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                    Abstract
The supply chain network design problem addresses various factors that maximize customers’ demand and minimizes the sum of strategic, tactical, and operational costs. Companies with common activities in their supply chains have started to cooperate with each other to achieve better service levels. Based on this initiative, a multi-level mixed-integer linear programming model is developed that includes two allied supply chains with different decision makers (DM) at two different decision-making levels. The primary aim of this study is to design an allied closed-loop supply chain (CLSC) network that uses some of the same facilities. The secondary aim of this study is to examine this allied CLSC model simultaneously and analyse the impact of the DMs’ objectives based on satisfaction degrees. Various interactive fuzzy programming (IFP) approaches were utilized to examine the presented multi-level CLSC model. A novel IFP approach which is based on the fuzzy analytic hierarchy process (AHP) is proposed. The effectiveness of the proposed IFP approach on the CLSC model is investigated with hypothetical data. The computational results show that the proposed approach obtains higher satisfaction degrees for upper-level DMs than the other approaches.
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                    Abbreviations
	SCND:
	
                      Supply chain network design

                    
	DM:
	
                      Decision maker

                    
	IFP:
	
                      Interactive fuzzy programming

                    
	AHP:
	
                      Analytic hierarchy process

                    
	SC:
	
                      Supply chain

                    
	CLSC:
	
                      Closed-loop supply chain

                    
	SO:
	
                      Selim and Ozkarahan [11] approach

                    
	TH:
	
                      Torabi and Hassini [12] approach

                    
	ZIM:
	
                      Zimmermann [15] approach

                    
	
                      i
                    :
	
                      Set of common suppliers i = {1, 2…I}

                    
	
                      r
                    :
	
                      Set of suppliers for SC1 r = {1, 2…R}

                    
	
                      s
                    :
	
                      Set of suppliers for SC2 s = {1, 2…S}

                    
	
                      m
                    :
	
                      Set of plants for SC1 m = {1, 2…M}

                    
	
                      n
                    :
	
                      Set of plants for SC2 n = {1, 2…N}

                    
	
                      u
                    :
	
                      Set of customers for SC1 u = {1, 2…U}

                    
	
                      v
                    :
	
                      Set of customers for SC2 v = {1, 2…V}

                    
	
                      j
                    :
	
                      Set of common collection centres j = {1, 2…J}

                    
	
                      c
                    :
	
                      Set of parts c = {1, 2…C}

                    
	
                      t
                    :
	
                      Set of periods t = {1, 2…T}

                    
	
                      d
                      
                        rm
                      
                    :
	
                      Distance between supplier r and plant m for SC1 (km)

                    
	
                      d
                      
                        sn
                      
                    :
	
                      Distance between supplier s and plant n for SC2 (km)

                    
	
                      d
                      
                        im
                      
                    :
	
                      Distance between common supplier i and plant m for SC1 (km)

                    
	
                      d
                      
                        in
                      
                    :
	
                      Distance between common supplier i and plant n for SC2 (km)

                    
	
                      d
                      
                        mu
                      
                    :
	
                      Distance between plant m and customer u for SC1 (km)

                    
	
                      d
                      
                        nv
                      
                    :
	
                      Distance between plant n and customer v for SC2 (km)

                    
	
                      d
                      
                        uj
                      
                    :
	
                      Distance between customer u and common collection centre j for SC1 (km)

                    
	
                      d
                      
                        vj
                      
                    :
	
                      Distance between customer v and common collection centre j for SC2 (km)

                    
	
                      d
                      
                        jm
                      
                    :
	
                      Distance between common collection centre j and plant m for SC1 (km)

                    
	
                      d
                      
                        jn
                      
                    :
	
                      Distance between common collection centre j and plant n for SC2 (km)

                    
	
                      \(a_{rct}^{\text{I}}\)
                    :
	
                      Capacity of supplier r for part c in period t for SC1 (ton)

                    
	
                      \(a_{sct}^{\text{II}}\)
                    :
	
                      Capacity of supplier s for part c in period t for SC2 (ton)

                    
	
                      a
                      
                        ict
                      
                    :
	
                      Capacity of common supplier i for part c in period t (ton)

                    
	
                      \(b_{mct}^{\text{I}}\)
                    :
	
                      Capacity of plant m for part c in period t for SC1 (ton)

                    
	
                      \(b_{nct}^{\text{II}}\)
                    :
	
                      Capacity of plant n for part c in period t for SC2 (ton)

                    
	ca
                        jt
                      
                              :
	
                      Capacity of common collection centre j in period t (ton)

                    
	
                      \({\text{de}}_{ut}^{\text{I}}\)
                    :
	
                      Demand of customer u in period t for SC1 (ton)

                    
	
                      \({\text{de}}_{vt}^{\text{II}}\)
                    :
	
                      Demand of customer v in period t for SC2 (ton)

                    
	
                      \(\alpha_{mt}^{\text{I}}\)
                    :
	
                      The fixed opening cost for plant m in period t for SC1 ($)

                    
	
                      α
                      
                        II
                          nt
                        
                        
                      
                    :
	
                      The fixed opening cost for plant n in period t for SC2 ($)

                    
	
                      α
                      
                        jt
                      
                    :
	
                      The fixed opening cost for common collection centre j in period t ($)

                    
	
                      p
                      
                        rc
                      
                    :
	
                      Unit cost of purchasing of supplier r for part c for SC1 ($/ton)

                    
	
                      p
                      
                        sc
                      
                    :
	
                      Unit cost of purchasing of supplier s for part c for SC2 ($/ton)

                    
	
                      p
                      
                        ic
                      
                    :
	
                      Unit cost of purchasing cost/sale price of common supplier i for part c ($/ton)

                    
	
                      e
                      
                        jc
                      
                    :
	
                      Unit cost of purchasing cost/sale price of common collection centre j for part c ($/ton)

                    
	
                      \({\text{hcp}}_{mct}^{\text{I}}\)
                    :
	
                      Unit holding cost of part c at plant m in period t for SC1 ($/ton)

                    
	
                      \({\text{hcp}}_{nct}^{\text{II}}\)
                    :
	
                      Unit holding cost of part c at plant n in period t for SC2 ($/ton)

                    
	
                      r
                      
                        c
                      
                    :
	
                      The weight ratio of one part c in end product

                    
	
                      η
                      1
                    :
	
                      Percentage of collected amount which is re-sent to plants for SC1 (%)

                    
	
                      η
                      2
                    :
	
                      Percentage of collected amount which is re-sent to plants for SC2 (%)

                    
	
                      λ
                      1
                    :
	
                      Percentage of kept amount in inventory for SC1 (%)

                    
	
                      λ
                      2
                    :
	
                      Percentage of kept amount in inventory for SC2 (%)

                    
	utc:
	
                      Unit cost of shipping (($/ton) km)

                    
	
                      \(X_{rmct}^{\text{I}}\)
                    :
	
                      Amount of part c shipped from supplier r to plant m in period t for SC1 (ton)

                    
	
                      \(X_{snct}^{\text{II}}\)
                    :
	
                      Amount of part c shipped from supplier s to plant n in period t for SC2 (ton)

                    
	
                      \(X_{imct}^{\text{I}}\)
                    :
	
                      Amount of part c shipped from common supplier i to plant m in period t for SC1 (ton)

                    
	
                      \(X_{inct}^{\text{I}}\)
                    :
	
                      Amount of part c shipped from common supplier i to plant n in period t for SC2 (ton)

                    
	
                      \(Y_{mut}^{\text{I}}\)
                    :
	
                      Amount of product shipped from plant m to customer u in period t for SC1 (ton)

                    
	
                      \(Y_{nvt}^{\text{II}}\)
                    :
	
                      Amount of product shipped from plant n to customer v in period t or SC2 (ton)

                    
	
                      \(W_{ujt}^{\text{I}}\)
                    :
	
                      Amount of product shipped from customer u to common collection centre j in period t for SC1 (ton)

                    
	
                      \(W_{vjt}^{\text{II}}\)
                    :
	
                      Amount of product shipped from customer v to common collection centre j in period t for SC2 (ton)

                    
	
                      \(Z_{jmct}^{\text{I}}\)
                    :
	
                      Amount of part c shipped from common collection centre j to plant m in period t for SC1 (ton)

                    
	
                      \(Z_{jnct}^{\text{II}}\)
                    :
	
                      Amount of part c shipped from common collection centre j to plant n in period t for SC2 (ton)

                    
	
                      \(Q_{mt}^{\text{I}}\)
                    :
	
                      If plant m is open in period t, 1; otherwise, 0 for SC1

                    
	
                      \(Q_{nt}^{\text{II}}\)
                    :
	
                      If plant n is open in period t, 1; otherwise, 0 for SC2

                    
	
                      QC
                      
                        jt
                      
                    :
	
                      If common collection centre j is open in period t, 1; otherwise, 0

                    
	
                      \({\text{Cinv}}_{mct}^{\text{I}}\)
                    :
	
                      Inventory amount of part c held in plant m in period t for SC1 (ton)

                    
	
                      \({\text{Cinv}}_{nct}^{\text{II}}\)
                    :
	
                      Inventory amount of part c held in plant n in period t for SC2 (ton)
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Appendix 1: Detailed Explanation of Mathematical Equations
Appendix 1: Detailed Explanation of Mathematical Equations
1.1 The Objective Functions
The objective functions are changed according to the DMs. While the objective functions of DM1 and DM2 consist of four different components, the objective function of DM3 has only one component, and the objective function of DM4 has three different components. The first component of the DM1 objective function (Eq. 1) is total transportation cost, which includes transportation costs on each arc of the SC1. The second component (Eq. 2) of the objective function is the purchasing cost of parts. The third component (Eq. 3) calculates fixed costs for operating the plants in SC1. The inventory costs, which hold the parts in the plants, are presented as the fourth component (Eq. 4). The objective function of DM2 minimizes the total costs. The total costs of the DM2 are derived from the transportation costs (Eq. 5), purchasing costs of the parts (Eq. 6), opening costs of the plants (Eq. 7), and the part inventory costs (Eq. 8). The objective function of DM3 maximizes the total selling price of the parts (Eq. 9). The objective function of DM4 maximizes the total profit. It is obtained by subtracting the transportation costs and opening costs of common collection centres from the total sales price of the parts (Eq. 10).
1.2 The Constraints
Constraint (11) ensures that the total quantity of the parts sent from suppliers to the plants in SC1 should be less than or equal to the capacity of parts of those suppliers during any period. Similarly, Constraint (12) ensures that the total quantity of parts sent from suppliers to the plants in SC2 should be less than or equal to the capacity of the parts of those suppliers during any period. Constraint (13) assures that the total quantity of parts sent from common suppliers to the plants should be less than or equal to the capacity of the parts of those common suppliers during any period. Constraints (14)–(15) ensure that the total quantity of products sent from plants to the customers at SC1 and SC2 should be less than or equal to the capacity of parts of those plants during any period in SC1 and SC2, respectively. Constraints (16)–(17) maintain that the demands of customers for the products must be satisfied in each period in SC1 and SC2, respectively. Constraint (18) guarantees that the total quantity of used products collected from customers should be less than or equal to the capacity of the products of common collection centres during any period. Constraints (19)–(20) guarantee that the flow balance of used products collected from customers after one period usage is equal to the total amount of shipped products from plants to customers in SC1 and SC2. Constraints (21)–(22) guarantee the total used products collected from customers and shipped to collection centres must be equal to the used products that are shipped from collection centres to plants. Constraints (23)–(24) calculate that the amount of inventory of total purchased parts from suppliers, total purchased parts from common suppliers, total used products that are shipped from collection centres to plants, and total amount of inventory in plants in the prior period are equal to the total assembled and shipped products from plants to customers during any period in SC1 and SC2, respectively. Constraints (25)–(26) assure that the amount of inventory parts in the plants must be greater than the demand of customers during any period in SC1 and SC2, respectively. Constraints (27)–(28) assure that the amount of inventory held in the plants should be less than or equal to the capacity of those plants during any period in SC1 and SC2, respectively. Constraints (29)–(40) preserve the non-negativity of the decision variables. Constraints (41)–(43) represent the binary variables.
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