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Abstract 

Flexible job-shop scheduling problem (FJSP) in the field of production scheduling presents a quite 

difficult combinatorial optimization problem. Machines are mostly considered to be the only resource 

in many research projects dealing with FJSP. In actual production, there are many other factors which 

influence production scheduling, such as transportation, storage and detection. If machines are 

considered to be the only resource, the problem may not be in accord with the actual production. Thus, 

in order to make FJSP more in line with the real production situation, machines, warehouses, vehicles 

and detection equipment are all considered to be the scheduled resources simultaneously due to the 

shortage of flexible job shop scheduling problem in resources. A new mathematical model for a multi-

resource flexible job-shop scheduling problem (MRFJSP) is proposed. The constraints of the model 

are presented. The makespan is the main target which will be minimized. A genetic algorithm which 

includes elitist strategy is proposed to solve the MRFJSP. Due to the complexity of MRFJSP, each key 

module of the genetic algorithm is redesigned. Finally, the model and algorithm are proved through an 

application case. 
(Received, processed and accepted by the Chinese Representative Office.) 
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1. INTRODUCTION 

Job-shop scheduling problem (JSP), a subject of intense study in recent research in the field of 

production scheduling, is known to be NP-Hard [1]. Flexible job-shop scheduling problem 

(FJSP), proposed by Brucker and Schlie in 1990 [2], is an extension of JSP that eliminates the 

one-to-one correspondence relationship between process and machine. Therefore, compared 

to JSP, FJSP is more complex and has been proved to be NP-Hard [3]. Since FJSP better fits 

the actual production environment, research on FJSP is of significant theoretical and practical 

value [4]. 

      In recent years, many research projects have mainly focus on the improvement of 

objective and algorithm in FJSP. As for the scheduled resources, much research concentrates 

only on machines. Machines are the most important resource which should be considered 

primarily in FJSP, but in the actual production environment, other resources also need to be 

scheduled, such as warehouses, vehicles, etc. These resources will also affect the production 

process and cannot be ignored. 

      Therefore, in order to make considerations of FJSP more in line with practical production 

conditions, this paper considers four various kinds of resources simultaneously. The 

scheduled resources include machines, warehouses, vehicles and detection equipment. A 

multi-resource flexible job-shop scheduling problem (MRFJSP) is proposed in this paper. The 

makespan is the objective which will be minimized, a mathematical model for MRFJSP is 

created and an elitist selection genetic algorithm is designed to solve the problem. Finally, an 

instance of verification is proposed for the model and algorithm. 

      This paper initially provides brief literature related to FJSP in Section 2. Section 3 

presents a description for MRFJSP. A model for MRFJSP is proposed in Section 4. The 
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design for an elitist selection genetic algorithm is presented in Section 5. Computational 

results are discussed in Section 6. The paper ends with some conclusions in Section7. 

2. LITERATURE REVIEW 

The flexible job-shop scheduling problem can be defined as follows [5]. Assume there are n 

workpieces J={J1, J2, …, Jn} that need to be processed on m machines M={M1, M2, …, Mm}, 

each process of each workpiece can be operated on several available machines with various 

capabilities. In this situation, the most appropriate machine for each process is selected in 

order to minimize makespan. 

      Recently, much research has been done on FJSP from various aspects. 

2.1  Flexible Job-shop Scheduling Problem (FJSP) 

Karimi et al. [5] set makespan as an objective, proposing a knowledge-based variable 

neighbourhood search (KBVNS) to solve FJSP. Gutierrez and Garcia-Magarino [6] set 

makespan as an objective, proposing a hybrid genetic algorithm based on genetic algorithm 

(GA) and repair heuristics to solve FJSP. Li et al. [7] set makespan as an objective, proposing 

a hybrid bee colony algorithm based on a simulated annealing algorithm (SAA) and an 

artificial bee colony (ABC) for solving FJSP, with the algorithm being proved through some 

benchmarks. He and Zeng [8] set makespan as an objective, designing a Bayesian statistical 

inference-based estimation of distribution algorithm and adopting some benchmarks to prove 

the algorithm. Yazdani et al. [9] proposed a parallel variable neighbourhood search (PVNS) to 

solve FJSP in an effort to minimize makespan. 

2.2  Multi-objective Flexible Job-shop Scheduling Problem (MOFJSP) 

Wang and Feng [4] set makespan and cost as well as penalties for earliness and tardiness (E/T) 

as objectives, establishing a model for MOFJSP and proposed a multi-objective particle 

swarm optimization algorithm (PSO) for solving MOFJSP. Zhang et al. [10] took production 

capacity into constraints, setting makespan and maximum machine workload as objectives, 

and proposed a model for MOFJSP and designed an improved GA. The model and algorithm 

were proved through some benchmarks. Moslehi and Mahnam [11] set makespan, total 

workload, as well as maximum machine workload as objectives, proposing an intelligent 

algorithm based on (PSO) and local search (LS). Peng et al. [12] proposed a cloud model 

evolutionary MOFJSP based on improved non-dominated sorting for solving MOFJSP. Chen 

and Xing [13] proposed a bi-layer structured intelligent algorithm based on GA and ant 

colony optimization (ACO). The GA is used to solve the machine assignment problem, and 

the ACO is used to solve the operation sequencing problem. Shahsavari-Pour and 

Ghasemishabankareh [14] set different weights for different objectives, combining multiple 

objectives into a single objective, and then proposed a hybrid algorithm based on GA and 

SAA. Shi et al. [15] took total workload, penalties for earliness and tardiness, product 

qualification rate and cost into MOFJSP, establishing a model for MOFJSP and proposed a 

hybrid algorithm based on tabu search (TS) and ACO. Liu et al. [16] obtained the customer 

satisfaction through fuzzy due date and set makespan and customer satisfaction as objectives, 

establishing a model for MOFJSP and proposed a multi-population GA for solving the 

problem. 

2.3  Flexible Job-shop Scheduling Problem with consideration of other factors 

Aiming at FJSP with uncertain processing times, Palacios et al. [17] set fuzzy makespan as an 

objective and proposed a genetic tabu search based on GA, TS and heuristic seeding. Finally, 
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the proposed algorithm was compared with several intelligent algorithms through some test 

instances. Xu et al. [18] set maximum fuzzy completion time as an objective and proposed a 

teaching-learning-based optimization algorithm for solving FJSP with uncertain processing 

times, which was then compared with several intelligent algorithms through some test 

instances. Özgüven and Yavuz [19] proposed two mixed-integer goal programming models 

for FJSP with separable and non-separable sequence-dependent setup times. The models were 

proved through some sample tests. 

      The literature related to FJSP mainly focus on MOFJSP and improvements of algorithms 

which only consider machine as the scheduled resource, while in the actual production 

environment, makespan is affected by various factors. Due to limited resources, some 

processes of workpieces may not able to be processed in only one enterprise. Instead, 

workpieces need to be transported to other related manufactures for processing, and because 

manufactures are usually in different geographic locations, the workpieces have to be 

transported to various locations. Due to the actual production situation changing in real time, 

the related machines may still be in working condition when the transported workpieces have 

arrived. Therefore, the workpieces will likely be transported to a warehouse nearby. For some 

workpieces, inspection is required after the completion of a certain process. These factors also 

affect makespan, and they should not be ignored in the actual processing situation. 

      Therefore, in this paper, machines, warehouses, vehicles and detection equipment are 

considered simultaneously in FJSP, with minimal makespan as the objective. A MRFJSP 

model is established and an elitist selection genetic algorithm is designed correspondently. 

Some computational results are discussed, and some conclusions are obtained at the end of 

this paper. Details are shown in Sections 3 to 7. 

3. PROBLEM DESCRIPTION 

Enterprise X has an order which requires processing a variety of workpieces. Due to the 

limited resources of enterprise X, there are several continuous processes of some workpieces 

that need to be processed on some machines belonging to some external enterprises. Each 

process of each workpiece can be processed on several available machines. Simultaneously, 

some warehouses, vehicles and detection equipment used for storage, transportation and 

detection. The problem is choosing the appropriate resources for each process of each 

workpiece in order to minimize the makespan and obtain the optimal solution. 

      In order to establish the model for MRFJSP, the following parameters are introduced: 

      n:  The number of workpieces; 

      p(i):  The number of processes of a workpiece i, i = 1, 2, …, n; 

      m:  The number of machines; 

      q:  The number of enterprises which provide machines; 

      x:  The number of warehouses; 

      y:  The number of vehicles; 

      z:  The number of pieces of detection equipment; 

      TM(i,v):  The processing time of process v of workpiece i, v = 1, 2, …, p(i); 

      TS(i,v):  The storage time of process v of workpiece i; 

      TY(i,v):  For workpiece i, when v = 1, TY(i,v) refers to the transport time between enterprise 

X and the enterprise which processes the first process of workpiece i; when 1 < v  p(i), TY(i,v) 

refers to the transport time between process v – 1 and process v; when v = p(i) + 1, TY(i,v) refers 

to the transport time between the enterprise which processes the last process of workpiece i 

and enterprise X; 

      TYW(i,v):  The full car wait time of process v of workpiece i; 

      TC(i,v):  The detection time of process v of workpiece i; 



Ba, Li, Yang, Gao, Liu: Modelling and Simulation of Multi-Resource Flexible Job-Shop … 

160 

      TGM(i,v,j):  The processing time on machine j of process v of workpiece i, j = 1, 2, …, m; 

      TGS(i,v,w):  The storage time in warehouse w of process v of workpiece i, w = 1, 2, …, x; 

      TGY(i,v,r):  The transport time on vehicle r of process v of workpiece i, r = 1, 2, …, y; 

      TGYW(i,v,r):  The wait time of a full car on vehicle r of process v of workpiece i; 

      TGC(i,v,d):  The detection time of detection equipment d of process v of workpiece i,  

d = 1, 2, …, z; 

      TEN(a,b,r):  The transport time on vehicle r between enterprise a and enterprise b,  

a, b  [1, q]; 

      TGST(i,v):  The starting time of process v of workpiece i; 

      TMS(j):  The starting time of machine j; 

      TAM(i):  The processing time of workpiece i; 

      TAS(i):  The storage time of workpiece i; 

      TAY(i):  The transport time of workpiece i; 

      TAYW(i):  The wait time of a full car of workpiece i; 

      TAC(i):  The detection time of workpiece i; 

      RM(i,v,j):  Boolean variable, if process v of workpiece i is processed on machine j, the 

value is 1, otherwise it is 0; 

      RS(i,v,w):  Boolean variable, if process v of workpiece i is stored in warehouse w after it is 

finished, the value is 1, otherwise it is 0; 

      RY(i,v,r):  Boolean variable, if process v of workpiece i is transported by vehicle r after it 

is finished, the value is 1, otherwise it is 0; 

      RC(i,v,d):  Boolean variable, if process v of workpiece i is inspected by detection 

equipment d after it is finished, the value is 1, otherwise it is 0; 

      RE(i,v,a):  Boolean variable, if process v of workpiece i is processed in enterprise a, the 

value is 1, otherwise it is 0; 

      RME(j,a):  Boolean variable, if machine j belongs to enterprise a, the value is 1, otherwise 

it is 0; 

      R'SE(w,a):  Boolean variable, if warehouse w is near enterprise a, the value is 1, otherwise 

it is 0; 

      R'YE(r,a):  Boolean variable, if vehicle r is near enterprise a, the value is 1, otherwise it is 

0; 

      R'CE(d,z):  Boolean variable, if detection equipment d is near enterprise a, the value is 1, 

otherwise it is 0; 

      RSE(i,v,w):  Boolean variable, for workpiece i, if the location of warehouse w is near the 

affiliated enterprise of the machine that processes the process v, the value is 1, otherwise it is 

0; 

      RYE(i,v,r):  Boolean variable, for workpiece i, if the location of vehicle r is near the 

affiliated enterprise of the machine that processes the process v, the value is 1, otherwise it is 

0; 

      RCE(i,v,d):  Boolean variable, for workpiece i, if the location of detection equipment is near 

the affiliated enterprise of the machine that processes the process v, the value is 1, otherwise it 

is 0. 

4. MATHEMATICAL MODEL FOR MRFJSP 

Based on the above arrangement, the objective of each factor is established as follows: 
( )
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      i = 1, 2, …, n, v = 1, 2, …, p(i), j = 1, 2, …, m, w = 1, 2, …, x, r = 1, 2, …, y, d = 1, 2, …, z. 

      The makespan is minimized by Eq. (11): 

( ) ( ) ( ) ( ) ( )Min{Max[ ]}AM i AS i AY i AYW i AC iT T T T T               (11) 

      The following constraints are considered for the above model: 

      ① One machine can only process one process of a workpiece at a time. 
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      i'  [1, n], v'  [1, p(i)], j'  [1, m]. 

      ② One process can only be processed by one machine. 

      During time span ][ )',','()','()','( jviGMviGSTviGST TTT ， : 
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      ③ For workpiece i, if a succession of u + 1 processes between process v and process v + u 

are processed in the same enterprise, warehouse w stores workpiece i after process v is 

completed. During the u + 1 processes, workpiece i is stored in the same warehouse, and the 

transport time between u + 1 processes is ignored. 

      If: 
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      i  [1, n], v  [1, p(i)], a  [1, q], w  [1, x]. 

      ④ For workpiece i, process v is processed on machine j', process v + 1 is processed on 

machine j''. Machine j' and machine j'' belong to the same enterprise a. After completion of 

process v, T '(i,v) is generated by adding together the accumulated flow time of workpiece i and 

the detection time TC(i,v). If T '(i,v) has reached the starting time TMS(j'') of process v + 1, process  

v + 1 can be processed; otherwise, workpiece i will be stored in the corresponding warehouse 

until the machine which processes process v + 1 of workpiece i is idle, then the next process 

can be processed. 

      If: 

1"),1,()',,(   jviMjviM RR      (19) 

1== ),"(),'( ajMEajME RR                (20) 

then: 

'

>''
=

),(")(

),(")(),(")(

)+,( 0≤，0

0，
1

vijMS

vijMSvijMS

viS TT

TTTT
T         (21) 

      j', j''  [1, m]. 

      ⑤ For workpiece i, process v is processed on machine j', process v + 1 is processed on 

machine j''. Machine j' belongs to enterprise a'. Machine j'' belongs to enterprise a''. After 

completion of process v, T '(i,v) is generated by adding together the accumulated flow time of 

workpiece i, the detection time TC(i,v) and the transport time TY(i,v+1). If T '(i,v) has reached the 

starting time TMS(j'') of process v + 1, process v + 1 can be processed; otherwise, the time 

difference between the starting time of machine j'' and the accumulated time before process  

v + 1 is calculated. If the time difference is less than a threshold value MT, the car which 

transports workpiece i waits until machine j'' is idle; otherwise, workpiece i will be stored in 

the corresponding warehouse. 

1"),1,()',,(   jviMjviM RR       (22) 

1"),"()','(  ajMEajME RR      (23) 

      Then: 

MT>)'('

MT)'(
=

),(")(),()+(

),(")(

)+,(
vijMSiviMS

vijMS

viS TTTT

TT
T

，

≤，0

1
1             (24) 








 MT)'(0

MT)'('

),(")(

),(")(),(")(

)1,(

vijMS

vijMSvijMS

viYW TT

TTTT
T

，

，
    (25) 

      a', a''  [1, q]. 

5. ELITIST SELECTION GENETIC ALGORITHM 

Based on the description and model of MRFJSP, the problem obviously belongs to NP-hard. 

Elitist selection genetic algorithm (ESGA) is an advanced algorithm based on basic GA. In 

ESGA, the best solution will be saved in each iteration. Due to the complexity of MRFJSP, an 

ESGA is proposed to solve the problem. Each module will be introduced as follows. 
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5.1  Encoding 

The feasible solution for MRFJSP is composed of seven chains, including workpiece, 

processing sequence, machine, enterprise, warehouse, vehicle, and detection equipment 

chains. Table I shows a sample coding. 

Table I: Sample Coding of MRFJSP. 

Workpiece 1 2 3 

Processing sequence 2, 6, 8 4, 5, 7 1, 3, 9 

Machine 6, 1, 3 2, 4, 1 4, 1, 5 

Enterprise 2, 2, 1 1, 3, 2 3, 2, 3 

Warehouse 5, 1, 3 3, 2, 4 5, 1, 4 

Vehicle 7, 2, 3, 1 5, 4, 1, 3 2, 2, 6, 8 

Detection equipment 3, 1, 2 6, 5, 1 6, 3, 1 

      The solution will be decoded according to the processing sequence chain. For instance, 

the smallest code 1 of the processing sequence is in the first position of the processing 

sequence of workpiece 3; thus the first process of workpiece 3 should be processed firstly, 

and so on. 

5.2  Population 

The population size is M. According to the above encoding method, M chromosomes will be 

generated randomly, and the initial population of the problem is generated. The makespan is 

set as the fitness value for MRFJSP and calculated by Eq. (11). 

5.3  Selection operator 

The method of roulette wheel selection and elitist strategy are combined. Population size is M. 

The best and the second best individuals are copied to the next generation. Fitness value of 

chromosome i is f(i), and selective probability is PS(i): 
M M M

( ) ( ) ( ) ( ) ( )

1 1 1

[( ) / ] / [ ( ) / ]S i k i k j

k j k

P f f f f
  

           (26) 

5.4  Crossover operator 

The crossover operation includes two steps. Firstly, assuming the processing sequence chain 

is crossed, there are 3 crossover positions, and the codes 2, 6, 7 in the processing sequence 

will be operated. The crossover operation of the processing sequence chain is shown in Fig. 1. 

F2F1

F1

1 2 3
 Processing Sequence 1，3，6 4，7，8 2，5，9

Workpiece

F1

1 2 3
 Processing Sequence2，6，9 1，5，7 3，4，8

Workpiece

F2

1 2 3
 Processing Sequence 1，2，3 4，6，8 5，7，9

Workpiece 1 2 3
 Processing Sequence6，7，9 1，2，5 3，4，8

Workpiece

1 2 3
 Processing Sequence 1，3，2 4，6，8 7，5，9

Workpiece 1 2 3
 Processing Sequence6，7，9 1，5，2 3，4，8

Workpiece

F2

Crossover

Correct Correct

 

Figure 1: Crossover operation of the chain of the processing sequence. 
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      Secondly, assuming all the other chains are crossed, workpiece 3 will be operated. The 

crossover operation of the other chains is shown in Fig. 2. 

1 2 3
 Processing Sequence

Machine

Enterprise

Warehouse

Vehicle

Detection Equipment

1，2，3 4，6，8 5，7，9
6，3，7 3，6，2 7，4，6
3，3，1 3，3，1 1，2，3
2，1，3 3，4，3 4，2，3

7，3，1，2 2，1，6，4 5，2，4，6
4，3，3 2，4，5 1，3，7

Workpiece 1 2 3
 Processing Sequence

Machine

Enterprise

Warehouse

Vehicle

Detection Equipment

6，7，9 1，5，5 3，4，8
3，2，5 7，2，1 4，4，6
3，3，1 3，6，1 2，3，3
4，2，1 2，1，3 5，4，3

5，4，3，3 7，5，6，3 1，6，2，4
6，1，4 1，3，4 5，2，1

Workpiece

F1 F2

Crossover

1 2
 Processing Sequence

Machine

Enterprise

Warehouse

Vehicle

Detection Equipment

1，2，3 4，6，8 5，7，9
6，3，7 3，6，2
3，3，1 3，3，1
2，1，3 3，4，3

7，3，1，2 2，1，6，4
4，3，3 2，4，5

Workpiece

F1

1 23
 Processing Sequence

Machine

Enterprise

Warehouse

Vehicle

Detection Equipment

6，7，9 1，5，5 3，4，8
3，2，5 7，2，14，4，6
3，3，1 3，6，12，3，3
4，2，1 2，1，35，4，3

5，4，3，3 7，5，6，31，6，2，4
6，1，4 1，3，45，2，1

Workpiece

F2

3

7，4，6
1，2，3
4，2，3

5，2，4，6
1，3，7

 

Figure 2: Crossover operation of other chains. 

5.5  Mutation operator 

Mutation operation includes two steps. Processing sequence chain is mutated firstly. An even 

number of codes in processing sequence will be generated randomly. The codes are switched 

back and forth in pairs, as shown in Fig. 3. Secondly, the multi-point mutation is adopted to 

mutate other chains. For example, the mutation operation of machine chain is shown in Fig. 4. 

After machine chain is mutated, it is necessary to rematch machines to enterprises. 

F2

1 2
 Processing Sequence 6，7，9 1，2，5

Workpiece

Mutate

F2

1 2
 Processing Sequence 6，2，9 1，7，5

Workpiece

Correct

F2

1 2
 Processing Sequence 2，6，9 1，5，7

Workpiece

 

Figure 3: Mutation of the chain of the processing sequence. 

1 2
Machine 3，2，5 7，2，1

Workpiece

F2

Mutate 1 2
Machine 3，4，5 6，2，1

Workpiece

F2

 

Figure 4: Mutation of the chain of machines. 

5.6  Parameters of the genetic algorithm 

M is population size, controlling the number of chromosomes; D is iteration, controlling the 

number of iterations of the algorithm, and the algorithm stops if the number of iterations 

reaches D; Ps(i) is selection probability of each individual, i = 1, 2, …, M; Pc is crossover 

probability, decimal in (0, 1) interval; Pm is mutation probability, decimal in (0, 1) interval; f(i) 

is fitness value of each individual; Ps1, Ps2 is temporary selection probability, decimal in (0, 1) 

interval; Pctem is temporary crossover probability, decimal in (0, 1) interval; Ftem is temporary 

population, and temporary chromosome is stored. 

javascript:void(0);
http://dict.cn/decimal
http://dict.cn/decimal
http://dict.cn/decimal
http://dict.cn/decimal
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      Based on the description of modules and parameters of ESGA, flowchart of the algorithm 

is shown in Fig. 5. 

 

Figure 5: Flowchart of the Elitist Selection Genetic Algorithm for MRFJSP. 

6. EXPERIMENT RESULTS AND ANALYSIS 

Enterprise X has an order which requires processing four kinds of workpieces. Due to the 

limited resources of enterprise X, there are four continuous processes for each workpiece 

which need to be processed on twelve machines (M1-M12). They belong to four enterprises 

(A, B, C, D). There are ten warehouses (S1-S10), eight vehicles (Y1-Y8) and ten pieces of 

detection equipment (C1-C10). Assuming they are adequate and available anytime, the 

appropriate resources are chosen for each process of each workpiece in order to minimize the 

makespan. 

6.1  Sample 

Subordinate relationships between machines and enterprises, distance relationships between 

warehouses and enterprises, distance relationships between vehicles and enterprises, distance 

relationships between detection equipment and enterprises, available starting time of each 

machine, processing time of each machine, transport time of each vehicle, detection time of 

each piece of detection equipment are shown in Table II to IX. 

Table II: Subordinate relations between machines and enterprises. 

Machine M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 

Enterprise C D A D A C A D B B B C 

Table III: Distance relationships between warehouses and enterprises. 

Warehouse S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 

Enterprise A C D C C B B D A A 
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Table IV: Distance relationships between vehicles and enterprises. 

Vehicle Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 

Enterprise C A B A D C X B 

Table V: Distance relationships between detection equipment and enterprises. 

Detection equipment Y1 Y2 Y3 Y4 Y5 Y6 Y7 Y8 Y9 Y10 

Enterprise A D B C D C D B C A 

Table VI: Available starting time of each machine (hour). 

M1 M2 M3 M4 M5 M6 M7 M8 M9 M10 M11 M12 

42 32 0 18 39 7 15 55 62 12 13 26 

Table VII: Processing time of every machine (hour). 

Workpiece 1 2 3 4 

Sequence 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

M1      5.4   7.0  8.1     5.7 

M2     5.3 5.8 6.6     6.2     

M3 6.5    5.4     7.8    5.5 6.2 5.0 

M4  7.7  6.5       7.6  4.4    

M5       6.8 5.5 7.3     5.1   

M6 6.2  7.8   6.5      6.4   6.3 5.5 

M7 6.3   5.6      8.4 8.0      

M8      5.6 6.6  7.3       5.2 

M9   8.1     6.1  7.8   4.9    

M10 6.9 7.8   5.1       6.1   6.1  

M11  7.5 8.0 5.8     7.6     5.6   

M12        5.6   7.8  5.0 5.2   

Table VIII: Transport time of each vehicle (hour). 

 Y2(A) Y4(A) Y3(B) Y8(B) Y1(C) Y6(C) Y5(D) Y7(X) 

A — — 0.8 0.6 0.5 0.8 0.6 0.6 

B 0.5 0.8 — — 0.7 0.5 0.5 0.5 

C 0.4 0.5 0.7 0.6 — — 0.6 0.4 

D 0.6 0.4 0.4 0.5 0.7 0.5 — 0.4 

X 0.5 0.6 0.6 0.7 0.7 0.5 0.8 — 

Table IX: Detection time of each piece of detection equipment (hour). 

Workpiece 1 2 3 4 

Sequence 1 2 3 4 1 2 3 4 1 2 3 4 1 2 3 4 

C1 0.5 0.3 0.4 0.6 0.4 0.4 0.5 0.4 0.3 0.7 0.4 0.4 0.8 0.4 0.5 0.7 

C2 0.6 0.7 0.7 0.4 0.3 0.9 0.4 0.4 0.5 0.8 0.4 0.5 0.9 0.4 0.6 0.4 

C3 0.3 0.4 0.6 0.5 0.7 0.7 0.3 0.6 0.6 0.6 0.6 0.6 0.7 0.3 0.5 0.5 

C4 0.5 0.5 0.5 0.3 0.5 0.5 0.4 0.6 0.7 0.4 0.4 0.5 0.4 0.5 0.4 0.5 

C5 0.4 0.6 0.4 0.3 0.5 0.6 0.3 0.7 0.8 0.4 0.4 0.4 0.5 0.5 0.7 0.6 

C6 0.6 0.4 0.4 0.4 0.6 0.8 0.5 0.3 0.9 0.6 0.5 0.6 0.5 0.6 0.3 0.5 

C7 0.7 0.4 0.5 0.4 0.5 0.5 0.6 0.3 0.8 0.5 0.3 0.3 0.6 0.7 0.5 0.5 

C8 0.6 0.6 0.7 0.6 0.5 0.5 0.6 0.5 0.5 0.7 0.5 0.4 0.8 0.4 0.6 0.4 

C9 0.3 0.5 0.6 0.5 0.4 0.5 0.4 0.3 0.5 0.6 0.6 0.6 0.6 0.7 0.7 0.4 

C10 0.4 0.6 0.5 0.7 0.5 0.5 0.6 0.5 0.4 0.4 0.5 0.6 0.6 0.9 0.7 0.5 
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6.2  Assumptions 

Four assumptions are considered in this problem: 

 All equipment except for machines is available anytime and adequate; 

 Workpieces are processed according to processing sequence; 

 Waiting between processes is allowed; 

 Machines will never break down. 

6.3  Results and analysis 

Set M = 30, D = 100, Pc = 0.9, Pm = 0.2, MT = 0.5 hours. The detected processes of workpieces 

1, 4 are processes 2, 3. The detected processes of workpieces 2, 3 are processes 3, 4. The C # 

programming language is used for performing of the algorithm. The obtained optimal 

makespan is 45.7 hours. The best solution is shown in Table X. The time period of each 

resource is shown in Fig. 6. The curve of makespan of best solutions in each generation is 

shown in Fig. 7. 

Table X: Best solution. 

Workpiece 1 2 3 4 

Processing sequence 1, 3, 6, 15 4, 7, 10, 12 2, 8, 11, 16 5, 9, 13, 14 

Machine 6, 10, 11, 7 3, 6, 2, 5 11, 7, 4, 6 4, 3, 3, 3 

Enterprise 3, 2, 2, 1 1, 3, 4, 1 2, 1, 4, 3 4, 1, 1, 1 

Warehouse 2, 0, 0, 0 0, 4, 3, 0 7, 0, 0, 0 3, 0, 0, 0 

Vehicle 7, 6, 0, 2, 2 2, 2, 6, 4, 2 7, 2, 4, 6, 7 7, 4, 0, 0, 2 

Detection equipment 0, 3, 3, 0 0, 0, 5, 1 0, 0, 7, 4 0, 1, 1, 0 

0.0~0.4 7.4~8.5 31~36.6

TBTB SB TBSA MA MBX Y7 S2 M6 Y6 M10 M11 M7 X
0~0.4 7~13.2 13.7~21.5 21.9~29.9

C3 C3
21.5~21.9 29.9~30.5 36.6~37.113.2~13.7

Y2Y2

Workpiece1

0.4~7 30.5~31

0.0~0.4 7.4~8.5 39.3~44.8

TBTB SB TD TBMA MC MBX Y2 M3 Y2 M6 Y6 S3 M2 M5 X
0~0.5 0.5~5.9 13.2~19.7 32~38.6

C5 C1
38.6~38.9 44.8~45.2 45.2~45.75.9~6.3

Y2Y4
19.7~20.2 38.9~39.320.2~326.3~13.2

0.0~0.4 7.4~8.5 38.3~44.7

TBTB SB TD TBSA MA MBX Y7 S7 M11 Y2 M7 Y4 M4 M6 X
0~0.5 13~20.6 21.1~29.5 29.9~37.5

C7 C4
37.5~37.8 44.7~45.2 45.2~45.620.6~21.1

Y7
29.5~29.90.5~13

0.0~0.4 7.4~8.5 35.4~40.4

TBTB SB TBSA MA MBX Y7 S3 M4 Y4 M3 M3 M3 X
0~0.4 18~22.4 22.8~28.3 28.7~34.9

C1 C1
28.3~28.7 34.9~35.4 40.4~40.922.4~22.8

Y2
0.4~18
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Y6
37.8~38.3

Workpiece3

Workpiece2

Workpiece4

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

—
—

 

Figure 6: Time period of each resource. 

 

Figure 7: Curve of makespan of best solutions in each generation. 
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      The result will be analysed from three aspects which include vehicles and detection 

equipment, warehouses and machines. 

① Vehicle and detection equipment 

      The result shows that although each vehicle and piece of detection equipment utilizes a 

small period of time, they still affected the production schedule. It can be inferred that if 

vehicles and detection equipment are not considered, the obtained makespan will be less than 

the value of the current best solution. But in the actual production environment, transportation 

and detection are indispensable factors in the production process. Obviously, vehicles and 

detection equipment are taken into account in FJSP, which will better accommodate the actual 

production environment. 

② Warehouse 

      In Fig. 6, workpieces are stored in some warehouses after some processes are completed. 

In actual production, all processes of workpieces are not processed uninterruptedly. When the 

machine that processes the next process of a workpiece is still working, the workpiece must 

be temporarily stored in the corresponding warehouse. So, it is necessary to take warehouse 

into account in the overall scheduling. 

③ Machine 

      The result shows that, on the one hand, machines of the best solution are dispersed, and 

therefore, workloads of these machines are reduced. Delays in available starting times of 

some machines may be shorted. On the other hand, the reasonable configuration toward each 

workpiece has reduced the time of storage and transport to some extent. 

7. CONCLUSION 

In order to make FJSP more in line with the actual production environment, machines, 

warehouses, vehicles and detection equipment are all considered to be the scheduled 

resources. The makespan is the objective which will be minimized. A MRFJSP is proposed 

and a mathematical model for the problem is established. An elitist selection genetic 

algorithm is proposed to solve the problem. The result shows that all the considered resources 

can affect the production schedule. Although processing is an important factor in production 

scheduling, in actual practice, storage, transport and detection are also factors that cannot be 

disregarded. The makespan is affected by these factors. Obviously, taking these resources into 

account is a more practical approach. The optimal solution of MRFJSP has better reference 

and guidance functions when making a real processing solution. 
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