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Abstract 

The main issue in the for the green supply chain strategies is the ability to find exact and practical solutions (pay 

off function), which can motivate the main supply chain members to choose an approach under uncertainty  

conditions, where, any practical solution should include different mathematical techniques and use engineering 

sciences to make an effectiveness relation between scientific researches and trading industries. In this paper, an 

optimization model using fuzzy game theory for three players is developed, which is affected by customer  

demands in a green supply chain. The proposed model includes a practical solution to increase the confidence 

level of players to choose plausible green strategy. Initially, the strategies are formulated using the game theory 

for three players, particularly, manufacturer, costumer and government, to be able to optimize the pay-off 

uncertainty conditions of demands, this can be achieved by combining computational fuzzy set with ability of 

sensitive analysis of related fuzzy parameters to enhance the calculations and problem solving, with focus on 

presenting Nash equilibrium the problem-solving part. 

Keywords: Fuzzy Game theory, Nash Equilibrium, Green Supply Chain, Customer pay off function,  Green 

strategy.  

I.Introduction 

Recently, the growth of green supply chain approaches and sustainable development the subject of focus and 

study by researchers. Traditionally, most of methods and models often were presented to conceptual justify 

green supply chain. The main issue is to find exact and practical solutions in order to motivate the main supply 

chain members to choose an approach under uncertainty conditions [1]. Any practical solution should include 

different mathematical techniques and use engineering sciences to make an effectiveness relation between 

these scientific researches and trading industries [2]. 

In this paper development of new combination of game fuzzy analytical model in the green supply chain 

strategies, to make a more plausible fuzzy game model with deployment of players, decision- making 

parameters of pay-off functions. In which, major parameters, and players' pay-off functions are optimized in 

order to create more accurate analytical results for players to make a more confident strategic decision.  This 

model aims at the government and manufacturers abilities to analyze the effectiveness of customer's decisions, 

their strategies and related income/cost parameters are to change status. Furthermore, an optimization model 

is developed to determine the optimal cost/income parameters of players pay-off (pricing, subsidiaries ...), this  

optimization is developed based on customer demand. Due to the vagueness in the real-world data, then the 

considered fuzzy based game theory model in green supply chain looked promising, in the sense that, it can 

put the ground to build more practical solution in order to optimize related functions and variables. Moreover, 

for more comprehensive analysis, a three-player game model (government, manufacturer and customer) has 

been considered in green supply chain management. The final results of this work show that if the green 

strategies are considered by players, the game fuzzy model can provide more economic results in players' pay-

off than the non-fuzzy game model. 

The remaining part of the paper is organized as follows; section II, lists some of the work done in the literature. 

Section III, the modelling of the problem is elaborated. Section IV, modelling of the problem with applying Fuzzy 

Set theory concepts with sensitive analysis. Section V, details the simulation and application considered for the 
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proposed fuzzy model with optimal solution. Section VI, Numerical analysis with case study is provided. And 

finally, the conclusion is drawn. 

II.Literature review 

Since the 1980’s the topics of supply chain management as programming, practical control related to selection 

material, production, transportation, distribution and also collaborations among members of supply chain have 

always been discussed in earlier studied [1]–[4]. Recently, due to reduction of resources, increase in 

environmental pollutions because of commercial developments, and increase of demands, green supply chain 

appeared as natural response to the challenge of how to improve environmental performance and long-term 

economic profits [5]. Where, Green supply chain management can be defined as sets of regulations and 

principles in Supply Chain to minimize environmental impacts from the suppliers to end users [6]. On one hand, 

it can be claimed as a win-win strategy via increment of long-term economic benefits, along with a decrement 

of environmental impacts as explained in [7], [8]. On one hand, Green supply chain management has important 

effects on manufacturers, especially, as growth in opportunities and challenges of green product's progress and 

promotion in innovation of products [9]. On the other hand, integration of clean technology in supply chain 

processes has another important environmental consideration to reduce industrial pollution [10]. A previous 

study done in [11] showed how the life cycle model of carbon emissions can be viewed as significant aid to 

customers for choosing products, and how it could be seen as an environmental sign in transmitting tools for 

manufacturers. 

While Game theory can be regarded as an important technique in supply chain, especially, when conflicts of the 

players appears. It is essential to assist decision makers to increase effective collaboration among each other's 

goals, which was considered in [12]. Practical game theory is also discussed and studied often in coordination 

between economic stability, and effectiveness of supply chain[13]–[16]. Although, adoption of game theory in 

the subject of the green supply chain are being under study [17], where, an evolutional model of game theory 

on how governmental penalties and subsidies affect companies' environmental performance were offered. In 

that study, it was suggested that governments could be more effective on environmental regulations  

performance by companies through penalties and subsidies . In another study done in 2009 [18], where, different 

game models were offered to design pricing strategies that are related to the environmental regulations. In 

2011 [19], an asymmetric bargaining game model was presented, in which, a search for argumentative solutions 

between manufacturers and suppliers of reversed logistics under governmental tax law to properly increase the 

bargaining power of supply chain members was considered. Furthermore in 2012 [20], a dynamic evolutionary 

game model was presented to study potential strategic coordination between manufacturer and retailers, which 

was achieved through maximizing economic benefits, that work engendered the concept of win-win to green 

industry activities, where the win-win condition could be considered between environment and long-term 

economic benefits in any green supply chain. In another work [21], an exclusive game model was presented for 

the mode of industry by different brands, particularly, it considered the relationship between benefit maximizing, 

and carbon emissions minimizing.  

In [11] a game model with two players (manufacturer and government) has been represented in general cases, 

where, selection of green supply chain strategies between them has been analyzed. In that model, the change 

of traditional manufacturing methods to green supply chain approach was considered individually, and by 

adding penalties and subsides to decisions of government via game theory. In 2014 [22], an evolutional game 

model was represented via combination of the dynamic system about Chinese manufacturers , which has been 

analyzed for the effect of governmental subsidies on manufacturers and customers in positive performance of 

green supply chain. In 2015 [23], a game theory model was presented by considering competition of one green 

supply chain and one regular supply chain, it examined the effects of three policies of government on the chain 

competition. In [24], a general methodology was represented on game matrix solving for two-players case, 

where, it considered triangle fuzzy numbers implementation and their general extension for similar cases 

according to key observations. In [25], the focus thrown on the context of government intervention, which,  
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showed that subsidies have significantly more impact than taxes on profits and sustainability, and also shown 

that, the green degree of green products is indifferent toward tax rate variations. 

Those studies showed important cases where general models in the green supply chain using game theory 

implementation. In most of the cases, two-player models, and simple approach to provide conditions of studies. 

As the new model of this study an integration of three major players of the chain model is presented, it makes 

a combination of the games and strategies more different than previous studies. Moreover, it considers the 

effectiveness of more various parameters in pay-off function of players. In addition, for making more practical 

and efficient model, fuzzy sets theory and sensitivity analysis of players' pay-off function are combined to the 

game modelling. Therefore, the designed model is changed from a simple model of previous studies to an 

effective practical-analytical model in order to achieve the realized optimal results under uncertain conditions. 

III. Problem modelling 

In order to be able to clarify the modelling of the problem, initially a description of main parameters have to be 

set out to a common ground, this includes the main income and cost parameters for the Subsidiaries considered 

in this particular problem i.e., Government, Manufacturer, and Customer. For the income purposes, income 

gained from some financial facilities such as loans, world credits…etc., can be considered as sources for income 

for the governments. Loans, Customs duty exemption, Tax exemption, and any other special facilities can be 

considered as income for manufacturers. While, special discounts, special conditions of payment, after sale 

services…etc., are considered as incomes for customers. The sustainable development benefits can be 

considered as long-term strategic income parameter, which can be influential in decision-making process of the 

players especially for government and manufacturers. However, the calculation methodology of this parameter 

is out of scope of this work. 

Costs parameters can vary, for instance: Environmental costs may include costs of negative effects of resources 

consumption, air pollution, and risks to human health caused by the environmental performance of supply chain.  

Whereas, unemployment cost; say a certain manufacturer showed a desire to change the technology, then, 

government must consider probable costs of unemployment for those who may be unemployed due to this  

change. Subsidiary cost, which, can be the cost that a player considers as subside or decline of other players. 

Manufacturing technology costs, which can include maintenance, energy consumption, training…etc., to be 

added to manufacturing direct costs. Losing credit costs, loss international or government credit in the event of 

non-implementation of international green industry related requirements  has to be an added cost.  

For the modelling of this problem, let 𝑁 be the set of players and 𝑆 the set of strategies are defined as: 

𝑁 =  { 1, 2, 3} 

𝑆𝑖 = {𝑆1, 𝑆2 ,… , 𝑆𝑘 }    𝑖 ∈ 𝑁 

According to general model of green supply chain and if the change of green industry level is considered (see 

appendix A), then the main strategies of players (variables of decision making) are described in the Table 1. 

Table 1 Strategies of players 

Government (1) Manufacturer (2) Customers (3) 

Passive Maintain technology Demand Reduction 

Supervision Move to tolerable level Passive 

Subsidiary system Move to acceptable level Demand increase 
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Based on the above relations and variables, the pay-off function of players can be formulated as: 

∀ 𝑆𝑛𝑚  ,       𝑃𝑛𝑚 =  ∑ (𝐼𝑛𝑖)𝑆𝑛𝑚
𝑘
𝑖=1 − ∑ (𝐶𝑛𝑗)𝑆𝑛𝑚

𝑙
𝑗=1      (1) 

𝑛 = 1, 2, 3 

𝑚 = 1, 2, 3 

𝑖 = 1, 2, … , 𝑘 

𝑗 = 1, 2,… , 𝑙 

Where, 𝑆𝑛𝑚 is the strategy (𝑚) that is chosen by player (𝑛), 𝑃𝑛𝑚  is pay-off of player (𝑛) if strategy (𝑚) is  

chosen, (𝐼𝑛𝑖)𝑆𝑛𝑚 is the income (𝑖) of player (𝑛) if strategy (𝑚) is chosen, (𝐶𝑛𝑗)𝑆𝑛𝑚
is cost (𝑗) of player (𝑛) if strategy 

(𝑚) is chosen, 𝑛 is the number of players (1: government, 2: manufacturer, 3: customer), 𝑚 is the number of 

players' strategy, 𝑖 is the number of players' income, and 𝑗 is the number of players' cost. Where details of income 

and cost parameters for each player are described in Table 2 and  

Table 3: 

Table 2 The income parameters of pay-off functions 

Government (1) Manufacturer (2) Customers (3) 

Penalties Sale Subsidiary 

Int. Subsidiary Subsidiary Sustainable Development 

Benefit 

Sustainable Development 

Benefit 

Sustainable Development 

Benefit 

 

 

Table 3 The cost parameters of pay-off functions 

Government (1) Manufacturer (2) Customers (3) 

Supervision Investment Purchasing 

Subsidiary Production Environment 

Environment Subsidiary  

Losing Credit Overhead  

Unemployment Penalties  

 

If the parameter; 𝛼 is defined as, the penalty rate of manufacturer according to percentage of income of selling 

products, the parameter 𝛽 is the rate of increase in price of products in case of technology change, 𝛾 is the 

manufacturer's percent of share from incentive budget of government, and 𝜀 is the customers' cost if increase 

of demand is seen in state of no change of technology. Then according to eq.(1), Table 2 and  

Table 3,  the players pay-off functions could be formulated as: 

𝑃1 =  (𝐼11 + 𝐼12+ 𝐼13) − (𝐶11+  𝐶12+ 𝐶13+ 𝐶14 +𝐶15)  

Where, 𝐼11 = 𝛼 (1 +  𝛽)(1 +  𝜌)𝐼21 , and 𝐶12 = 𝛾 𝐶12 + (1 − 𝛾)𝐶12 
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then:  𝑃1 = [𝛼(1 + 𝛽)(1 + 𝜌)𝐼21+ 𝐼12+ 𝐼13] − [(𝐶11 +𝛾𝐶12+ (1 − 𝛾)𝐶12+ 𝐶13+ 𝐶14+ 𝐶15)]    (2) 

𝑃2 =  [𝛼(1 + 𝛽)(1 + 𝜌)𝐼21 + 𝐼22+ 𝐼23] − (𝐶21+  𝜑(1 +  𝜌)𝐶22 + 𝐶23+ 𝐶24 + 𝐶25) 

Where 𝐼22 = 𝛾𝐶12 , and 𝐶25 = 𝛼(1 + 𝛽)(1 + 𝜌)𝐼21 

𝑃2 = [(1 + 𝛽)(1 + 𝜌)𝐼21+ 𝛾𝐶12+ 𝐼23] − (𝐶21 +  𝜑(1 +  𝜌)𝐶22+ 𝐶23 +𝐶24 + 𝛼(1 + 𝛽)(1 + 𝜌)𝐼21) 

 

 then:  𝑃2 =  [(1 − 𝛼)(1 + 𝛽)(1 + 𝜌)𝐼21+ 𝛾𝐶12+ 𝐼23] − (𝐶21 +  𝜑(1 +  𝜌)𝐶22+ 𝐶23 + 𝐶24)   (3) 

 

𝑃3 =  (𝐼31+ 𝐼32) −  (𝐶31+ 𝐶32), where 𝐼31 =  (1 − 𝛾)𝐶12, and 𝐶31 = (1 + 𝛽)𝐼21 +𝛽𝜌𝐼21 + 𝜀 = (1 +𝛽 + 𝛽𝜌)𝐼21 + 𝜀  

 

then: 𝑃3 = [(1 − 𝛾)𝐶12 + 𝐼32] − [(1 + 𝛽 + 𝛽𝜌)𝐼21 +𝜀 + 𝐶32]      (4) 

Then, the games matrix of three players is modelled as shown in tables 4, 5 and 6. Where, the detailed analysis 

of the game is described in appendix B. 

Table 4 Game matrix- Customer strategy = S31 

 Manufacturer strategy= 𝑺𝟐𝟏  Manufacturer strategy= 𝑺𝟐𝟐  Manufacturer strategy= 𝑺𝟐𝟑  

Government 

strategy= 𝑺𝟏𝟏  

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   

 

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   

 

Government 

strategy= 𝑺𝟏𝟐  

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   

Government 

strategy= 𝑺𝟏𝟑  

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗=1   
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Table 5 Game matrix- Customer strategy = S32 

 Manufacturer strategy= 𝑺𝟐𝟏  Manufacturer strategy= 𝑺𝟐𝟐  Manufacturer strategy= 𝑺𝟐𝟑  

Government 

strategy= 𝑺𝟏𝟏  

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

Government 

strategy= 𝑺𝟏𝟐  

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

Government 

strategy= 𝑺𝟏𝟑  

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆32
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆32

2
𝑗=1   

 

Table 6 Game matrix- Customer strategy = S33 

 Manufacturer strategy= 𝑺𝟐𝟏  Manufacturer strategy= 𝑺𝟐𝟐  Manufacturer strategy= 𝑺𝟐𝟑  

Government 

strategy= 𝑺𝟏𝟏  

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

∑ (𝐼1𝑖)𝑆11
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆11

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

Government 

strategy= 𝑺𝟏𝟐  

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

∑ (𝐼1𝑖)𝑆12
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆12

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

Government 

strategy= 𝑺𝟏𝟑  

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆22
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆22

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1   

∑ (𝐼2𝑖)𝑆23
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆23

5
𝑗=1   

∑ (𝐼3𝑖)𝑆33
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆33

2
𝑗=1   

 

IV. Modelling with fuzzy sets and sensitive analysis 

As mentioned earlier, due to nature to the problem, the decision-making variables and major uncertain 

parameters can be considered as fuzzy sets [26]. The basic idea of fuzzy sets was raised by Zadeh in 1965 [27] 

to provide a perfect tool for modelling imprecise and vague concepts, especially knowledge containing linguistic 

descriptions. Moreover, it is shown to be a very powerful tool for modelling imprecise dependencies (Rules) 

among various system inputs and/or outputs. The origin of the imprecision usually comes from experts’ 

knowledge, or representation of information extended from inherently (imprecise) data. 
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One may ask, what fuzzy set is? Initially to answer this question, we first need to recap a bit about classical (crisp) 

set, here the belongingness of any element to a certain set can be described by the following characteristic 

function: 

𝑚𝐴
(𝑥) = {

1,   𝑥 ∈ 𝐴
0,   𝑥 ∉ 𝐴

 ⟹  𝑚𝐴
(𝑥) ∈ {0,1} 

 

Fig.  1 depicts the graphical representation of the ordinary characteristic function exemplified through the above 

equation, which emphasizes a binary state: either an element belongs to that set or does not belong at all.  

On the other hand, a fuzzy set can describe this belongingness relation with various states, where the ordinary 

set 𝑚𝐴
(𝑥) = {

1,   𝑥 ∈ 𝐴
0,   𝑥 ∉ 𝐴

 ⟹  𝑚𝐴
(𝑥) ∈ {0,1}) is only a particular case; namely, the following membership function 

𝜇𝐴 of fuzzy set A takes values in interval [0,1] instead of {0,1}: 

𝜇𝐴(𝑥) ∈ [0,1] 

It assigns a degree of membership to each element 𝑥  of universe of discourse 𝑿 rather than (exists or not exists). 

This degree of membership can be any value within [1, 0] interval. Fig.  2 provides an example of fuzzy set 𝑨.  

 

We can see that elements between 𝒂 and 𝒃 strongly belong to the fuzzy set with degree of 1, any element less 

than 𝒂 or greater than 𝒃 belongs to the same set with gradually and linearly decaying value (smaller than 1) 

depending on its occurrence in the set [28]. 

Fuzzy System is the broad title that can be used to describe any system that deals with imprecise, uncertain or 

vague knowledge. Accurately those systems could be referred as Fuzzy inference systems. Basically, a fuzzy 

inference system composed of five functional blocks Fig.  3:  

Fig.  1 Crisp Set 

Fig.  2 Fuzzy Set A 
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• Rulebase; containing a number of fuzzy if-then rules, of the form: "𝑖𝑓 𝐴 𝑡ℎ𝑒𝑛  𝐵" , for example: 

𝐼𝑓 “𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒  𝑖𝑠 𝑙𝑜𝑤” 𝑡ℎ𝑒𝑛  “ℎ𝑒𝑎𝑡𝑒𝑟  𝑖𝑠 𝑂𝑁” 

• Database; defines the membership functions of the fuzzy sets used in the fuzzy rules.  

Usually, the rule base and the database are jointly referred to as knowledge base. 

• Decision-making unit; performs the inference operations on the rules.  

This is main interest in fuzzy systems, where, it helps us drawing conclusions of combining certain rules, 

drawing decision based on certain fuzzy knowledge given in the rule base. In another words, if we have 

a fuzzy set with certain degree of membership 𝜇𝐴(𝑥), and given that 𝐴 → 𝐵, we need to achieve a 

membership degree 𝜇𝐵(𝑦) of output variable 𝑦 to fuzzy set 𝐵. But we know the degree of membership 

of medium temperature, we know that, still we can draw weak conclusion based on the available 

overlapping between “𝑙𝑜𝑤” and “𝑚𝑒𝑑𝑖𝑢𝑚”  fuzzy sets. 

• Fuzzification; transforms the crisp inputs into degrees of match with linguistic values. 

• Defuzzification; transforms the fuzzy results of the inference into crisp output. 

Coming back to our problem, then, we can claim that, the model and the achieved results are definitely going 

to be more efficient and effective in order to achieve optimal result. The consideration of fuzzy set can increase 

of confidence level in decision making for each of the players to change the status.  Among of the all existing  

variables and parameters in the problem, variables of customers' decision-making said to be of more 

importance. In real conditions, if the variables of customer decision-making and its major parameters in pay-off 

function are considered as the certain states, then the exact optimal results will not be achieved. In fact, if the 

rate of considered subsidiaries for customers is not interested enough (not zero, necessarily), their decisions will 

not be changed, even if their pay-off function is higher than what it was before. Likewise, some other parameters 

(including interests resulting from sustainable development), if it is not reflecting the effective value for 

customers, this parameter cannot affect positively the customers' pay-off function. Accordingly, and based on 

these notices, we can have: 

𝑖𝑓 𝐼31+  𝐼32 − 𝜕𝐶31 < 𝐵1 𝑡ℎ𝑒𝑛  𝑆31 

𝑖𝑓 𝐼31+  𝐼32 − 𝜕𝐶31 < 𝐵1 𝑡ℎ𝑒𝑛  𝑆32 

𝑖𝑓 𝐼31+  𝐼32 − 𝜕𝐶31 < 𝐵1 𝑡ℎ𝑒𝑛  𝑆33 

Where 𝐵1 and 𝐵2 are attraction levels of sum of incomes resulting from facilities and long-term interests of 

sustainable development for decision-making and  𝐵2 >  𝐵1. In fact, we cannot expect that all players (especially 

customers), have a theoretical and precise view to details and exactly, decide according to result of pay-off 

function with any achieved value. Therefore, customers will analyze their pay-off function results qualitatively,  

not numerically.  

Fig.  3 Fuzzy Inference System 
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Where fuzzy theory sets can be very applicable to this kind of analysis. If the parameters of customer's pay-off 

function are considered as the fuzzy sets, customer behavior will be predictable because of parameters change. 

This effective model motivates the government and manufacturer to take the optimized amount for their related 

parameters (such as subsidiaries or production price) to change customer demand positively or keep it constant.  

This case will be explained more in the following paragraphs and as part of sensitivity analysis of customer 

behavior. 

To make the game model more applicable, to increase effectiveness of problem solving method, and to achieve 

optimal results, a fuzzy model is planned by the following pattern, which is adapted from [29]: 

Step 1: determination of fuzzy parameters and variables: 

Fuzzy Parameters and variable:  𝐶12,𝐶23 , 𝜕𝐶31, 𝐼32,𝑃3         (5) 

 

Step 2: planning fuzzy logical relations: 𝐶12,𝐶23 , 𝜕𝐶31, 𝐼32 → 𝜕𝑃3        (6)  

 

Step 3: planning linguistic variables of fuzzy parameters. 

Verbal variables set of each parameter can be like below:  𝑋 =  {𝑥1,𝑥2,… , 𝑥𝑛  }    (7) 

In this research, according to analysis of the type of parameters, these variables will be defined by the following 

fuzzy sets: 

𝐶12 = {𝑈𝑛𝑓𝑎𝑣𝑜𝑟𝑎𝑏𝑙𝑒  (𝑈𝐹), 𝐹𝑎𝑣𝑜𝑟𝑖𝑡𝑒  (𝐹)} 

𝐶23 = {𝑈𝑛𝑓𝑎𝑣𝑜𝑟𝑎𝑏𝑙𝑒  (𝑈𝐹), 𝐹𝑎𝑣𝑜𝑟𝑖𝑡𝑒  (𝐹)} 

𝜕𝐶31 = {𝐿𝑜𝑤 (𝐿), 𝐻𝑖𝑔ℎ  (𝐻)} 

𝐼32 = {𝐿𝑜𝑤 (𝐿), 𝐻𝑖𝑔ℎ  (𝐻)} 

𝑃3 = {𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒  (𝑁), 𝑍𝑒𝑟𝑜 (𝑍), 𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒  (𝑃)}    (8) 

According to above sets: negative linguistic variable in pay-off function means negative reaction to change 

demand, zero means passive decision making and, positive means positive reaction to change demand.  

Step 4: determination of membership function for every linguistic variable of fuzzy set as: 

𝜇𝐶12(𝑈𝐹) = 𝜇1(𝑥) 

𝜇𝐶12(𝐹) = 𝜇2(𝑥) 

𝜇𝐶23(𝑈𝐹) = 𝜇3
(𝑥) 

𝜇𝐶23(𝐹) = 𝜇4(𝑥) 

𝜇𝜕𝐶31(𝐿) = 𝜇5(𝑥) 

𝜇𝜕𝐶23(𝐻) = 𝜇6(𝑥) 

𝜇𝐼32(𝐿) = 𝜇7(𝑥) 
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𝜇𝐼32(𝐻) = 𝜇8(𝑥) 

𝜇𝑃3(𝑁) = 𝜇9
(𝑥) 

𝜇𝑃3(𝑍) = 𝜇10(𝑥) 

               𝜇𝑃3(𝑃) = 𝜇11(𝑥)      (9) 

The X-axis of membership function of customers pay-off function represents the value of ascending change of 

customers pay-off function as the percentage. 

Step 5: defining the fuzzy inference: Among the available fuzzy inference systems, Mamadani inference [29] is 

selected to solve fuzzy problem, where: the inputs: 𝐶12 ,𝐶23 ,𝜕𝐶31 , and 𝐼32, and the output is 𝑃3 , then Rule𝑖  can be 

defined as: 

𝑖𝑓 𝐶12𝑖 ,𝐶23𝑖 ,𝜕𝐶31𝑖 , 𝐼32𝑖 𝑡ℎ𝑒𝑛  𝑃3𝑖   

𝑎𝑖 = min(𝜇𝑖(𝐶12), 𝜇𝑖(𝐶23), 𝜇𝑖(𝜕𝐶31),𝜇𝑖𝐼32) 

𝜇𝑖 = min(𝑎𝑖 , 𝜇𝑃3𝑖) 

The overall system output can be calculated using the union operator as: 

𝜇 = ∪  𝜇𝑖         (10) 

Where 𝜇 is member function of fuzzy parameters, 𝑎𝑖  is the alpha cut amount for fuzzy parameters. Where finally 

the Defuzzification process should take place. 

Step 6: planning logical relation: Pattern of rational relations should be determined between the result and 

customers’ decisions to anticipate costumers’ final decision. This pattern could be generally defined as:  

𝐼𝑓 0 ≤  𝜃 ≤ 𝑙 →  𝑆31 

𝐼𝑓  𝑙 <  𝜃 ≤ 𝑚 →  𝑆32  

𝐼𝑓 𝑚 <  𝜃 ≤ ℎ →  𝑆33  

             0 < 𝑙 < 𝑚 < ℎ       (11) 

Where 𝜃 is the fuzzy result of the problem, 𝑙 is the minimum level of qualitative value of Pay-off function change 

for customer that shows  dissatisfaction and possibility of decrease in demand, 𝑚 is the medium level of 

qualitative value of Pay-off function change for customer that shows neutralism and demand rate is unchanged, 

and ℎ is the maximum level of qualitative value of Pay-off function change for customer that shows satisfaction 

and possibility of increase in demand. This pattern analysis outperforms the sensitivity analysis of customers 

pay-off function which is described in the next part.  

Step 7: sensitivity analysis of customers' pay-off function and selection of optimal parameters: 

To analyze customers, pay-off function with different combinations of input parameters, we assume that 𝑎, 𝑏, 𝑐  

and, 𝑑 are four input parameters with different values. In this case there will be 𝑎 × 𝑏 × 𝑐 × 𝑑 possible states for 

sensitivity analysis of customers decision and pay-off function. In a collaborative game and after achieving 

results of sensitivity analysis for customers’ behavior, government and manufacturer undertake the optimized 

value of governmental incentive facilities parameters for customers, the optimized value of incentive facilities of 

manufacturer, and the optimized value of increase in products price due to change technology levels. This 
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combined fuzzy game model optimizes the players pay-off based on prediction of customers’ strategies. Which 

aims at the government and manufacturer to achieve the optimal cost parameters or price of products, where 

by changing related fuzzy parameters (such as incentive cost, facilities, price of product, ...) , this may result to 

avoid extra costs by prediction of customers’ strategies. 

V.Simulation of the proposed fuzzy model and optimal solution 

To evaluate the proposed model, a Matlab program was constructed to compute the defuzzified output of this  

fuzzy model, the results as extracted to Microsoft excel sheet as shown in Fig.  4. Which contains the major parts 

of the system, first the input vector, Rule Base for the inference system which consists of set of 16 if-then rules 

as explained in step5, the membership value for each rule with respect to the input vector, the aggregated 

membership function value for the output, and finally computing the defuzzified result, which will be used by 

experts to make the decision. According to the example in Fig.  4, if  𝐼32 = 0.5, 𝜕𝐶31 = 1.5 , 𝐶23 = 3 , and 𝐶12 = 2, 

then, the computed final answer is 8% which reflects the customers conceive to change in the related pay-off 

function. Of course, this 8% is not only a quantitative value, but also a qualitative data that we can realize 

whether this is enough for decision making of customers or not. 

The optimal model of decision-making problem for the players can be computed as: 

max
𝑠𝑖∈𝑆𝑖

 𝑢𝑖 (𝑆𝑖 , 𝑆−𝑖)      (12) 

Games are seeking of the optimal pay-off function for player (𝑖) in front of combination of strategies related to 

this player strategy (𝑆𝑖) with other strategies of players except player(𝑆−𝑖)𝑖 . Nash Equilibrium [27], [28] is 

approved as the optimal result for this type of problems, where Nash stated that “an n-tuples such that each 

player’s mixed strategy maximizes his pay-off if the strategies of the others are held fixed. Thus each player’s 

strategy is optimal against those of the others” [32]. 

 

Fig.  4 Program Sample results 

In our case, there is a combination of strategies among all combinations in game model at least that players are 

not interested to change that in a logical condition. Since the game is a dynamic with the complete information, 

if the Nash equilibrium is iteratively earned more than once, then the optimal result would be achieved via 

complete equilibrium or backward Nash equilibrium[31]. This optimal result can be achieved by the analysis of 

the resultant Nash equilibrium. One of the techniques, which can be used to obtain this result is by converting 

the original game model to a secondary game model. Finally, gaining final result by all results of the secondary 

game. In the next part, Nash Equilibrium and Backward Nash Equilibrium will be elaborated for two states of 

game modelling and numerical analysis, first using the non-fuzzy version, and second using combination of 

fuzzy model to the problem results. 
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VI. Numerical analysis 

Taking numerical example can ease the description of the process. Assume a steel making company is going to 

study and review to change production technology of its pelletizing plant in order to reduce greenhouse and 

flow gas of output of this factory. After 6 months study by the R&D department of this company, the investment, 

income, cost and other requirement parameters are determined as Table 7. Accordingly, a problem is 

constructed to test the performance of the mentioned model and its solving method. 

Table 7 parameters and assumptions data 

𝒏 = 𝟏𝟎 (years) 𝒊 = 𝟏𝟎% 𝜶 = 𝟎. 𝟎𝟑 

𝛽1 = 0.02 𝛽2 = 0.03 𝜌1 = −0.2 

𝜌2 = 0.1 𝐼12 = 0.45 𝐶12 𝐼13(𝐴) = 2𝑚$ 

𝐼13(𝐵) = 5𝑚$ 𝐶11 = 1.25𝑚$ 𝛾𝐶12 = 0.40 𝐶21 

(1 − 𝛾)𝐶12 = [0,2.5] 𝑚$  𝐶13(𝐴) = 5𝑚$ 

𝐶13(𝐵) = 2𝑚$ 𝐶14(𝐴) = 3𝑚$ 𝐶14(𝐵) = 1𝑚$ 

𝐶15(𝐴) = 1𝑚$ 𝐶15(𝐵) = 2𝑚$ 𝐼21:65 𝑚$ 

𝐼23(𝐴) = 1𝑚$ 𝐼23(𝐵) = 3𝑚$  𝐶21(𝐴) = 40𝑚$  

𝐶21(𝐵) = 60𝑚$  𝐶22(𝐴) = 50𝑚$  𝐶22(𝐵) = 48𝑚$  

𝐶22(𝐶) = 47𝑚$ 𝐶23(𝐴) = [0,5]𝑚$ 𝐶24(𝐴) = 3𝑚$ 

𝐶24(𝐵) = 1𝑚$  𝐶24(𝐶) = 0.65𝑚$  𝜕𝐶22 = 0.5 𝜌 ∗ 𝐶22 

𝐼32(𝐴) = 0.5𝑚$ 𝐼32(𝐵) = 1𝑚$  𝐶32(𝐴) = 3𝑚$ 

𝐶32(𝐵) = 1𝑚$  𝜀 = 0.01 𝑚$   

 

The following assumptions can be made to solve this problem: 

In the non-fuzzy model, government and manufacturer, in technology change, tolerable level use half of 

subsidiary budget for customers and in change to the acceptable level use maximum of subsidiary budget for 

customers. 

In the non-fuzzy model, manufacturer considers the maximum of product price. 

In the state of reduction of customer demand, production purchasing cost parameter for the loyal customers is 

given based on new rate and for the missed customer is based on production purchasing cost in intolerable 

level. 

Subsidiary costs of government and manufacturer for customers are floating according to their demand. 

As the same way, customer incomes from facilities and sustainable development are floating according to their  

demand. 

In this defined model, customer is considered as a set. 

The symbols of A, B and C are respectively, three levels of intolerable, tolerable and acceptable in environment 

performance. 
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For integration of calculations, costs of investment for technology change is converted to annual invariable costs 

using the following formula: 

𝐴 = 𝑃(𝐴 𝑃⁄ , 𝑖 % , 𝑛) →  𝐴 = 𝑃(𝐴 𝑃⁄ , 10%, 10)  

The problem solving in non-fuzzy model is detailed in appendix C. In the following, the problem is modelled 

and resolved in fuzzy case, and they are compared together at the end. 

According to the relations described earlier from eq. (5-9), the results of membership function are shown in Fig.  

5, while the detailed mathematical values of membership functions are given in appendix D. 

 

Fig.  5 The results membership functions 

 

Fig.  6 Results of the fuzzy inference for the problem 

The results of eq. (10) and also the previous step, with combination of various parameters along with the results 

of fuzzy problem (costumers' variable) is calculated. And, a single calculation is shown in Fig.  6 and in table 8 

some results are presented which is calculated by this program. 

According to the relation 12, rational relations between results of fuzzy problem and customers' decision making 

are determined as follows:  𝑖𝑓 0 ≤ 𝜃 ≤ 5%  → 𝑆31 

𝑖𝑓 5% < 𝜃 < 10%  → 𝑆32 

𝑖𝑓 10 ≤ 𝜃  → 𝑆33 
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If different combinations of input data in the presented model in Fig.  5 are put and analyzed with sensitivity 

analysis of customers' pay-off function, then, by considering its adaption with above relation, optimal 

parameters of the problem will be as follows: 

In technology change to the tolerable or acceptable level, if government is not going to use incentive facilities,  

then optimal results are calculated as follows: 

𝐶12 = 0, 𝐶23 = 0, 𝜕𝐶31 = 1% , 𝐼32 = 0.5,𝜕𝑃3 = 8%  

In technology change to the tolerable level, if government is going to use incentive facilities, optimal results 

described as follows:  𝐶12 = 1.5, 𝐶23 = 0, 𝜕𝐶31 = 1% , 𝐼32 = 0.5, 𝜕𝑃3 = 8%  

In technology change to the acceptable level, if government is going to use incentive facilities, optimal results 

are:    𝐶12 = 3, 𝐶23 = 3, 𝜕𝐶31 = 1.5% , 𝐼32 = 1, 𝜕𝑃3 = 10%  

Where 𝜕𝑃3 shows increase in Customers' pay-off function than the previous level in that. Some results of fuzzy 

problem solving and sensitivity analysis of Customers' pay-off function are in Table 8: 

Table 8 sensitivity analysis of Customers' pay-off function 

𝑪𝟏𝟐  𝑪𝟐𝟑  𝝏𝑪𝟑𝟏  𝑰𝟑𝟐  𝑷𝟑 

0.0 0.0 2.0 0.5 4.0% 

1.0 4.0 1.5 0.5 5.0% 

3.0 2.5 2.5 0.5 5.0% 

3.0 3.0 2.5 0.5 6.0% 

2.0 3.0 3.0 0.5 6.0% 

3.0 2.5 1.5 0.5 7.0% 

2.0 2.5 1.5 0.5 7.0% 

0.0 1.0 0.0 0.5 8.0% 

0.0 0.0 1.0 0.5 8.0% 

1.5 0.0 1.0 0.5 8.0% 

2.5 2.5 1.0 0.5 9.0% 

3.0 3.0 1.5 1.0 10.0% 

3.0 4.0 1.5 0.5 10.0% 

3.0 3.0 1.0 0.5 11.0% 

3.0 3.0 0.0 0.5 11.0% 

3.0 5.0 1.0 0.5 12.0% 

 

According to above, the matrices of problem's games are given in Table 9. 
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Table 9 results of fuzzy games model- Customer Strategy= S31 

 𝑺𝟐𝟏  𝑺𝟐𝟐  𝑺𝟐𝟑  

𝑺𝟏𝟏  -8, 4, -68 -3, 2.82, -66 2, 2.81, -64.7 

𝑺𝟏𝟐  -7.7, 2.4, -68 -3, 2.82, -66 2, 2.81, -64.7 

𝑺𝟏𝟑  -7.7, 2.4, -68 -2.7, 6.1, -65 0.1, 5.55, -59.4 

 

Table 10 and  

Table 11, where the optimal result of each element is calculated by sensitive analysis on fuzzy program. The final 

optimal result of problem is achieved by Nash Equilibrium and Backward Nash Equilibrium according to formulas 

(2, 3, 4 and 12), and tables 4, 5 and 6. 

Table 10 results of fuzzy games model- Customer Strategy= S32 

 𝑺𝟐𝟏  𝑺𝟐𝟐  𝑺𝟐𝟑  

𝑺𝟏𝟏  -8, 12, -68 -3, 11.1, -66.2 2, 10.6, -64.7 

𝑺𝟏𝟐  -7.3, 10, -68 -3, 11.1, -66.2 2, 10.6, -64.7 

𝑺𝟏𝟑  -7.3, 10, -68 -3, 14.4, -66 -0.5, 14, -59 

 

Table 11 results of fuzzy games model- Customer Strategy= S33 

 𝑺𝟐𝟏  𝑺𝟐𝟐  𝑺𝟐𝟑  

𝑺𝟏𝟏  -8, 16, -68.01 -3, 15.3, -66.2 2, 15.4, -64.7 

𝑺𝟏𝟐  -7.1, 13.8, -68.01 -3, 15.3, -66.2 2, 15.4, -64.7 

𝑺𝟏𝟑  -7.1, 13.8, -68.1 -3, 18.6, -65 -0.8, 15.7, -57.1 

 

According to the above matrices, the optimal result in fuzzy model is determined as below: 

𝑁(𝐺)1 =  (𝑆13,𝑆22, 𝑆31) =  (−2.7, 6.1, −65) 

𝑁(𝐺)2 =  (𝑆13 , 𝑆22, 𝑆33) =  (−3, 18.6, −65) 

𝑆𝑃𝐸 = (𝑆13 , 𝑆22,𝑆33) = (−3, 18.6, −65) → optimal result in the game fuzzy model 

According to Appendix C (the problem solving by non-fuzzy model), the optimal result is as follows: 

𝑁(𝐺)1 =  (𝑆12,𝑆21, 𝑆31) =  (−7.7, 2.4, −68) 

𝑁(𝐺)2 =  (𝑆12 , 𝑆21, 𝑆32) =  (−7.3, 10, −68) 

𝑁(𝐺) 3 =  (𝑆13, 𝑆22, 𝑆32) = (−3, 11.9, −62.8) 

𝑆𝑃𝐸(𝐺) = (𝑆13 , 𝑆22 ,𝑆32) = (−3, 11.9, −62.8)  → optimal result in the non-fuzzy model 
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By comparing the results of the problem solving in both of fuzzy and non-fuzzy modes, it is obvious in fuzzy-

game model, results of Nash equilibrium and Backward Nash equilibrium are different of non-fuzzy model 

problem solving (see appendix C) and it also defines different strategies in optimal result of the problem. The 

optimal result in the fuzzy model, government considers strategy of subsidiary and supervisory system, 

manufacturer change its technology from intolerable to the tolerable level and customers' demand will have 

positive reaction to this change status. However, in the non-fuzzy model, the optimal result shows that the 

customer selects the passive strategy and both of the pay offs of manufacturer and customer are decreased. 

That is obvious that the optimal results in fuzzy model (especially in pay off results), makes motivate of both 

manufacturer and customer to move the green industry. That is more optimization in pay-off functions of 

manufacturer and customers than non-fuzz games model. In most of matrix elements, especially, in the parts 

that technology is changed, the pay-off functions of manufacturer and customers are more optimal and 

augmented than non-fuzzy mode. 

VII. Conclusion 

The strategies among players of a green supply chain have been modelled by game theory in strategic form. To 

make problem's model more practical, initially, the model combined by fuzzy logic relations between customer's 

strategies and main parameters of players' pay-off function and then, developed with analytical pattern in order 

to analyze the sensitivity of customers' pay-off function results by changing fuzzy parameters. In addition, the 

method of problem solving is presented by Nash equilibrium. finally, a numerical analysis was done and problem 

modelling and solving accomplished in both of fuzzy and non-fuzzy model and their results were compared 

with each other. The evaluation of results showed that the fuzzy model optimizes players' pay-off function more 

than non-fuzzy and it causes to change players' strategies and thus motivates to move green strategy. 

Finally, in case of three players the game fuzzy model of green supply chain can be efficient, especially when 

customers' strategies and fuzzy parameter are combined with the model. This can help government and 

manufacturer to choose optimal amounts of their income/cost parameters (such as price, subsidiaries, ...), that 

not only considering the effect of keeping or increasing customer's demands positively, but also to make pay-

off function more economical effective towards choosing green strategies. 
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Appendix A 

Green model of green supply chain 

Regarding to Fig.  7 adopted from [33], moving in green industry way has three major areas that are described 

below: 

Intolerable Region: an area that industry is in intolerable level because it does not regard green supply chain 

requirements (red region). 

Tolerable Region: an area industry is in tolerable level regard the minimum requirements of green supply chain  

(mixed red and pale-green region). 

Acceptable Region: an area that industry is in an acceptable level to regard green supply chain requirements  

(green region). 

 

Fig.  7 Regions of Green Supply Chain according to [33] 
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Fig.  8 Profits and Costs in Different Regions according to [33] 

Industry’s motion from the intolerable area to tolerable and the acceptable area is the aim of green supply chain 

that in which formulation and analysis of the problem will be modelled in other par ts. As it is shown in Fig.  8 

adopted from [33], motion of every players from intolerable level to the ones (tolerable and acceptable) brings 

income difference (𝜕𝐼) and cost difference (𝜕𝐶 ) to status quo for each one. Each of them can cause positive or 

negative outcome. But the essential point is that in benefit (pay-off) function every player logically must realize 

true parameters of income and cost then, apply them in calculations. Manufacturer's traditional interest function 

will be the following function:  

𝑃𝐹 = 𝐼𝑆 − 𝐶𝑃   (A1) 

Which revenue is (𝐼𝑆) and direct and indirect costs of production are (𝐶𝑃). Absolutely, interest function of 

manufacturer with approach of green supply chain differs from above. In this approach, manufacturer is defined 

as the following: 

𝑃𝐹′ =  𝑃𝐹 − 𝐶𝑔    (A2) 

Where 𝐶𝑔 is a cost of environmental negative effect (fines, hygiene and health costs, resources exploitation, job 

hazards, and ...) because of the use of traditional technologies. If a manufacturer decides to change the 

technology, he can add new income and cost resultant to his function, which would be completely a suitable 

impetus for that decision, according to Fig.  8. In this state and two other states, there are changes from the 

intolerable level to the tolerable level and from the intolerable level to the acceptable level: 

𝑃𝐹′1 = 𝑃𝐹 −  𝐶𝑔 +  𝜕𝐼1− 𝜕𝐶1 

𝑃𝐹′2 = 𝑃𝐹 −  𝐶𝑔 +  𝜕𝐼2− 𝜕𝐶2  (A3) 

Appendix B 

Analysis of Games and Pay-off Function of Players: 

In the following equations and logical relations if each of the strategies is chosen by the player, it would affect 

income and cost parameters, eventually, the result of Pay-off function. 

Government: 

𝑃1 = ∑ (𝐼1𝑖)𝑆13
3
𝑖=1 − ∑ (𝐶1𝑗)𝑆13

5
𝑗=1 ⟹ (𝐼11 + 𝐼12+ 𝐼13) − (𝐶11+ 𝐶12 +𝐶13 + 𝐶14 + 𝐶15)    (B1) 

Strategy: 𝑆11 →  𝐼11 = 0, 𝐼12 , 𝐼13 ≥ 0, 𝐶11,𝐶12 = 0, 𝐶13 ,𝐶14 ,𝐶15 ≥ 0 ⇒  𝑃1 = (𝐼12 + 𝐼13) − (𝐶13+ 𝐶14+ 𝐶15) 
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Strategy: 𝑆12 → 𝐼12 , 𝐼13 ≥ 0, 𝐶12 = 0, 𝐶13,𝐶14,𝐶15 ≥ 0 ⇒  𝑃1 = (𝐼11 + 𝐼12+ 𝐼13) − (𝐶11+ 𝐶13+ 𝐶14 +𝐶15) 

Strategy: 𝑆13 → 𝐼11,  𝐼12 , 𝐼13,𝐶11,𝐶13, 𝐶14 , 𝐶15 ≥ 0 ⇒  𝑃1 = (𝐼11+ 𝐼12 + 𝐼13) − (𝐶11+ 𝐶12+ 𝐶13+ 𝐶14+ 𝐶15) 

Generally, if resultant of credits and incomes of green industry and sustainable development are not interesting, 

on the contrary of regulatory and incentive costs or decrement of environmental costs, normally, approach of 

neutralism would be chosen by government. This selection is principally for governments who lack a strategic 

view to the sustainable development, which is why governments' non-strategic view to interests of sustainable 

development causes these parameters to be deleted from their interest function. If a government chooses 

approach of green industry and resultant of incomes against costs are positive, regulatory and incentive policies 

could be undertaken as non-passive strategies according to amount of amount of the resultant. 

Totally, if the following inequalities were confirmed, we would have: 

(𝐼11 + 𝐼13) − (𝐶11+ 𝐶13+ 𝐶14+ 𝐶15) < 𝐴, 

(𝐼11+ 𝐼12+ 𝐼13) − (𝐶11+ 𝐶12+ 𝐶13+ 𝐶14+ 𝐶15)  < 𝐴 → 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦: 𝑆11 

(𝐼11 + 𝐼12+ 𝐼13) − (𝐶11+ 𝐶13+ 𝐶14 + 𝐶15) > 𝐴,
(𝐼11 + 𝐼12+ 𝐼13) − (𝐶11+ 𝐶12+ 𝐶13 + 𝐶14 + 𝐶15) < 𝐴 → 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 ∶ 𝑆12  

(𝐼11+ 𝐼12+ 𝐼13) − (𝐶11+ 𝐶13+ 𝐶14+ 𝐶15) > 𝐴, (𝐼11+ 𝐼12+ 𝐼13) − (𝐶11 + 𝐶12 + 𝐶13+ 𝐶14+ 𝐶15) > 𝐴,
𝐴′ > 𝐴′′ → 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 ∶ 𝑆12  

(𝐼11+ 𝐼12+ 𝐼13) − (𝐶11+ 𝐶13+ 𝐶14+ 𝐶15) > 𝐴, (𝐼11+ 𝐼12+ 𝐼13) − (𝐶11 + 𝐶12 + 𝐶13+ 𝐶14+ 𝐶15) > 𝐴,
𝐴′ < 𝐴′′ → 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 ∶ 𝑆13  

Where 𝐴 is value of Pay-off function for government in the state of non-regulatory system, 𝐴′ is value of Pay-

off function for government with the state of triggering regulatory system and 𝐴′′ is value of Pay-off function 

for government with the state of regulatory and incentive system. 

Manufacturer: 

 𝑃2 = ∑ (𝐼2𝑖)𝑆21
3
𝑖=1 − ∑ (𝐶2𝑗)𝑆21

5
𝑗=1 ⟹ (𝐼21 + 𝐼22+ 𝐼23) − (𝐶21+ 𝐶22 +𝐶23 + 𝐶24+ 𝐶25)  (B2) 

Strategy: 𝑆21  →   𝐼22, 𝐼23 = 0,𝐶21 , 𝐶23 = 0, 𝐶25 ≥ 0 ⇒  𝑃2 = (𝐼21) − (𝐶22+ 𝐶24 +𝐶25) 

Strategy: 𝑆22  →    𝐼22 ≥ 0, 𝐶23, 𝐶25 ≥ 0 ⇒  𝑃2 = (𝐼21 + 𝐼22+ 𝐼23) − (𝐶21+ 𝐶22 +𝐶23 + 𝐶24+ 𝐶25) 

Strategy: 𝑆23  →  𝐼22 ≥ 0, 𝐶23, 𝐶25 ≥ 0 ⇒  𝑃2 = (𝐼21 + 𝐼22+ 𝐼23) − (𝐶21+ 𝐶22 + 𝐶23+ 𝐶24 +𝐶25) 

Of the three major players of the supply chain, manufacturer is one of them that have a so accurate view to 

interest function for decision-making. Resultant of costs of technology change is certainly influential in 

manufacturers' strategic decision-makings, in face of interior facilities, production sale increase and decrease of 

costs, related to environmental crimes (if government pledges regulatory policy). Generally, if we consider 𝐵 as 

amount of manufacturer's interest in status quo (traditional manufacturing), then if the following inequalities  

were true, we would have: 

(𝐼21+ 𝐼22 + 𝐼23) − (𝐶21+ 𝐶22+ 𝐶23 + 𝐶24+ 𝐶25)  < 𝐵 → 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 : 𝑆21 

(𝐼21+ 𝐼22 + 𝐼23) − (𝐶21 + 𝐶22+ 𝐶23+ 𝐶24 + 𝐶25)  > 𝐵 → 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 : 𝑆22, 𝑆23 

𝐵 ′> 𝐵 ′′ → 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 : 𝑆22 

𝐵 ′< 𝐵 ′′ → 𝑠𝑡𝑟𝑎𝑡𝑒𝑔𝑦 : 𝑆23 
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Where 𝐵 is value of manufacturer's Pay-off Function in the state of traditional technology, 𝐵′ is value of 

manufacturer's Pay-off Function in state of change to the tolerable technology and 𝐵′′ is value of manufacturer's  

Pay-off Function in state of change to the acceptable technology. 

Customers: 

𝑃3 = ∑ (𝐼3𝑖)𝑆31
2
𝑖=1 − ∑ (𝐶3𝑗)𝑆31

2
𝑗 =1 ⟹ (𝐼31 + 𝐼32) − (𝐶31 + 𝐶32)  (B3) 

Strategy: 𝑆31  →   𝐼31, 𝐼32 = 0,⇒  𝑃3 = −(𝐶31 + 𝐶32) 

Strategy: 𝑆32  →    𝐼31, 𝐼32 ≥ 0 ⇒  𝑃3 = (𝐼31 + 𝐼32) − (𝐶31 + 𝐶32) 

Strategy: 𝑆33  →  𝐼31, 𝐼32 ≥ 0, 𝐶32 ≥ 0 ⇒  𝑃3 = (𝐼31+ 𝐼32) − (𝐶31+ 𝐶32)    

In the state of 𝑆31 strategy selection due to different reasons, customers are not inclined to buy green products. 

Traditional approach and confrontation with change, lack of enough information, short-time life cycle of industry 

(lack of sustainable development approach), absence of incentive impetuses, possible change in price of 

productions, etc., are some of the most important reasons that cause this reaction by the customers. In industries  

that we face this approach by customers, establishing incentive policies and advertising costs to change this  

approach are the most serious decisions of government and manufacturers (if they play cooperatively).  

It is clear, if customers take the negative reaction approach certainly, they pay hidden costs (environmental 

costs) more than cost of products in the time of payment. But if the customers see industry with view of Green 

Supply Chain and the following condition is ruled, the second and the third strategies could be selected, 

undoubtedly: 

(𝐼31+ 𝐼32) − (𝐶31+ 𝐶32) ≥  − (𝐶′31 + 𝐶′32)  (B4) 

The left side parameters of the inequality are related to interest function with approach of green industry and 

the right-side parameters are related to interest function with traditional approach. 

Another important point that should be paid attention is, when manufacturer is not going to change a 

technology but customers have positive reaction, amount of 𝜀 should be added to the customers' costs. Because 

new customers are added to the former set and the latter set do not earn new advantages, they would have 

been imposed general –even a little- costs. 

Appendix C 

Problem solving of games in non-fuzzy mode 

In non-fuzzy state and according to the following relations, problem's matrix of games with result of pay-off 

function of every player for combination of each strategy is: 

𝑃1 = [𝛼 (1 + 𝛽)(1 + 𝜌)𝐼21+ 𝐼12 + 𝐼13] − [(𝐶11 + 𝛾𝐶12+ (1 − 𝛾)𝐶12+ 𝐶13+ 𝐶14+ 𝐶15)] 

𝑃2 = [(1 − 𝛼)(1 + 𝛽)(1 +𝜌)𝐼21+ 𝛾𝐶12 + 𝐼23] − [(𝐶21 +𝜑(1 + 𝜌)𝐶22+ 𝐶23+𝐶24)] 

𝑃3 = [(1 − 𝛾)𝐶12+ 𝐼32] − [(1 + 𝛽 + 𝛽𝜌)𝐼21 + 𝜀 + 𝐶32] 

According to above, the matrices of game are given in Table 12: 
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Table 12-A. Non- fuzzy game model of Customer Strategy= S31 

 𝑺𝟐𝟏  𝑺𝟐𝟐  𝑺𝟐𝟑  

𝑺𝟏𝟏  -8, 4, -68 -3, 1.3, -64.6 2, -0.1, -61.4 

𝑺𝟏𝟐  -7.7, 2.4, -68 -3, 1.3, -64.6 2, -0.1, -61.4 

𝑺𝟏𝟑  -7.7, 2.4, -68 -2.7, 3.9, -63.4 0.1, 3.8, -59.2 

 

Table 12-B. Non- fuzzy game model of Customer Strategy= S32 

 𝑺𝟐𝟏  𝑺𝟐𝟐  𝑺𝟐𝟑  

𝑺𝟏𝟏  -8, 12, -68 -3, 9.3, -64.3 2, 7.6, -60.3 

𝑺𝟏𝟐  -7.3, 10, -68 -3, 9.3, -64.3 2, 7.6, -60.3 

𝑺𝟏𝟑  -7.3, 10, -68 -3, 11.9, -62.8 -0.5, 11.5, -57.3 

 

Table 12-C. Non- fuzzy game model of Customer Strategy= S33 

 𝑺𝟐𝟏  𝑺𝟐𝟐  𝑺𝟐𝟑  

𝑺𝟏𝟏  -8, 16, -68.01 -3, 13.5, -64.4 2, 11.9, -60.4 

𝑺𝟏𝟐  -7.1, 13.8, -68.01 -3, 13.5, -64.4 2, 11.9, -60.4 

𝑺𝟏𝟑  -7.1, 13.8, -68.01 -3, 16.1, -62.9 -0.8, 15.8, -57.4 

 

According to the achieved result of matrices above, by earning Nash Equilibrium and Backward Nash 

Equilibrium, the optimal result of problem is calculated as below: 

max
𝑠𝑖∈𝑆𝑖

𝑢𝑖(𝑆𝑖 , 𝑆−𝑖) 

𝑁(𝐺)1 = (𝑆12,𝑆21, 𝑆31) = (−7.7, 2.4, −68) 

𝑁(𝐺)2 = (𝑆12 ,𝑆21, 𝑆32) = (−7.3,10, −68)  

𝑁(𝐺)1 = (𝑆13, 𝑆22,𝑆32) = (−3, 11.9, −62.8) 

𝑆𝑃𝐸(𝐺) = (𝑆13 , 𝑆22 ,𝑆32) = (−3, 11.9, −62.8)     →  the optimal result in the non-fuzzy model 

Appendix D 

Membership mathematical functions: 

𝐶12(𝐹𝑎𝑣𝑜𝑟𝑖𝑡𝑒) :𝜇 = {
0,      0 ≤ 𝑥 ≤ 1.5

𝑥 − 1.5, 1.5 < 𝑥 ≤ 2.5
1, 2.5 < 𝑥 ≤ 3 

  

𝐶23(𝑈𝑛𝑓𝑎𝑣𝑜𝑟𝑎𝑏𝑙𝑒) : 𝜇 = {

1,    0 ≤ 𝑥 ≤ 1.5 

−
1

2
𝑥 +

7

4
, 1.5 < 𝑥 ≤ 3.5

0, 3.5 < 𝑥 ≤ 5 
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𝐶23(𝐹𝑎𝑣𝑜𝑟𝑖𝑡𝑒): 𝜇 = {

0, 0 ≤ 𝑥 ≤ 2 
1

2
𝑥 −

7

4
, 2 < 𝑥 ≤ 4

1,    4 < 𝑥 ≤ 5

  

𝜕𝐶31(𝑙𝑜𝑤): 𝜇 = {

1,       0 ≤ 𝑥 ≤ 0.5 

−
2

3
𝑥 +

4

3
, 0.5 < 𝑥 ≤ 2

0,    2 < 𝑥 ≤ 3

  

𝜕𝐶31(𝐻𝑖𝑔ℎ): 𝜇 = {
0, 0 ≤ 𝑥 ≤ 1

𝑥 − 1, 1 < 𝑥 ≤ 2 
1, 2 < 𝑥 ≤ 3

 

𝐼32(𝑙𝑜𝑤): 𝜇 = {
1,    0 ≤ 𝑥 ≤ 0.3 

−2.5𝑥 + 1.75,    0.3 < 𝑥 ≤ 0.7  
0,    0.7 < 𝑥 ≤ 1 

 

𝐼32(𝐻𝑖𝑔ℎ) :𝜇 = {
0, 0 ≤ 𝑥 ≤ 0.4

2.5𝑥 − 1, 0.4 < 𝑥 ≤ 0.8  
1,          0.8 < 𝑥 ≤ 1 

 

𝑃3 (𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒): 𝜇 =  {

1, 0 ≤ 𝑥 ≤ 3

−
1

6
𝑥 +

3

2
, 9 < 𝑥 ≤ 16

0, 0 ≤ 𝑥 ≤ 3

 

𝑃3 (𝑍𝑒𝑟𝑜) : 𝜇 =

{
 
 

 
 

0 ,                0 ≤ 𝑥 ≤ 3
1

5
𝑥 −

3

5
  ,    3 < 𝑥 ≤ 8

−
1

4
𝑥 + 3   , 8 < 𝑥 ≤ 12

0 ,              12 < 𝑥 ≤ 16

  

𝑃3 (𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒) : 𝜇 =

{
 
 

 
 

0,    0 ≤ 𝑥 ≤ 7
1

5
𝑥 −

7

5
,   7 < 𝑥 ≤ 12

1, 12 < 𝑥 ≤ 16
 

  


