Corporation,
available at: http://www.supplychainstrategy. Org/
(2005).

Van Hoek, R.I. “From reversed logistics to green
supply chains”, Supply Chain Management, 4(3), pp.
129-135 (1999).

Gupta, M. “Environmental operations management:
an opportunity for improvement”, Production and
Inventory Management Journal, 37, pp. 40-46 (1996).

Sarkis, J., Ed., Greener Manufacturing and Opera-
tions: From Design to Delivery and Back, Sheffield:
Greenleaf (2001).

Wagner, M., Schaltegger, S. and Wehrmeyer, W. “The
relationship between the environmental and economic
performance of firms”, Greener Management Interna-
tional, 34, pp. 95-108 (2001).

Hui, I.LK., Chan, A.H.S. and Pun, K.F. “A study of
the environmental management system implementa-
tion practices”, Journal of Cleaner Production, 9, pp.
269-276 (2001).

White, C.D., Masanet, E., Rosen, C.M. and Beckman,
S.L. “Product recovery with some byte: an overview
of management challenges and environmental conse-
quences in reverse manufacturing for the computer
industry”, Journal of Cleaner Production, 11, pp. 445-
458 (2003).

Lee, C.K.M. and Chan, T.M. “Development of RFID-
based reverse logistics system 7, Fzpert Systems with
Applications, 36(5), pp. 9299-9307 (2009).

Lee, C.K.M. and Lam, J.S.L. “Managing reverse logis-
tics to enhance sustainability of industrial marketing”,
Industrial Marketing Management, 41(4), pp. 589-598
(2012).

13.

14.

15.

16.

17.

18.

19.

21.

22.

23.

24.

25.

Zhang, S., Lee, C.K.M., Choy, K.L., Ho, W. and Ip,
W.H. “Design and development of a hybrid artificial
bee colony algorithm for the environmental vehicle
routing problem”; Transportation Research Part D:
Transport and Environment, 31, pp. 85-99 (2014).

Chibeles-Martins, N., Pinto-Varela, T., Barbosa-
POVoa, A.P. and Novais, A.Q. “A multi-objective
meta-heuristic approach for the design and planning
of green supply chains - MBSA” | Ezpert Systems with
Applications, 47, pp. 71-84 (2016).

Tognetti, A., Grosse-Ruyken, P.T. and Wagner, S.M.
“Green supply chain network optimization and the
trade-off between environmental and economic objec-
tives”, International Journal of Production Economics,

170, pp. 385-392 (2015).

Colson, B., Marcotte, P. and Savard, G. “An overview
of bilevel optimization”, Annals of Operational Re-
search, 153, pp. 235-256 (2007).

Vicente, L.N. and Calamai, P.H. “Bilevel and multi-
level programming: A bibliography review”, Journal
of Global Optimization, 5(3), pp. 291-306 (2004).

Calamai, P.H. and Vicente, L.N. “Generating
quadratic bilevel programming test problems”, ACM
Trans. Math. Software, 20(1), pp. 103-119 (1994).

Koh, A. “Solving transportation bi-level programs
with differential evolution”, In 2007 IEEE Congress
on Evolutionary Computation (CEC-2007), pp. 2243-
2250, TEEE Press (2007).

Mathieu, R., Pittard, L. and Anandalingam, G.
“Genetic algorithm based approach to bi-level linear
programming”, Operations Research, 28(1), pp. 1-21
(1994).

Oduguwa, V. and Roy, R. “Bi-level optimisation using
genetic algorithm”, In Proceedings of the 2002 IEEE
International Conference on Artificial Intelligence Sys-

tems (ICAIS02), pp. 322-327 (2002).
Wang, Y., Jiao, Y.C. and Li, H. “An evolutionary

algorithm for solving nonlinear bilevel programming
based on a new constraint-handling scheme”, [KEE
Transactions on Systems, Man, and Cybernetics, Part
C: Applications and Reviews, 35(2), pp. 221-232
(2005).

Yin, Y. “Genetic algorithm based approach for bilevel
programming models”, Journal of Transportation En-
gineering, 126(2), pp. 115-120 (2000).

Colson, B., Marcotte, P. and Savard, G. “An overview
of bilevel optimization”, Annals of Operational Re-
search, 153, pp. 235-256 (2007).

Dempe, S., Kalashnikov, V.V. and Kalashnykova, N.
“Optimality conditions for bilevel programming prob-
lems”, In Optimization with Multivalued Mappings,
Dempe, S. and Kalashnikov, V.V., Eds., pp. 3-28,
Springer US (2006).



26.

27.

28.

29.

30.

31.

32.

33.

34.

36.

A. Hafezalkotob et al./Scientia Iranica, Transactions E: Industrial Engineering 24 (2017) 1519-1532

Wang, G., Wan, Z., Wang, X. and Lv, Y. “Genetic
algorithm based on simplex method for solving linear-
quadratic bilevel programming problem”, Comput

Math. Appl., 56(10), pp. 2550-2555 (2008).

Li, H. and Wang, Y. “A hybrid genetic algorithm for
solving nonlinear bilevel programming problems based
on the simplex method”, International Conference on
Natural Computation, 4, pp. 91-95 (2007).

Angelo, J., Krempser, E. and Barbosa, H. “Differential
evolution for bilevel programming”, Proceedings of the

2013 Congress on Evolutionary Computation (CEC-
2013), IEEE Press (2013).

Sinha, A., Malo, P., Frantsev, A. and Deb, K.
“Finding optimal strategies in a multi-period multi-
leader follower stackelberg game using an evolutionary
algorithm” | Computers & Operations Research, 41, pp.
374-385 (2014).

Li, H. and Wang, Y. “A genetic algorithm for solving
a special class of nonlinear bilevel programming prob-
lems”, In Computational Science/AI ICCS 2007, Y.
Shi, G. Albada, J. Dongarra, and P. Sloot, Eds., of
Lecture Notes in Computer Science, 4490, pp. 1159-
1162, Springer Berlin Heidelberg (2007).

Li, H. and Wang, Y. “An evolutionary algorithm with
local search for convex quadratic bilevel programming
problems”, Applied Mathematics and Information Sci-
ences, 5(2), pp. 139-146 (2011).

Wang, Y., Jiao, Y.C. and Li, H. “An evolutionary
algorithm for solving nonlinear bilevel programming
based on a new constraint-handling scheme”, [EEE
Transactions on Systems, Man, and Cybernetics, Part
C: Applications and Reviews, 32(2), pp. 221-232
(2005).

Liu, B., Stachelberg-Nash Equilibrium for Multilevel
Programing with Multiole Followers Using Genetic
Algorithms, Pergamon, 36(7), pp. 79-89 (1998).

Hencheng, L. and Yuping, W. “Exponential
distribution-based genetic algorithm for solving
mixed-integer  bilevel = programming  problems”,

Journal of Systems FEngineering and FElectronics,
19(6), pp. 1157-1164 (2008).

Calvete, H.I., Galé, C. and Mateo, P.M. “A new
approach for solving linear bilevel problems using
genetic algorithms”, European Journal of Operational
Research, 188, pp. 14-28 (2008).

Wang, G., Wan, Z., Wang, X. and Lv, Y. “Genetic
algorithm based on simplex method for solving linear-
quadratic bilevel programming problem”, Computers
& Mathematics with Applications, 56(10), pp. 2550-
2555 (2008).

37.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

1531

Kuo, R.J. and Han, Y.S. “A hybrid of genetic algo-
rithm and particle swarm optimization for solving bi-
level linear programming problem - A case study on

supply chain model”, Applied Mathematical Modelling,
35(8), pp. 3905-3917 (2011).

Lin, S., Luan, F., Han, Z., Li, X., Zhou, X. and
Liu, W. “Genetic algorithm based on duality principle
for bilevel programming problem in steel-making pro-
duction”, Chinese Journal of Chemical Engineering,

22(7), pp. 742-747 (2014).
Acemoglu, D.; Bimpikis, K. and Ozdaglar, A. “Price

and capacity competition”, Games and Economic Be-
havior, 66(1), pp. 1-26 (2009).

Xiao, F., Yang, H. and Han, D. “Competition and effi-
ciency of private toll roads”, Transportation Research
Part B, 41(3), pp. 292-308 (2007).

Sheu, J.B. “Bargaining framework for competitive
green supply chains under governmental financial in-
tervention”, Transport Res E-Log, 47, pp. 573-592
(2011).

Masoumi, A.H., Yu, M. and Nagurney, A. “A supply
chain generalized network oligopoly model for phar-
maceuticals under brand differentiation and perisha-
bility”, Transportation Research Part E: Logistics and
Transportation Review, 48(4), pp. 762-780 (2012).

Tsitsiklis, J.N. and Xu, Y. “Efficiency loss in a Cournot
oligopoly with convex market demand”, The J. of
Mathematical Economics, 53, pp. 46-58 (2014).

Desgrangesa, G. and Gauthier, S. “Rationalizability
and efficiency in an asymmetric Cournot oligopoly”,
International Journal of Industrial Organization, 44,
pp. 163-176 (2016).

Goltsman, M. and Pavlov, G. “Communication in
Cournot oligopoly”, Journal of Economic Theory, 153,
pp. 152-176 (2014).

Xiao, T. and Yang, D. “Price and service competition
of supply chains with risk-averse retailers under de-
mand uncertainty”, International Journal of Produc-
tion Economics, 114(1), pp. 187-200 (2008).

Hafezalkotob, A. “Competition of two green and regu-
lar supply chains under environmental protection and
revenue seeking policies of government”, Computers &
Industrial Engineering, 82, pp. 103-114 (2015).

Bazaraa, M.S., Sherali, H.D. and Shetty, C.M., Non-
linear Programming: Theory and Algorithms, 3rd Edn.
A John Wiley & Sons, INC., Publication, pp. 113-114
(2006).

Biographies

Ashkan Hafezalkotob is currently an Associate Pro-
fessor at the Industrial Engineering College of South
Tehran Branch of Islamic Azad University. He received
his BS degree in Industrial Engineering in 2004, an
MS degree in Industrial Engineering in 2007 and PhD



1532 A. Hafezalkotob et al./Scientia Iranica, Transactions E: Industrial Engineering 24 (2017) 1519-1532

degree in Industrial Engineering in 2012 at Iran Univer-
sity of Science & Technology. His research interests in-
clude supply chain, decision-making techniques, game
theory, and mathematical modelling. He has authored
papers published in several journals including IJPE,
CAIE, APM, AMC, JMAD, Scientia Iranica, IJFS,
MPE, JMSY, IJE, IJIEC, and some other journals and
conferences proceedings.

Saba Borhani received her BS degree in Applied
Mathematics in 2009 from Hakim University, Tehran,
Iran; also, she received an MS degree in Industrial
Engineering in 2014 from South Tehran Branch of the

Islamic Azad University, Tehran, Iran. Her research
interests include game theory, DEA, supply chain,
decision-making techniques, mathematical modeling,
and systems modeling.

Soma Zamani received her BS degree in Applied
Mathematics in 2009 from Tabriz University, Tabriz,
Iran, and an MS degree in Industrial Engineering
in 2014 from South Tehran Branch of the Islamic
Azad University, Tehran, Iran. Her research interests
include game theory, DEA, supply chain, decision-
making techniques, mathematical modeling, and sys-
tems modeling.





