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Abstract. In recent years, the price of electricity in Japan has increased, and then 

manufacturing industries are required to implement production plan in consider-

ation of the electric power costs. In response to this demand, production sched-

uling has to be implemented in consideration of several decision criteria such as 

productivity and electric power costs. In this paper, we propose a production 

scheduling with satisficing trade-off method in order to maintain productivity and 

reduce electricity costs, and evaluate the effectiveness of the proposed method. 

Keywords: Production scheduling, Electric power costs, Satisficing trade-off 

method  

1 Introduction 

In Japan, the price of electricity has increased due to the change in the ratio of ther-

mal power generation since the Great East Japan Earthquake [1]. In the manufacturing 

industry, the production activities are performed in consideration of reduction of the 

electric power costs such as peak shifting. Furthermore, in order to reduce the electric 

power costs, the manufacturing industry is considering the introduction of Energy Man-

agement System (EMS), the renewal and installation of energy-efficient equipment, 

and the production scheduling for electricity cost saving [2]. We have so far focused on 

the relationship between productivity and electricity in production lines, and proposed 

an optimized scheduling method that considers the total weighted productivity and elec-

tricity [3]. However, it was not clear how to set the weighting factor for multiobjective 

optimization problem in consideration of the various decision criteria. In order to solve 

this issue, we focus on the Satisficing Trade-Off Method (STOM), which is one of the 

multi-objective optimization technique. STOM is an optimization method that is satis-

fied with the multiple decision criteria [4], and is applied to scheduling problems and 
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layout optimization problems [5, 6]. In this paper, we propose a scheduling method 

using STOM that can simultaneously consider to reduce electric power costs and to 

maintain productivity. The computational experiments are carried out to evaluate the 

performance of the proposed method. 

2 Target Model 

In this paper, our target model is a flexible flow shop type production line including 

EMS as shown in Fig. 1. The electric power costs are different depending on the time 

range. The length of planning period, the number of jobs and the processing time of 

each job are determined in advance as practical case. The features of the stage, job, and 

machine in this paper are described as follows: 

 

Fig. 1. A schematic diagram of the target model 

Stage: 

 There are multiple machines in each stage. 

 There is no capacity of each buffer between connected stages. 

Machine: 

 All machines can be used from the start of production. 

 Each machine can process all jobs, but the ability such as processing time and elec-

tric power consumption differs depending on the machine. 

 During the planning period, the state of each machine is either processing or idle, 

and the electric power consumption differs depending on the state. 

 No interruption occurs during job processing. 

 No machine failure occurs. 

 Setup time is not considered. 

Job: 

 All jobs are known at the beginning of the production. 

 Each job is assigned to only one machine in each stage, and each machine can pro-

cess at most one job at a time. 

 The job in a certain stage is started after the processing completion time in the pre-

vious stage. 
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3 Proposal of scheduling method based on decision 

criteria considering electric power costs and 

productivity 

In production scheduling, it is important to obtain the appropriate solution in practi-

cal time even if the optimal solution cannot be acquired. Thus, we propose the sched-

uling method applying STOM in considering of various decision criteria such as elec-

tric power costs and productivity [4]. In the proposed method, the ideal level, which 

consists of the ideal value of each decision criteria and the aspiration level which is the 

satisfaction solution of each decision criteria, are set, and a solution which is satisfied 

for aspiration level is obtained. The algorithm of proposed method is described in Sec-

tion 3.2, and the formulation of scheduling within the algorithm is shown in Section 

3.3. 

 

3.1 Notation 

The definition of the characters used in the formulation is as follows: 

Parameters 

 𝑗, 𝑘 ∶ job number  (𝑗, 𝑘 = 1, … , 𝐽) 

 𝑖 ∶ stage number (𝑖 = 1, … , 𝐼) 

 𝑙 ∶ machine number  (𝑙 = 1, … , 𝑀𝑖) 

 𝑡 ∶ timeslot number (𝑡 = 0, … , 𝑇 − 1) 

 𝑎 ∶ state number (𝑎 = 1, … , 𝐴) 

In this paper, there are two states: processing and idle, where 𝑎 = 1 represents pro-

cessing and 𝑎 = 2  represents idle. 

 𝑃𝑖𝑙𝑗  ∶ processing time of job 𝑗 at machine 𝑙 on stage 𝑖 

 𝐸𝐶𝑖𝑙𝑎  ∶  electric power consumption of state 𝑎 at machine 𝑙 on stage 𝑖 
 𝑅𝑎𝑡𝑒𝑡  ∶  electricity charges at time 𝑡 

 𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡  ∶  ideal level of makespan 

 𝑓𝑐𝑜𝑠𝑡
𝑏𝑒𝑠𝑡  ∶  ideal level of electric power costs 

 𝑓𝑐̅𝑚𝑎𝑥
 ∶  aspiration level of makespan 

 𝑓𝑐̅𝑜𝑠𝑡  ∶  aspiration level of electric power costs 

 𝑤𝑐𝑚𝑎𝑥
 =

1

𝑓𝑐̅𝑚𝑎𝑥 −𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡 ∶  weighting factor of makespan 

 𝑤𝑐𝑜𝑠𝑡  =
1

𝑓𝑐̅𝑜𝑠𝑡−𝑓𝑐𝑜𝑠𝑡
𝑏𝑒𝑠𝑡  ∶  weighting factor of electric power costs 

 𝛼 ∶ weighting factor used for objective function 

 𝐵𝑖𝑔𝑀 ∶ large constant for constraints 

Variables 

 𝐶𝑚𝑎𝑥 ∈ ℕ ∪ {0} ∶ makespan (total time from the start time of the planning period to 

the end time of the last job) 

 𝐶𝑜𝑠𝑡 ∈ ℝ0
+:  electric power costs 

 𝑠𝑖𝑙𝑗 ∈ ℕ ∪ {0} ∶ start time of job 𝑗 at machine 𝑙 on stage 𝑖 

 𝑐𝑖𝑙𝑗 ∈ ℕ ∪ {0} ∶ completion time of job 𝑗 at machine 𝑙 on stage 𝑖 
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 𝑒𝑡  ∈ ℝ0
+: electric power consumption at time 𝑡 

 𝑥𝑖𝑙𝑗𝑘 ∶ {
1: if job 𝑗 precedes job 𝑘 at machine 𝑙 on stage 𝑖 
0: otherwise                                                                   

 

 𝑦𝑖𝑙𝑗𝑡 ∶  {
1: if job 𝑗 starts to process at time 𝑡 at machine 𝑙 on stage 𝑖
0: otherwise                                                                                       

 

 𝑚𝑠𝑖𝑙𝑎𝑡 ∶ {
1: if machine 𝑙 on stage 𝑖 is in state 𝑎 at time 𝑡
0: otherwise                                                               

 

 𝑚𝑝𝑖𝑙𝑗𝑡 ∶ {
1: if job 𝑗 is processing at time 𝑡 at machine 𝑙 on stage 𝑖
0: otherwise                                                                                 

 

 𝑧 ∈ ℝ:  auxiliary variable  

In our proposed method, 𝑦𝑖𝑙𝑗𝑡 is decision variable. 

3.2 Algorithm of proposed method 

In the proposed method using STOM, the purpose is to schedule based on the deci-

sion maker's value judgment, and obtain a schedule that the decision maker is satisfied 

with. The algorithm of proposed method is as follows. 

STEP1. Set the ideal levels 𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡  and 𝑓𝑐𝑜𝑠𝑡

𝑏𝑒𝑠𝑡 , and show them to the decision 

maker. Each ideal level is set as the optimized solution in each single objective 

optimization problem.  

STEP2. Decision maker determines the aspiration levels 𝑓𝑐̅𝑚𝑎𝑥
 and 𝑓𝑐̅𝑜𝑠𝑡 . The as-

piration level is the value the decision maker is satisfied. 

STEP3. Solve the optimization problem shown in Section 3. 3 and find the clos-

est Pareto-optimal solution to the aspiration level given by the decision maker 

and show it to the decision maker. 

STEP4. If the decision maker is satisfied with the shown schedule, the process 

ends. Otherwise, return to STEP2 and reset the aspiration level. 

3.3 Formulation 

The scheduling problem in STEP3 is formulated as follows: 

min 𝑂𝐹 = 𝑧 + 𝛼{𝑤𝑐𝑚𝑎𝑥
(𝐶𝑚𝑎𝑥 − 𝑓𝑐̅𝑚𝑎𝑥

) + 𝑤𝑐𝑜𝑠𝑡(𝐶𝑜𝑠𝑡 − 𝑓𝑐̅𝑜𝑠𝑡)} (1) 

where 𝐶𝑚𝑎𝑥 = 𝐦𝐚𝐱
∀𝑖,∀𝑙,∀𝑗 

{𝑐𝑖𝑙𝑗} (2) 

 𝐶𝑜𝑠𝑡 = ∑ 𝑒𝑡∀𝑡 × 𝑅𝑎𝑡𝑒𝑡 (3) 

 𝑒𝑡 = ∑ ∑ ∑ 𝑚𝑠𝑖𝑙𝑎𝑡 × 𝐸𝐶𝑖𝑙𝑎∀𝑎∀𝑙∀𝑖 , ∀𝑡 (4) 

s. t. ∑ ∑ 𝑦𝑖𝑙𝑗𝑡∀𝑡 = 1∀𝑙 , ∀𝑖, ∀𝑗  (5) 

 𝑠𝑖𝑙𝑗 + 𝑐𝑖𝑙𝑗 ≤ 𝐵𝑖𝑔𝑀 × ∑ 𝑦𝑖𝑙𝑗𝑡∀𝑡 , ∀𝑖, ∀𝑙, ∀𝑗 (6) 

 𝑐𝑖𝑙𝑗 ≥ 𝑠𝑖𝑙𝑗 + 𝑃𝑖𝑙𝑗 − 𝐵𝑖𝑔𝑀(1 − ∑ 𝑦𝑖𝑙𝑗𝑡∀𝑡 ), ∀𝑖, ∀𝑙, ∀𝑗 (7) 

 ∑ 𝑠𝑖𝑙𝑗∀𝑙 ≥ ∑ 𝑐(𝑖−1)𝑙𝑗∀𝑙 , ∀𝑖 ∈ {𝐼 ∖ 1}, ∀𝑗 (8) 

 ∑ 𝑠𝑖𝑙𝑗∀𝑙 = ∑ ∑ 𝑡 × 𝑦𝑖𝑙𝑗𝑡∀𝑡∀𝑙 , ∀𝑖, ∀𝑗 (9) 

 ∑ 𝑐𝑖𝑙𝑗∀𝑙 = ∑ ∑ (𝑡 + 𝑃𝑖𝑙𝑗 ) × 𝑦𝑖𝑙𝑗𝑡∀𝑡∀𝑙 , ∀𝑖, ∀𝑗 (10) 

 𝑠𝑖𝑙𝑘 ≥ 𝑐𝑖𝑙𝑗 − 𝐵𝑖𝑔𝑀(1 − 𝑥𝑖𝑙𝑗𝑘), ∀𝑖, ∀𝑙, ∀𝑗, 𝑘, 𝑗 ≠ 𝑘 (11) 

 𝑠𝑖𝑙𝑗 ≥ 𝑐𝑖𝑙𝑘 − 𝐵𝑖𝑔𝑀 × 𝑥𝑖𝑙𝑗𝑘 , ∀𝑖, ∀𝑙, ∀𝑗, 𝑘, 𝑗 ≠ 𝑘 (12) 

 𝐶𝑚𝑎𝑥 ≤ 𝑇 (13) 
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 ∑ 𝑚𝑝𝑖𝑙𝑗𝑡∀𝑗 = 𝑚𝑠𝑖𝑙1𝑡 , ∀𝑖, ∀𝑙, ∀𝑡  (14) 

 ∑ 𝑚𝑠𝑖𝑙𝑎𝑡∀𝑎 = 1, ∀𝑖, ∀𝑙, ∀𝑡 (15) 

 ∑ 𝑚𝑝𝑖𝑙𝑗𝑡∀𝑗 ≤ 1, ∀𝑖, ∀𝑙, ∀𝑡  (16) 

 𝑃𝑖𝑙𝑗 × 𝑦𝑖𝑙𝑗𝑡 ≤ ∑ 𝑚𝑝𝑖𝑙𝑗𝑞

𝑡+𝑃𝑖𝑙𝑗−1

𝑞=𝑡 , ∀𝑖, ∀𝑙, ∀𝑗 (if 𝑃𝑖𝑙𝑗 > 0 and 𝑇 − 𝑡 ≥ 𝑃𝑖𝑙𝑗) (17) 

 𝑃𝑖𝑙𝑗 × ∑ 𝑦𝑖𝑙𝑗𝑡∀𝑡 = ∑ 𝑚𝑝𝑖𝑙𝑗𝑡∀𝑡 , ∀𝑖, ∀𝑙, ∀𝑗   (18) 

 𝑤𝑐𝑚𝑎𝑥
(𝐶𝑚𝑎𝑥 − 𝑓𝑐̅𝑚𝑎𝑥

) ≤ 𝑧 (19) 

 𝑤𝑐𝑜𝑠𝑡 (𝐶𝑜𝑠𝑡 − 𝑓𝑐̅𝑜𝑠𝑡 ) ≤ 𝑧  (20) 

Objective function (1) minimizes the sum of 𝑧 and weighted dissatisfaction with 

both makespan and electric power costs. The auxiliary variable 𝑧 represents the dissat-

isfaction levels for makespan and electric power costs. The dissatisfaction level for 

makespan and electric power costs are close as much as possible by minimizing 𝑧, and 

reduce the dissatisfaction with both makespan and electric power costs. The second 

term of the objective function is a correction term to prevent weak Pareto solutions, and 

the weighting factor 𝛼 should be small enough to prevent the second term from becom-

ing dominant [7]. Equations (5) – (20) are constraints. Equation (5) guarantees that a 

job is assigned to one machine in each stage. Equations (6) – (10) are constraints on the 

start and completion times. Equations (11) and (12) represents the precedence relation 

constraints for jobs. Equation (13) is a constraint that prevents the makespan from ex-

ceeding the planning period. Equations (14) - (16) are constraints on the allocation of 

machines and jobs. Equations (17) and (18) are constraints to determine the operating 

state of the machine. Equations (19) and (20) are inequalities that select the evaluation 

criteria with the weighted dissatisfaction levels for makespan and the electric power 

costs using the auxiliary variable 𝑧. 

4 Computational experiments 

In order to evaluate the relationship between the ideal level and the aspiration level 

acquired the schedule, the computational experiments are performed with different con-

ditions. In this paper, STEP4 of Section 3.2 is not executed and the aspiration level is 

not reset as basic study. IBM ILOG CPLEX 12.9 [8] is used to solve the scheduling 

problem. The evaluation criteria are as follows: 

 𝐶𝑚𝑎𝑥 ∶ makespan  

 𝐶𝑜𝑠𝑡 ∶ electric power costs 

 𝑀𝑆𝑁𝐴 =
𝐶𝑚𝑎𝑥−𝑓𝑐̅𝑚𝑎𝑥

𝑓𝑐̅𝑚𝑎𝑥−𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡 ∶  the dissatisfaction degree of makespan  

 𝐶𝑂𝑁𝐴 =
𝐶𝑜𝑠𝑡−𝑓𝑐̅𝑜𝑠𝑡

𝑓𝑐̅𝑜𝑠𝑡−𝑓𝑐𝑜𝑠𝑡
𝑏𝑒𝑠𝑡 ∶ the dissatisfaction degree of electric power costs 

4.1 Experimental conditions 

In general, each production machine differs the required manufacturing time and 

usage electric power for making the same product. In order to take into consideration 

these conditions, this experiment assumes that each stage has two type machines: Ma-

chine 1 in each stage has a high job processing speed but high power consumption, and 
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Machine 2 in each stage has a slower job processing speed and lower electric power 

consumption than Machine 1. There are three price time range for electricity charges; 

high, middle and low. We set the experimental conditions to understand the character-

istics of the proposed method as follows: 

 Total number of jobs (𝐽): 8 

 Total number of stages(𝐼): 2 

 The number of machines in each stage(𝑀𝑖): 2 

 Total number of timeslots (𝑇): 48 

 Total number of states (𝐴): 2 (𝑎 = 1, represents processing; 𝑎 = 2,  represents idle) 

 Processing time of job 𝑗 at machine 1 on stage 𝑖 (𝑃𝑖1𝑗): 2(1 ≤ 𝑗 ≤ 4), 3(5 ≤ 𝑗 ≤ 8) 

 Processing time of job 𝑗 at machine 2 on stage 𝑖 (𝑃𝑖2𝑗): 4(1 ≤ 𝑗 ≤ 4), 6(5 ≤ 𝑗 ≤ 8) 

 Electric power consumption of state 𝑎 at machine 1 on stage 𝑖 (𝐸𝐶𝑖1𝑎): 80(𝑎 = 1),
8(𝑎 = 2) 

 Electric power consumption of state 𝑎 at machine 2 on stage 𝑖 (𝐸𝐶𝑖2𝑎) ∶  10(𝑎 =
1, state is processing), 1(𝑎 = 2, state is idle) 

 Electricity charges (𝑅𝑎𝑡𝑒𝑡): 5(0 ≤ 𝑡 < 16), 10(16 ≤ 𝑡 < 32), 1(32 ≤ 𝑡 < 48) 

 𝐵𝑖𝑔𝑀 ∶ 50000 

 Weighting factor for the second term of the objective function (𝛼) ∶ 1.0 × 10−3 

An appropriate α value is set by conducting a preliminary experiment. 

Setting the ideal and aspiration level of makespan and electric power costs 

The ideal level of makespan 𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡  and electric power costs 𝑓𝑐𝑜𝑠𝑡

𝑏𝑒𝑠𝑡  are set the value 

acquired from the makespan and electric power costs minimization scheduling problem 

respectively as follows:  

 Ideal level of makespan (𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡 ) ∶ 17 

 Ideal level of electric power costs (𝑓𝑐𝑜𝑠𝑡
𝑏𝑒𝑠𝑡) ∶ 6714  

For setting the aspiration level of makespan and electric power costs, the four cases 

of aspiration level are used as shown in Table 1. In Case 1, the both aspiration levels 

are twice as many as the ideal levels. In Case 2, the aspiration level for electric power 

costs is increased from Case 1 as tougher requirement. In Case 3, the aspiration level 

for makespan is increased. In Case 4, the both aspiration level is 1.2 times as many as 

the ideal levels. In this time, Case 1 is loose aspiration level that gets a result that meets 

the aspiration level. Case 2 - 4 values are set to analyze how the scheduling result will 

be affected if the aspiration level of each evaluation criteria or all of them are increased. 

Table 1. Aspiration level of makespan and electric power costs 

Case 𝑓𝑐̅𝑚𝑎𝑥
 𝑓𝑐̅𝑜𝑠𝑡  

1 34 (𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡 × 2.0) 13428 (𝑓𝑐𝑜𝑠𝑡

𝑏𝑒𝑠𝑡 × 2.0) 

2 34  (𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡 × 2.0) 8057 (𝑓𝑐𝑜𝑠𝑡

𝑏𝑒𝑠𝑡 × 1.2) 

3 20  (𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡 × 1.2) 13428 (𝑓𝑐𝑜𝑠𝑡

𝑏𝑒𝑠𝑡 × 2.0) 

4 20  (𝑓𝑐𝑚𝑎𝑥
𝑏𝑒𝑠𝑡 × 1.2) 8057 (𝑓𝑐𝑜𝑠𝑡

𝑏𝑒𝑠𝑡 × 1.2) 
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4.2 Experimental result 

Table 2 shows the evaluation values acquired from solving the scheduling problem 

using proposed method with each case. The schedules acquired from Case 1 and Case 

2 are shown in Fig. 2. The objective function value 𝑂𝐹 is less than or equal to zero 

when all aspiration levels are satisfied. In Case 1, the objective function value is nega-

tive and both the aspiration level of makespan and electric power costs are satisfied. On 

the other hand, in Cases 2 to 4, the objective function values are positive because the 

some aspiration levels are not satisfied. In Case 2, the aspiration level of electric power 

costs is increased, and then the electric power costs decrease as shown in Table 2. As 

shown in Fig. 2, Job 1 (Blue box) and Job 4 (Pink box) in Case 2 are processed in low 

price range to reduce the electric power costs. Thus, the result in Case 2 indicates that 

the proposed method can adjust the production schedule for satisfying the aspiration 

level. However, the aspiration level of electric power costs in Case 2 may be strict, so 

𝐶𝑂𝑁𝐴 in Case 2 is positive and then the 𝑂𝐹 and 𝑀𝑆𝑁𝐴 are positive. In Case 3, the 

aspiration level of electric power costs increase from the level in Case 1 though the 

aspiration level of makespan is satisfied. This indicates that the proposed method may 

adjust the schedule to satisfy the strict aspiration level of makespan. In Case 4, the both 

aspiration levels are increased so that the proposed method may acquire the schedule 

while adjusting 𝑀𝑆𝑁𝐴 and 𝐶𝑂𝑁𝐴 to improve the both values. Therefore, these results 

indicate that it is possible to adjust the production schedule in consideration of 𝑀𝑆𝑁𝐴 

and 𝐶𝑂𝑁𝐴 using the proposed method. 

Table 2. Results of Experiment 

Case (𝑓𝑐̅𝑚𝑎𝑥
, 𝑓𝑐̅𝑜𝑠𝑡 ) 𝑂𝐹 𝑀𝑆𝑁𝐴 (𝐶𝑚𝑎𝑥) 𝐶𝑂𝑁𝐴 (𝐶𝑜𝑠𝑡) 

1 (34, 13428) -0.118 -0.1176 (32) -0.1206 (12618) 

2 (34, 8057) 0.353 0.3529 (40) 0.1124 (8208) 

3 (20, 13428) 0.174 0.0 (20) 0.1743 (14598) 

4 (20, 8057) 3.67 3.333 (30) 3.664 (12978) 

 

 

Fig. 2. Schedules obtained in Case 1 and Case 2. Red arrow: some jobs are scheduled in low 

price range in Case 2. 
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5 Conclusion 

In this paper, we proposed a scheduling method that can handle decision criteria of 

productivity and electric power costs in the flexible flow shop type production line with 

usage electric power. As a result of the experiment, we have confirmed that the pro-

posed method can adjust the production schedule in consideration of the various deci-

sion criteria such as productivity and electric power costs. In future work, we will im-

plement the adjustment mechanism of aspiration level autonomously and consider how 

to set the aspiration level to satisfy decision makers. Then, with the aim of applying it 

to the realization field, we will investigate the characteristics of the proposed method 

such as the calculation time and the scale of the problem that can obtain the optimum 

result, and compare it with other multi-objective optimization methods. 
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