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            Abstract
          
        

        
          This study addresses dynamic capacity scalability planning for job-shop-type reconfigurable manufacturing systems (RMSs). The problem is to determine the system components that satisfies the part demands and the minimum workstation utilization in each period of a planning horizon. For the basic case of non-decreasing demands, the previous model is extended by considering a limited number of pallets. After formulating the problem that minimizes the sum of component acquisition and configuration change costs as a nonlinear integer programming model with closed queueing network estimations of part throughputs and workstation utilizations, two backward heuristics are proposed that determine the system components from the last to the first period. Computational results show that they outperform the previous ones significantly. In addition, for the general case of fluctuating demands, two variable neighborhood search (VNS) algorithms are proposed that minimize the sum of component acquisition/removal and configuration change costs, and computational results are reported.
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      1. Introduction
      Reconfigurable manufacturing is an advanced manufacturing paradigm that changes hardware and software components in order to adjust production capacity and functionality exactly in response to market or system changes (Koren et al., 1999). Compared with traditional flexible manufacturing systems (FMSs) with a limited success, reconfigurable manufacturing systems (RMSs) have an intrinsic capability to change system configurations by adding or removing machine tools and other components quickly. In fact, the primary goal of RMS is to establish the exact productivity and flexibility by taking advantages of both dedicated and flexible manufacturing. For more details on the RMS concept and recent literatures, refer to Bortolini et al. (2018), Koren et al. (2018), Magnaha et al. (2019), Yelles-Chaouche et al. (2021), Lee and Ryu (2021), Napoleone et al. (2023) and Pansare et al. (2023).

      A key feature of RMS is the reconfigurability that can add, remove and rearrange system components to provide the required capacity and functionality in timely and cost-effective manner. In general, the reconfigurability can be achieved by the core characteristics of modularity, integrability, scalability, convertibility, diagnosability and customization, which can reduce time and cost of reconfigurations as well as increase system responsiveness. Refer to Napoleone et al. (2018) for the details on the core characteristics and their relationships over the manufacturing system life cycle, and Koren et al. (2018) for RMS design principles based on the core characteristics.

      As in conventional manufacturing systems, the RMS decision problems can be classified into design, operation and control. Among them, the design problem is much different from those for conventional manufacturing systems due to the reconfigurability (Andersen et al., 2017). Specifically,the RMS design can be classified into component- and system-level decisions. The component-level decisions include designs of reconfigurable machine tools, jigs/fixtures and material handling devices (Gadalla and Xue, 2016; Yang et al., 2021), while the system-level decisions include reconfigurability level assessment, layout and configuration/reconfiguration selection(Koren and Shpitalni, 2010; Koren et al., 2018).

      Among the RMS design problems, this study addresses system-level configuration/reconfiguration selection that determines production capacity to satisfy dynamic demands by adding or removing system components. Unlike the long-term capacity planning in conventional manufacturing systems, the RMS configuration/reconfiguration selection has features of both long-term design and short-term operation due to the inherent reconfigurability (Yu et al., 2014).

      Most previous studies on system-level configuration/reconfiguration selection are done on the flow-shop-type with parallel machines at each stage. As an early study, Son (2000) considers a single-period static problem that determines the numbers of stages and parallel machines at each stage as well as the operation assigned to each stage for single part flow lines, and proposes an integer programming model that minimizes the total capital cost. Then, the static model is extended to a multi-period dynamic one that determines the system configuration in each period using the similarity between two consecutive configurations. See Spicer and Carlo (2007) for other multi-period model in single part flow lines. Also, Wang and Koren (2012) consider a static problem with a fixed number of stages, and propose a genetic algorithm that minimizes the total number of machines while maximizing the system throughput. Later, Koren et al. (2017) extend it by considering buffers between stages. Due to the limitation of a single operation assigned to each stage, the above models are extended to the ones that allow multiple operations at each stage. See Dou et al. (2009), Moghaddam et al. (2018), Zhang et al. (2023), Albus and Huber (2023) and Albus et al. (2024) for examples.

      Due to the limited applications, the above studies are extended to multi-part flow lines. As an early study, Youssef and EIMaraghy (2006) extend the Son’s static model and propose a genetic algorithm after an integer programming model is developed. Also, Dou et al. (2010) and Moghaddam et al. (2018) extend their previous dynamic models for multi-part flow lines. In particular, Moghaddam et al. (2020) show the outperformance of the multi-period dynamic approach over the single-period static approach. Besides these, some studies propose multi-criterion optimization approaches that evaluate alternative configurations and select the best one after weighting different criteria. See Goyal et al. (2012), Ashraf and Hasan (2018) and Kumar et al. (2022) for examples.

      Unlike the above ones, this study considers system-level configuration/reconfiguration selection for job-shop-type RMSs with non-unidirectional flows, which is the problem of determining the system components required to satisfy dynamic demands in each period of a planning horizon, called capacity scalability planning in the literature. In fact, this study is an extension of Yu et al. (2014) that consider the restricted problem with non-decreasing demands. Specifically, two cases of the problem, i.e. basic case with non-decreasing demands and general case with fluctuating demands, are considered.

      For the basic case, the previous model is modified to a more practical one with a limited number of pallets. For the objective of minimizing the sum of component acquisition and configuration change costs, a nonlinear integer programming model is proposed that includes closed queuing network based performance estimation. Then, two backward heuristics are proposed that determine the system configurations from the last to the first period. Computational experiments were done, and the results are reported. In addition, for the general case with fluctuating demands, the basic nonlinear integer programming model is extended for the objective of minimizing component acquisition/removal and configuration change costs. Then, two variable neighborhood search algorithms, ordinary and hybrid ones, are proposed, where the hybrid algorithm allows non-improving moves using the simulated annealing technique. To test the performance of the algorithms, computational experiments were done and the results are reported.

    

    

  
    
      2. Basic case 
      This section describes the basic case with non-decreasing demands. After formulating the problem as a nonlinear integer programming model, solution algorithms and computational results are presented.

      
        2.1 Problem description 
        The system considered in this study is a job-shop-type RMS that consists of computer numerical control machines, loading/unloading (L/U) stations, material transporters and a central buffer. Note that the RMS is fundamentally different from the conventional FMSs in that it has the capability to change system components quickly. Figure 1 shows an RMS with three machines and two L/U stations. A system-level reconfiguration from two to three machines is also illustrated in this figure.

        
          
          

          Figure 1. 
				
          

          
            Reconfigurable Manufacturing System with System-level Reconfiguration: Example
          
          

          

        

        In the RMS, each part is processed through one or more machines in non-unidirectional flows after loaded on a pallet at an L/U station and then released into the central buffer. Similarly, a completed part is unloaded from the pallet at an L/U station and then exits from the RMS. The central buffer, which is an automatic storage/retrieval system with a limited number of storage locations, is used to store the pallets. Each machine can process parts using the required cutting tools stored in its tool magazine with a sufficient tool slot capacity. Parts are produced by one or more operations with precedence relations, each of which can be processed on one of the machines at the pre-specified processing workstation. Finally, one or more automated transporters are used to move pallets among the system components, i.e. L/U station, processing workstations and central buffer.

        For given non-decreasing demands of multiple product types over a planning horizon, the basic case is to determine the number of additional components, i.e. machines, transporters, L/U stations and pallets, to satisfy the demands in each period of the planning horizon for the objective of minimizing the sum of component acquisition and configuration change costs. The component acquisition costs are those required to acquire components, and the configuration change costs are those required to install newly acquired components. Due to non-decreasing demands, the system components added in a period are maintained during the remaining periods. Without loss of generality, it is assumed that there are no system components at the beginning of the planning horizon. Besides the demand requirements, other constraints are the limited number of pallets and the minimum allowable station utilization. The number of pallets is limited due to the central buffer capacity, which a practical extension of Yu et al. (2014). Also, the minimum allowable utilization constraint implies that utilizations of processing workstations and L/U stations must not be less than a lower limit, which is needed to avoid over-installations of unnecessary components.

        This study considers a deterministic version of the problem, i.e. all data such as process plans, demands and cost values are deterministic and given in advance. Among the data, the process plans, which contain the information on operations, processing workstations and processing/transportation times, is needed to estimate throughputs and station utilizations under a system configuration.

        The problem can be formulated as a nonlinear integer programming model, which modifies Yu et al. (2014)’s by adding the limited number of pallets. The notations used are summarized below.

        Indicesi part type, i=1, 2, ..., I
t periods, t=1, 2, ..., T
m stations, m=1, 2, ..., M (1, 2, ... M-2 : processing workstations; M-1: L/U station; and M: transportation station)

        Parametersamt acquisition cost of a component at station m in period t
cmt configuration change cost of station m in period t
h acquisition cost of a pallet
dit demand of part type i in period t
umin minimum allowable station utilization
qmax maximum number of pallets
G large number

        Decision variables umt number of newly acquired components at station m in period t
ymt = 1 if there is a configuration change at station m in period t, and 0 otherwise
zt:  number of newly acquired pallets in period t

        Now, the nonlinear integer programming model is given below. In the model, THi(Xt, pt) and UTm(Xt, pt) denote the throughput of part type i and the utilization of station m under configuration (Xt, pt) in period t, where Xt=(x1t, x2t, ..., xMt) and pt=∑l=1t zl. Note that xmt=∑l=1t uml and pt denote the numbers of components at station m and pallets in period t, respectively.

        [P-NID]	Minimize
∑t=1T ∑m=1M amt⋅umt+cmt⋅ymt+h⋅zt
subject to
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        The objective function denotes the sum of component acquisition and configuration change costs over the planning horizon. Constraints (1) and (2) represent the demand and the minimum allowable station utilization requirements, respectively. In this study, part throughputs and station utilizations are estimated using the closed queuing network model of Yu et al. (2014), originally proposed by Solberg (1977) for performance evaluation of FMSs. The detailed estimation methods will be explained in the next section. Constraint (3) ensures that a component acquisition occurs in a period if there is a configuration change in that period. Constraints (4) and (5) represent the limited number of pallets and there are no system components at the beginning of the planning horizon, respectively. Finally, the remaining constraints represent the conditions of decision variables.

        It can be easily seen that the problem [P-NID] is difficult to solve optimally for large-sized instances due to the exponential number of possible configurations and the nonlinear closed queuing network based estimation functions THi(Xt, pt) and UTm(Xt, pt). Therefore, instead of the optimal approach with very limited practical applications, the heuristic approach is adopted in this study.

      

      
        2.2 Solution algorithms 
        This section presents the heuristic algorithms proposed in this study. Before explaining the heuristics, the closed queuing network (CQN) model is briefly explained.

        
          (1) Estimating throughputs and utilizations 
          The CQN model represents an RMS configuration (Xt, pt) as M inter-connected stations with one or more identical components. <Figure 2> shows the CQN model with processing stations (1, 2, ..., M-2), an L/U station (M-1) and a transportation station (M), where the transportation station takes over the role of a central server activated after each individual processing operation is finished on a machine at a processing station. The assumptions are: (a) exponential processing/transportation times; (b) new parts available at all times; (c) first come first served queueing discipline; (d) universal pallets that can load all part types being processed in the RMS; and (e) sufficient central buffer capacity. See Solberg (1977) for more details on the CQN topology.

          
            
            

            Figure 2. 
				
            

            
              Closed Queuing Network (CQN) Model for an RMS Configuration
            
            

            

          

          For a given RMS configuration (Xt, pt), let nmt be the number of pallets located at station m in period t and hence pt=∑m=1M nmt. Also, let wmt be the average workload at station m in period t, which can be calculated using the process plans. Then, the probability that the RMS is in state nt=(n1t, n2t, ..., nMt) can be represented as
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          where fmnmt=wmtnmt/nmt! if nmt≤xmt and wmtnmt/xmt!⋅xmtnmt-xmt otherwise. Note that g(pt, M) is the normalization constants over the state space, which can be calculated by the Buzen algorithm. See Tempelmeier and Kuhn (1993) for more details on the Buzen algorithm.

          Then, the throughput of part type i can be estimated as

          THiXt,pt=αi⋅gpt-1,M/gpt,MvM,

          where αi and vM denote the production ratio of part type i and the average number of operations per part, respectively. Also, the utilization of station m can be estimated as

          UTmXt,pt=bm⋅rm⋅gpt-1,M/gpt,Mxm,

          where bm and rm denote the average processing time per operation and the relative arrival frequency (visit ratio) of a part at station, respectively. See Tempelmeier and Kuhn (1993) for more details on the derivations of the above two formulas.

        

        
          (2) Heuristic algorithms 
          
            Modified backward-utilization (MB-UT) heuristic
          

          The MB-UT heuristic is a modification of Yu et al. (2014)’s that determines the configurations from the last to the first period. Unlike the previous one that determines the last period configuration using a simple greedy heuristic, MB-UT uses a local search method. The detailed procedure is given below. In the procedure, 1m represents a vector with 1 in the m th place and other elements are 0.

          
            	Procedure 1. (MB-UT heuristic)


            	Step 1. Determine the last period configuration as follows.

	(a) Initialize XT=(1,1, ..., 1) and pT=qmax. 

	(b) Select station m' such that m'=argmaxm=1,2,...,M{ UTm(XT+1m, pt)} and increase the number of components at station m' by 1. Do this until a feasible configuration is obtained.

	(c) Decrease pT to the minimum possible one.




          

          
            	Step 2. Determine the configurations of the preceding periods as follows.

	(a) Set t=T-1.

	(b) Initialize Xt=Xt+1 and set the number of pallets in period t to 0.

	(c) For the configuration Xt, if a feasible configuration can be obtained by increasing the number of pallets before reaching pt+1, i.e. number of pallets in the directly succeeding period, set the configuration in period t as (Xt, pt) and go to (e). Otherwise, go to (d).

	(d) Select a station m* such thatm*=argminm=1,2,...,M{ UTm(Xt-1m, pt)} and set xm*t=xm*t-1 and go to (c).

	(e) If t < 2, stop. Otherwise, set t=t-1 and go to (b).




          

          
            Modified backward-throughput (MB-TH) heuristic
          

          The MB-TH heuristic is the same as the MB-UT except for Step 1(b) of procedure 1, i.e. priority rule that selects the station for which the number of components is increased when determining the last period configuration. Specifically, the MB-TH heuristic selects the station with the maximum increase in throughput divided by the sum of unit component acquisition and configuration change costs, i.e. select station m' such that

          m'=argmaxm=1,2,…,M⁡THXT+1m,pT-THXT,pTamT+cmT.

        

      

      
        2.3 Computational Results 
        To test the performance of the heuristics proposed in this study, computational experiments were done and the results are reported in this section. Specifically, the two heuristics, MB-UT and MB-TH, are compared with the forward-throughput (F-TH), forward-utilization (F-UT) and backward-utilization (B-UT) heuristics of Yu et al. (2014) after setting the limited number of pallets. The heuristics were coded in Python 3.1 and the experiments were done on a PC with an Intel core i9 processor at 3.42 GHz clock speed with 64GB RAM memory.

        The first experiment was done to show the absolute performance for small sized test instances. For the test, 30 instances with three periods and five stations were generated randomly, i.e. 10 instances for each of three levels for the number of part types (10, 20 and 30) using the data of Yu et al. (2014) and Zhou et al. (2014). The data were generated as follows.

        
          	•Demands in each period (dit) ~ DU(50,70)+DU(0,10), where DU(0,10) represents the amount of an additional demand


          	•Component acquisition costs (cmt) ~ DU(5000,20000)


          	•Configuration changing costs (cmt) ~ DU(500,2000)


          	•Pallet costs (h) ~ DU(200,300)


          	•Number of operations for a part type ~ DU(6,16)


          	•Operation processing times ~ DU(20,100)


          	•Loading/unloading times ~ DU(5,20)


          	•Transportation times ~ DU(3,7)


        

        In addition, the limited number of pallets (qmax) was set to 60. The performance measures are: (a) percentage gaps from the optimal solution values that obtained using the full enumeration method and (b) CPU seconds.

        Test results are summarized in <Table 1> (a), (b) and (c) that show the average percentage gaps from optimal solution values for three levels of the minimum allowable station utilization (0.6, 0.7 and 0.8). It can be seen from the tables that the heuristics proposed in this study outperform the previous ones in overall averages due to the better last period configurations. Of the heuristics, MB-TH was significantly better than MB-UT because it considers both throughputs and costs. In fact, the overall average gaps of MB-TH were 2.47%, 2.9% and 2.11% when the minimum allowable station utilization was 0.6, 0.7 and 0.8, respectively. To test statistical difference among the heuristics, paired t-tests were done using the average percentage gaps and the results showed that MB-TH is statistically different from the others in the significance level of 0.01. Finally, all the heuristics solve the test instances within 8.2 seconds while the full enumeration method required 2108.0 seconds in overall average.

        The second experiment was done for medium-to-large sized test instances. For the test, 240 instances, i.e. 10 instances for each of 24 combinations of three levels for the number of periods (3, 5 and 10), three levels for the number of stations (5, 7 and 9) and three levels for the number of part types (10, 20 and 30), were generated using the data generation method explained earlier. The limited numbers of pallets were set to 60, 80 and 100, and the minimum allowable station utilizations were set to 0.6, 0.7 and 0.8 for the test instances with 5, 7 and 9 stations, respectively. The performance measures are: (a) relative performance ratio (RPR) since the optimal solutions could not be obtained; and (b) CPU seconds, where the RPR of a heuristic for an instance is calculated as

        100⋅Ca-Cbest/Cbest ,

        where Ca is the total cost value obtained from heuristic a and Cbest is the best one among those obtained from all the heuristics.

        Test results are summarized in <Tables 2> (a), (b) and (c) that show the average RPR values of the heuristics for the three levels of the minimum allowable station utilization. As in the test results for the small sized instances, the new heuristics perform better than the previous ones in overall averages and MB-TH performs the best. Paired t-tests were also done and the results showed that MB-TH is statistically better than the others in the significance level of 0.01, which shows the effectiveness of the throughput/cost ratio based local search that determines the better last period configurations. Finally, all the heuristics gave the solutions within 24.5 seconds.

      

    

    

  
    
      3. General Case
      This section describes the general case with fluctuating demands. After the basic nonlinear integer programming model is extended, two variable neighborhood search algorithms and their test results are presented.

      
        3.1 Problem Description 
        The general case is the same as the basic one except that the demands are fluctuating, i.e. increasing or decreasing, over a planning horizon. Therefore, the general case can be defined as follows. For given fluctuating demands of multiple product types, the problem is to determine the number of system components to satisfy the demands in each period of a planning horizon for the objective of minimizing the sum of component acquisition/removal and configuration change costs. As in the basic case, the constraints are demand requirements, the limited number of pallets and the minimum allowable station utilization. It is assumed that the pallets are acquired at the beginning of the planning horizon.

        Let smt and gmt denote the removal cost of a component and the number of removed components at station m in period t, respectively. Then, the general case can be formulated as the following nonlinear integer programming model.

        [P-FD]	Minimize
∑m=1M ∑t=1T amt⋅umt+cmt⋅ymt+smt⋅gmt+h⋅maxt=1,…,T pt
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        The objective function represents the sum of component acquisition/removal and configuration change costs over the planning horizon. Constraint (3') ensures that a component acquisition/removal occurs in a period if there is a configuration change in that period. Constraints (4') and (5') represent the limited number of pallets and there are no system components at the beginning of the planning horizon, respectively. Constraint (6') ensures that acquisition and removal of the same component cannot occur at the same time in a period. Finally, the remaining constraints (7') and (8) represent the conditions of decision variables.

        It can be easily seen that the problem [P-FD] is harder than [P-NID] because components can be removed according to fluctuating demands and hence the solution space gets much larger. Therefore, instead of simple local search heuristics, this study adopts the meta-heuristic approach.

      

      
        3.2 Solution Algorithms 
        This section explains the two variable neighborhood search algorithms proposed in this study, i.e. ordinary and hybrid ones. Variable neighborhood search (VNS), proposed by Mladenović and Hansen (1997), is a meta-heuristic that explores a set of predefined neighborhood structures successively to escape from local optimums. See Hansen et al. (2017) for more details on the VNS algorithm.

        
          (1) Ordinary VNS algorithm 
          An overview of the ordinary VNS algorithm is shown in Figure 3. As can be seen in the figure, the algorithm consists of four main steps: (a) obtaining an initial solution; (b) generating shaking solutions using different neighborhood structures; (c) local search that improves the shaking solution and (d) termination. In the algorithm, a solution is represented by an M×T matrix	X=[xmt], where xmt denotes the number of components at station m in period t. Therefore, the t th column vector Xt=(x1t, x2t, ..., xMt)T represents the configuration with pt pallets in period t. The details of each step are explained below.

          
            
            

            Figure 3. 
				
            

            
              Ordinary VNS Algorithm: Overview
            
            

            

          

          
            Step 1. Obtaining an initial solution
          

          An initial solution, denoted as Xi=xmti, is obtained by determining the feasible configuration in each period using the first step of the MB-UT heuristic, i.e. Step 1 of procedure 1.

          
            Step 2. Shaking 
          

          Shaking is done to escape from the local optimums by changing neighborhood structures. More specifically, from the current incumbent solution X, a shaking solution is obtained as follows. First, a neighborhood structure N' (X) is selected randomly. Then, a feasible solution Xf that satisfies the demand and the minimum allowable utilization constraints is generated randomly using the selected neighborhood structure N' (X), where Xf∈N' (X). Finally, a feasible shaking solution X' is obtained by decreasing the number of pallets in Xf to the minimum possible one.

          In this study, the following neighborhood structures are proposed.

          One component change in multiple periods (OCC-MP). This method generates a feasible neighborhood solution by selecting POCC_MP different periods randomly and then changing the number of components at a random station in each of the periods in such a way that the changed number does not exceed the maximum number of components in the initial solution, i.e. maxm,txmti. <Figure 4 (a)> shows an example with POCC_MP=2, in which periods 2 and 3 are selected and then the number of components at station 3 (2) in period 2 (3) is changed from 2 (4) to 3 (2).

          
            
            

            Figure 4. 
				
            

            
              Neighborhood Structures: Examples
            
            

            

          

          Multiple component changes in one period (MCC-OP). This method generates a feasible neighborhood solution by selecting a period randomly and then adding or removing one component randomly at each of CMCC_OP random stations in that period. <Figure 4(b)> shows an example with CMCC_OP, in which period 2 is selected and then one component is removed at station 1 while added at stations 3 and 4.

          Multiple component replacements in one period (MCR-OP). This method generates a feasible neighborhood solution by selecting a period randomly and then replacing its number of components at each of CMCR_OP random stations by that of the random adjacent period. <Figure 4 (c)> shows an example with CMCR_OP=2, in which period 2 is selected and then the number of components at station 2 (4) is replaced by 4 (3) in the adjacent period 3.

          
            Step 3. Local search improvement
          

          This step improves the shaking solutions by the neighborhood structures explained earlier. Specifically, a neighborhood solution is generated from the current shaking solution X' using each of OCC_MP, MCC_OP and MCR_OP methods, and the best one X'' is selected. If X'' improves the current best solution, the best solution is updated and the next shaking is done. Otherwise, the local search is done for another shaking solution generated by an unused neighborhood structure. Note that the iteration count is reinitialized to 0 if an improved solution is obtained by the consecutive shaking and local search improvement steps, while increased by 1, otherwise.

          
            Step 4. Termination 
          

          The ordinary VNS algorithm is terminated when there is no improvement for a certain number PO_VNS of consecutive iterations.

        

        
          (2) Hybrid VNS Algorithm 
          The hybrid VNS algorithm is the same as the ordinary one except that the simulated annealing (SA) technique is used to allow non-improving moves in the local search improvement. Let X* and X'' denote the current best solution and the new solution obtained by the shaking and local search methods, respectively. Then, in the local search improvement step, the new solution X'' is accepted if it improves the current best one X*. Otherwise, it is accepted with a specified probability exp(-Δ/Temp), where Δ and Temp denote the difference in objective values of the new and the current best solutions, i.e. Δ = Z(X'')-Z(X*), and the temperature, respectively. Z(X)denotes the objective value of solution X.) As in the ordinary SA algorithm, the temperature is decreased by Templ=β·Templ-1, where β denotes a positive cooling ratio less than 1 and Templ is the temperature during lth epoch, i.e. the number Γ of movements made with the same temperature. Note that another shaking solution is generated using an unused neighborhood structure if the new solution is not accepted and the iteration count is increased by 1 when no improved solution can be obtained by all shaking solutions. Finally, the hybrid VNS algorithm is terminated when no improvement occurs for a certain number PH_VNS of consecutive iterations.

        

      

      
        3.3 Computational Results 
        To test the performance of the VNS algorithms, computational experiments were done and the results are reported in this section. The VNS algorithms were coded in Python 3.1 and the tests were done on a PC with an Intel core i9 processor at 3.42 GHz clock speed with 64GB RAM memory.

        Before the main tests, a preliminary test was done to set the parameters of the hybrid VNS algorithm. Specifically, the best one was selected using RPR values after comparing six combinations of three levels for cooling ratio (0.6, 0.7 and 0.8) and two levels for epoch length (6 and 8) when the initial temperature and the termination parameter were set 10000 and 30, respectively. For the test, 10 small sized (3 periods, 5 stations and 10 part types), 10 medium sized (5 periods, 7 stations and 20 part types)and 10 large sized instances (10 periods, 9 stations and 30 part types) were generated randomly. The data were generated as follows.

        
          	•Demands in each period (dit) ~ DU(10,150)


          	•Component acquisition costs (amt) ~ DU(10000,20000)


          	•Component removal costs (smt) ~ DU(5000,10000)


          	•Pallet costs (h) ~ DU(200,300)


          	•Configuration changing costs (cmt) ~ DU(500,2000)


          	•Number of operations for a part type ~ DU(6,16)


          	•Operation processing times ~ DU(20,100)


          	•Loading/unloading times ~ DU(5,20)


          	•Transportation times ~ DU(3,7)


        

        In addition, the limited numbers of pallets (qmax) were set to 60, 80 and 100 for the instances with 5, 7 and 9 stations, respectively, and the minimum allowable station utilization was set to 0.7. Test results are summarized in Table 3 that shows the average RPR values for all parameter combinations. From the test results, the cooling ratio (β) and the epoch length (Γ) were set to 0.7 and 8, respectively.

        
          Table 3. 
				
          

          
            Test results for Setting Parameters of hybrid VNS Algorithm
          
          

        

        
          
            
              	NP
              	NS
              	NPT
              	β=0.5
Γ=6
              	β=0.5
Γ=8
              	β=0.7
Γ=6
              	β=0.7
Γ=8
              	β=0.9
Γ=6
              	β=0.9
Γ=8
            

          
          
            	3
            	5
            	10
            	0.37* 
            	0.00 
            	0.04 
            	0.04 
            	0.27 
            	0.35
          

          
            	5
            	7
            	20
            	0.74
            	1.21
            	0.72
            	0.48
            	1.38
            	2.11
          

          
            	10
            	9
            	30
            	1.89
            	2.26
            	2.18
            	1.68
            	1.83
            	1.16
          

          
            	Average
            	1.00
            	1.16
            	0.98
            	0.74
            	1.16
            	1.20
          

        

        
          
            See the footnotes of <Table 1>.
          

          
            * Average relative performance ratio out of 10 instances.
          

        

        

        The first test was done to show the absolute performance of the VNS algorithms for small sized test instances. The performance measures are: (a) percentage gaps from the optimal solution values; and (b) CPU seconds, where the optimal solutions were obtained using the full enumeration method. For the test, 30 instances with 3 periods and 5 stations were generated randomly, i.e. 10 instances for each of three levels for the number of part types (10, 20 and 30). The data were generated using the method for the preliminary test and the algorithms were terminated when there was no improvement for 30 consecutive iterations, i.e. PO_VNS=PH_VNS=30.

        Test results are summarized in <Table 4(a), (b) and (c)> that show the average percentage gaps from the optimal solution values for the three levels of the minimum allowable station utilization (0.6, 0.7 and 0.8). It can be seen from the tables that the VNS algorithms give optimal or near optimal solutions for all test instances. Of the two algorithms, the hybrid VNS algorithm outperformed the other in overall average and gave more optimal solutions as the minimum allowable station utilization increases. A paired t-test was done and the results showed that the hybrid algorithm is statistically better than the other in the significance level of 0.01. The overall average gaps of the hybrid algorithm were 0.09%, 0.06% and 0.05% for utilization levels 0.6, 0.7 and 0.8, respectively. Also, it gave the 77 optimal solutions out of 90 test instances. This implies that the SA based solution acceptance criterion is an effective method to escape from the local optimums in the local search improvement step. Finally, as can be seen in <Table 5>, the hybrid VNS algorithm required more computation times, but gave the solutions within 854.2 seconds. Note that the full enumeration method required 3203.4 seconds in the overall average.

        
          Table 5. 
				
          

          
            General Case: CPU Seconds of VNS Algorithms for Small Sized Test Instances
          
          

        

        
          
            
              	NP
              	NS
              	NPT
              	Ordinary
VNS
              	Hybrid
VNS
            

          
          
            	3
            	5
            	10
            	44.9*
            	63.0
          

          
            	20
            	92.6
            	126.5
          

          
            	30
            	306.0
            	492.6
          

        

        
          
            See the footnotes of <Table 1>.
          

          
            * Average CPU second out of 30 instances for 3 levels of allowable utilization.
          

        

        

        The second main test was done to compare the relative performance of the two VNS algorithms for medium-to-large sized test instances. For the test, 240 instances, i.e. 10 instances for each of 24 combinations of three levels for the number of periods (3, 5 and 10), three levels for the number of stations (5, 7 and 9) and three levels for the number of part types (10, 20 and 30), were generated using the method explained earlier. <Table 6(a), (b) and (c)> summarize the average, minimum and maximum RPR values of the two algorithms for the three levels of the minimum allowable station utilization. As in the results for small sized test instances, the hybrid algorithm outperformed the ordinary one in overall averages and gave smaller RPR values as the minimum allowable station utilization increases, which also implies that the SA based solution acceptance is an effective method. In fact, the result of paired t-test showed that the two algorithms are statistically different in the significance level 0.01. Finally, as can be seen in <Table 7>, there was not much difference in computation times. In fact, the hybrid VNS algorithm required 1443.3 seconds in overall average, which is acceptable for practical applications because capacity scalability planning is a system design problem.

        
          Table 7. 
				
          

          
            General Case: CPU Seconds of VNS Algorithms for Medium-to-Large Sized Test Instances
          
          

        

        
          
            
              	NP
              	NS
              	NPT
              	Ordinary VNS
              	Hybrid VNS
            

          
          
            	3
            	7
            	10
            	293.0*
            	329.3
          

          
            	20
            	335.4
            	433.0
          

          
            	30
            	634.4
            	804.2
          

          
            	9
            	10
            	1112.4
            	1529.7
          

          
            	20
            	1312.0
            	1781.6
          

          
            	30
            	1797.9
            	2064.6
          

          
            	5
            	5
            	10
            	71.7
            	78.4
          

          
            	20
            	136.6
            	156.5
          

          
            	30
            	404.8
            	587.8
          

          
            	7
            	10
            	359.9
            	494.1
          

          
            	20
            	559.8
            	741.1
          

          
            	30
            	884.6
            	1187.6
          

          
            	9
            	10
            	1469.5
            	1885.4
          

          
            	20
            	1783.0
            	2489.5
          

          
            	30
            	2379.7
            	3100.6
          

          
            	10
            	5
            	10
            	104.3
            	121.0
          

          
            	20
            	225.0
            	260.7
          

          
            	30
            	884.8
            	928.9
          

          
            	7
            	10
            	539.0
            	658.9
          

          
            	20
            	1050.8
            	1177.5
          

          
            	30
            	1695.4
            	2099.0
          

          
            	9
            	10
            	1959.6
            	2624.3
          

          
            	20
            	2833.2
            	3784.1
          

          
            	30
            	4640.7
            	5322.1
          

          
            	Average
            	1144.5
            	1443.3
          

        

        
          
            See the footnotes of <Table 1>.
          

          
            * Average CPU second out of 30 instances for 3 levels of allowable utilization.
          

        

        

      

    

    

  
    
      4. Concluding Remarks 
      This study addressed multi-period capacity scalability planning for job-shop-type RMSs with dynamic demands over a planning horizon. Two cases of the problem, basic case with non-decreasing demands and general case with fluctuating demands, were considered with the practical constraints of the limited number of pallets and the minimum allowable station utilization. For the basic case that determines the system components to be added in each period of the planning horizon, a nonlinear integer programming model was proposed that includes a closed queueing network based estimations of throughputs and utilizations for the objective of minimizing the sum of component acquisition and configuration change costs. Then, two backward heuristics, MB-UT and MB-TH, were proposed and computation results showed that they outperform the existing ones significantly because they start with better last period configurations. Of the two heuristics, MB-TH that uses the throughput/cost ratio when selecting the components to be added in the last period configurations performed better than the other. For the general case with an additional decision of removing system components, the basic nonlinear programming model was extended, and then two VNS algorithms were proposed for the objective of minimizing the sum of component acquisition/removal and configuration change costs. Computational results showed that the hybrid VNS algorithm with the SA technique to allow non-improving moves outperforms the ordinary one.

      This study can be extended in several directions. First, the optimal solution approach is worth to be developed in the theoretical aspect. Second, the current problem can be generalized into stochastic ones for which various simulation optimization methods, such as sample average approximation and robust optimization, can be used. Finally, the digital twin technology can be used to evaluate the performance of RMS configurations in real-time.
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