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Abstract
Targeting at the problems existing in the multi-objective scheduling of traditional flexible job shop
and the complexity of multi-resource allocation, this paper establishes an improved calculation model
considering the optimization of such four targets as completion time, labour distribution, equipment
compliance and production cost. The multi-objective integrated constraint optimization algorithm is
designed and the Pareto solution set following different rules based on the NSGA-П algorithm is
finally obtained. The research results show that the centralized selection of processing equipment and
low efficiency of the job sequencing in the scheduling of traditional flexible job shop get improved.
The personnel scheduling in the flexible working resources is highlighted, and multi-rule dynamic
programming is introduced to get the optimal completion time and personnel allocation program. The
optimal scheduling program can be quickly searched out using the NSGA-П algorithm, which
effectively improves the search efficiency. The batch production within certain range can reduce the
product processing time, but at the same time, it will increase the manufacturing costs. The use of
smooth movement can reduce the overall processing time, but a too small movement volume will
cause the increase in the number of movements. The exact match between the operators, numerical
control equipment and the product processing procedures contributes to the feasibility of the preproduction operation plan.
(Received, processed and accepted by the Chinese Representative Office.)
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1. INTRODUCTION
The production scheduling problem of the job shop is to make a reasonable and orderly
distribution of a variety of resources in the job shop, so that the production workshop can use
the least cost to achieve the best production efficiency. Based on the traditional production
scheduling, the flexible job-shop scheduling (FJSP) breaks through the limitation of the
uniqueness of machine, and makes the manufacturing procedure completed by a variety of
machines through collaboration. The application of flexible scheduling to allocate resources
contributes to an exponential increase in the search space. Thus, it is of great significance in
reducing the search time of FJSP, and improving the accuracy and efficiency of the job-shop
scheduling [1-7].
In the actual production scheduling problem of the flexible job shop, the multi-objective
and multi-resource production scheduling has always been the problem which restrains its
further development. At present, the multi-objective production scheduling can be divided
into two steps: optimization of the multi-objective scheduling plan and decision-making. The
solution algorithm for the multi-objective flexible job-shop scheduling is generally divided
into two categories: traditional methods and intelligent methods. The traditional methods
include the optimization method [8], the simulation method [9] and the heuristic rule
scheduling method [10]; the intelligent algorithm mainly includes the intelligent calculation
method and the intelligent search algorithm. The intelligent calculation method is divided into
https://doi.org/10.2507/IJSIMM16(3)CO13
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artificial neural network, evolutionary computation [11-14], swarm intelligence [15-17],
artificial immune system [18], etc. The intelligent search algorithm mainly includes tabu
search [19], simulated annealing [20], variable neighbourhood search [21] and so on.
Targeting at the problems existing in the multi-objective scheduling of traditional flexible
job shop and the complexity of multi-resource allocation, this paper establishes an improved
calculation model considering the optimization of such four targets as completion time, labour
distribution, equipment compliance and production cost. The multi-objective integrated
constraint optimization algorithm is designed and the Pareto solution set following different
rules based on the NSGA-П algorithm is finally obtained. The effectiveness of the algorithm
proposed in this paper is verified through examples.

2. MULTI-OBJECTIVE OPTIMIZATION FOR FLEXIBLE JOB-SHOP
SCHEDULING
2.1 Problem description and optimization model
Let there be N sets of equipment to produce the product P and L working procedures will be
needed in total. Make the following assumptions during the production: (1) The processing
route of the product is fixed; (2) The start time and stop time of the processing is confirmed;
(3) The product can only be processed by a single machine at the same time; (4) The
processing is set as non-preemptive, and the product has no priority; (5) The next working
procedure shall not be started until the former one is completed.
Based on the above assumptions, after the processing sequence and the operation staff are
confirmed, multiple scheduling objectives will be optimized simultaneously. Let the product
set be P = {p = 1, 2, 3, …, P}, the working procedure set be L = {l = 1, 2, 3, …, L}, the equipment
set be M = {m = 1, 2, 3, …, M} and the operator set be B = {r = 1, 2, 3, …, B}.The multi-objective
optimization model can be expressed as follows:
P M L




P M L 

F1  min   max  s pml , t pml , f pml   s pml   x pml 
p 1 m 1 l

 
 p 1 m1 l 
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F4  min max  x pml Ct pml 
p 1 m 1 l



(3)

Eqs. (1) to (4) respectively represent the minimum time needed to achieve the optimal
production efficiency, the minimum number of staff needed for the minimum time, the
maximum load of the equipment and the minimum production cost. F1–F4 are the objective
functions to be optimized in this paper. spml, tpml and fpml represent the start time, processing
time and completion time of the product processing.
The product scheduling in the job shop is based on the refined scheduling technology. The
operation process is as shown in Fig. 1. It can be seen from the figure that the product can be
classified into three sub-batches J1–J3 p for processing. The same kind of equipment and
operation staff will be arranged to conduct parallel operation. The total processing time can be
divided into adjusting time and processing time, which can be separated. Meanwhile, the
overall production time can be further shortened relying on the cross operation in the job shop
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through smooth movement. And the clearance squeezing method can reduce the idle time of
the equipment and works, thus guaranteeing the production efficiency.
Pi
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J ij
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J3
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M13

J ij+1
M11

Cross activity
M21

M22

M23

M j1

M j2
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J ij
Mk

Parallel operation
Wr
Clearance extrusion

Figure 1: The refinement scheduling.

The optimized selective probability can be expressed as:
c


(5)
rr  i   0  rr  i   1, i  1, 2,..., c, and  r  i   1
i 1


According to Eq. (5), the optimization objective which appears with great probability is
more likely to be selected, i.e. assisting in the multi-objective optimization direction. The
global optimal solution is obtained through following some kind of bulk selection rules. The
management personnel can also allocate the resources and set the selective probability for the
objectives to be optimized to find the satisfactory solution to the proposed algorithm as soon
as possible.
Since the personnel assignment shall follow multiple rules, the dynamic programming
algorithm is introduced to transform the multi-objective optimization problem to the
continuous recursion problem. Let product p be finished through I working procedures in
total, and take this process as one stage; the number of personnel (B) is the status variable and
the decision variable is the arrangement of a worker to procedure I during the production.
Then, the state transition equation and the phase indicator function can be respectively
expressed as:
Bl  B(l 1) m  bl yl
(6)

Tl  Bl   max Tl  bl ybl 

(7)

On the basis of Eqs. (6) and (7), seek the solution to the optimal indicator function of the
multiple objectives, i.e. the minimum completion time needed to complete the task under the
multi-indicator decision scheme. There is:
P M L


fl  Bl   min max  t pml  bl  ybl , fl 1  Bl 1  bl  
(8)
p 1 m 1 l


2.2 Multi-objective optimization algorithm following multiple rules
Based on the above discussion, the improved NSGA-П flexible job-shop multi-objective
scheduling optimization algorithm is designed. The main contents of the optimization are as
follows: (1) coding the processing sequence of each product, which reduced the
computational complexity; (2) allocation of resources based on multiple rules; (3) design of a
new genetic operator, and the adoption of the exchange mutation operator in mutation
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operation. The scheduling problem in the flexible workshop is transformed into such key
issues as chromosome coding, congestion degree calculation, target value seeking and
decoding. The flow of the algorithm is shown in Fig. 2.
Reading parameters
Selection operation and
generation matched pool
Initialization population
Genetic operation and
generation sub population

Decoding parentPop

Complicated with
parentPop and Offpop

Non dominate sorting

Calculating crowded degree
Non dominate sorting
InterPop
Letbe epoc=1
Yes

Filtration operation Pareto and
select excellent chromosome

epoc<maxgen
No

epoc<epoc+1

Output results

Figure 2: The flow chart of total optimization algorithm.
Table I: Job shop scheduling of 34 description.
Equipment

Product
P1
P2

P3

K11
K12
K21
K22
K23
K31
K32
K33

1
4
3
—
5
3
5
6
4

2
2
5
—
4
5
5
—
4

3
4
5
—
5
5
6
4
5

4
3
2
—
6
—
5
7
—

Table I shows a 34 scheduling example for a flexible job shop. The product processing
adopts the process encoding way. The processing sequence number for each chromosome is
composed by a number of natural numbers. If one of the processes of a product cannot be
completed on the device m, the corresponding position is marked with “-”.
In this paper, the improved NSGA-П flexible job-shop multi-objective scheduling
optimization algorithm optimizes the concept of congestion and calculates the congestion
degree of individuals using the method of interpolation.
M

chr  i  Cd  
k 1

f k  i  1  f k  i  1
f kmax  f kmin

(9)

fk is a different objective function. f1, f2, f3 and f4 have the same meaning as those of Eqs.
(1), (2), (3) and (4). fk (i+1) and fk (i–1) are the sum of the sides of the rectangular formed by
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the individual at the same level of adjacent points. The improved NSGA-П algorithm ensures
that the algorithm finally converged to the uniformly distributed Pareto surface through the
congestion degree. The larger the value of chr (i), the more sparse the surroundings of the
point is, thus ensuring the diversity of the population.

3. SIMULATION RESULTS VERIFICATION AND ANALYSIS
3.1 Simulation results comparison
The proposed algorithm is programmed using Matlab, and applied in the actual scheduling of
a job shop for verification and analysis. The parameters and the optimization model of the
algorithm were debugged before the verification. Fig. 3 shows the comparison of the
evolution curves of the iterations of and the minimum time needed for manufacturing 8 kinds
of and 15 kinds of products using the algorithm proposed in this paper and the traditional jobshop scheduling algorithm. As can be seen from the figure, when the production equipment is
fixed, the evolution curve is obtained using different scheduling and evolutionary algorithms.
Compared with the traditional algorithm, the improved algorithm proposed in this paper can
quickly converge in the 40th generation when there are 8 kinds of products. When there are 15
kinds of products, it quickly converges in the 34th generation. And the traditional algorithm
converges in the 55th generation and in the 50th generation respectively when there are 8 kinds
of products and 15 kinds of products. The distribution of products and equipment meets the
constraints of the algorithm, and products can be collectively processed, and the occupancy of
the equipment resource is fairly balanced.
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a) Simulation results of 8 products
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b) Simulation results of 15 products

Figure 3: Evolution curve of using different scheduling rules and algorithms to handle different
product categories.

Table II shows the convergence algebra when the improved algorithm runs 15 times. It is
seen from the table that the convergence algebra using the method proposed in this paper is
much smaller than that using the traditional algorithm. Fig. 4 refers to the relationship
between the number of the iterations and the minimum completion time calculated using the
two algorithms. It can be seen from the figure that the algorithm proposed in this paper can
meet the convergence requirement of the minimum completion time in the 16th generation,
while the traditional algorithm requires 34 generations to achieve the minimum completion
time requirement. The traditional algorithm does not take into account the impact of personnel
allocation on production efficiency, which is also the drawback of previous single resource
analysis.
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Table II: 15th simulation results.
Serial number
Convergence generation
Serial number
Convergence generation
Serial number
Convergence generation

1
5
6
5
11
4

2
4
7
3
12
6

3
10
8
2
13
1

4
6
9
3
14
9

5
1
10
6
15
4

The minimumcompletion time/h
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0
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20

30
40
50
Iteration number

60

70

Figure 4: Impact of minimum completion time on different algorithm.

3.2 Application verification
In the practical application verification, a flexible mechanical job shop is selected as the
engineering background. A total of 10 numerically-controlled machine tools are needed for
the production, with the serial number of D001–D010. There are seven equipment operators,
whose serial number is from W001 to W007. There are four kinds of products in total, and
relevant processing parameters for each product are shown in Table III, where Ct represents
for the total time required for processing each product and St stands for the adjustment time
for processing products. The unit of Ct and St are both h. Pc and Ps mean the processing costs
and adjustment costs in unit time. It can be seen from the table that the total time of product
processing is separated into the sum of Ct and St, and the difference of operators in the
proficiency in operating the NC equipment makes the adjustment period of the product
processing time different, thus refined matching is implemented among the equipment, the
operator and the production process.
Table III: Processing technology parameters.
Workers
W001
W002
W003
W004
W005
W006
W007

Ct
0.51
0.5

0.5
0.51
0.5

D001
St
Pc
2.1
81
2.3
79

3.1
3.5
3.7

73
72
69

Ps
78
75

70
67
65

Ct

0.51
0.52
0.53

D002
St
Pc

Ps

2.7
3.2
3.5

71
71
69

75
71
70

…
…
…
…
…
…
…
…
…

Ct

0.7
0.68
0.7
0.7

D010
St
Pc

Ps

4.6
5.1
5.2
5.7

45
43
41
41

49
46
43
42

Four typical isometric batch schemes are established to verify the effect of different
batches on the production efficiency. The batch size in the four schemes is 120-100-80-100,
60-50-40-50, 30-25-20-25 and 20-20-20-20 respectively. The moving batch and the
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processing batch are the same, and the completion time and the manufacturing cost curve
under the four processing batches are shown in Fig. 5. It can be seen from the figure that
within certain limits, the batch size is proportional to the completion time, i.e. the greater the
batch size is, the longer the product completion time is. At the same time, the batch size is
inversely proportional to the manufacturing cost. The reason is that with the decrease of the
processed goods, the sub-batch size increases, so that the processing of the same product may
be divided into multiple batches for parallel operations, thereby shortening the product’s
completion time. When the batch size is too small, the reduced processing time due to parallel
operation is not enough to make up for the extra time due to the adjustment of the production
processes and ultimately extends the processing time. From the figure, we can see that 60-5040-50 is a reasonable product batch scheme.
5700
120-100-80-100
60-50-40-50
30-25-20-25
20-20-20-20

manufacturing cost/$

5400
5100
4800
4500
4200
3900
3600
3300
150

200

250

300
350
400
completion time/h

450

500

Figure 5: Variation of manufacturing cost with different manufacturing batch size.

Three kinds of movement batch schemes are established to verify the effect of the smooth
movement of the product processing on the production efficiency. The size of each batch is
60-50-40-50, 15-10-10-10 and 5-5-5-5. The completion time of the three kinds of movement
batch schemes and the production cost are shown in Fig. 6. It can be seen from the figure that
the transformation of the processing batch schemes into the movement batch schemes through
smooth movement can effectively reduce the time needed for the scheduling. The size of the
movement batch shall not be too small; otherwise it will lead to the increase in the frequency
of movement, which will further increase the workload of the handling personnel, while the
completion time does not decrease obviously.
4800

manufacturing cost/$

4600
60-50-40-50
15-10-10-10
5-5-5-5

4400
4200
4000
3800
100

150

200

250
300
350
completion time/h

400

450

Figure 6: Variation of manufacturing cost with different movement batch size.
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Fig. 7 shows the technician sub-batch Gantt chart corresponding to certain Pareto solution.
Each small area in the figure represents the production planning and scheduling of a subbranch. r represents the production process. 1.1.1 stands for the first working procedure in the
first processing batch of the product with the code of 1, and so on for other numbers. D003
means that the second process of the product 1 is arranged on equipment 3. W005 means that
the process is completed by the fifth operator. 46.6-85.6 refers to that the time required to
finish this process ranges from 46.6 hours to 85.6 hours. It can be seen from the figure that
there are overlaps between partial procedures, which is due to the smooth movement of the
algorithm at the time of decoding, so that the next process of the same processing batch can
be performed in advance, thus reducing the overall operating time. This once again proves the
superiority of the improved algorithm proposed in this paper.
r.1.1.1, D008, W005
r.1.1.2, D003
r.1.1.3, D010, W006
46.6-85.6
W001, 78.2-110.6
109.6-148.6
r.1.2.1, D006, W004
r.1.2.3, D005, W005
r.1.2.2
29.2-65.2
90.9-122.7
r.2.1.3, D006
r.2.1.1, D010, W005, 7-42
r.2.1.2, D010, W005, 62.3-103.3
W002, 122-149.5
r.2.2.1, D001, W006
r.2.2.3, D009, W004
r.2.2.2, D009, W003, 35.2-74.7
5.5-30.5
82.3-113.3
r.3.1.3, D009, W007
r.3.1.1, D003, W006
118.7-146.7
34.4-56
r.3.2.1, D008
r.3.2.3, D007, W004
W007, 4-30
120.6-147
r.4.1.3, D008, W003
r.4.1.2, D007, W002, 359.8-101.3
119.7-147.2
r.4.2.2, D007, W007
r.4.2.3, D001
17.7-49.2
W002, 33.8-53.8

Figure 7: Processing sub-batch Gantt chart of a Pareto solution.

4. CONCLUSIONS
Targeting at the problems existing in the multi-objective scheduling of traditional flexible job
shop and the complexity of multi-resource allocation, this paper establishes an improved
calculation model considering the optimization of such four targets as completion time, labour
distribution, equipment compliance and production cost. The multi-objective integrated
constraint optimization algorithm is designed and the Pareto solution set following different
rules based on the NSGA-П algorithm is finally obtained. The following conclusions are
drawn:
(1) The centralized selection of processing equipment and low efficiency of the job
sequencing in the scheduling of traditional flexible job shop get improved. The personnel
scheduling in the flexible working resources is highlighted, and multi-rule dynamic
programming is introduced to get the optimal completion time and personnel allocation
program. The optimal scheduling program can be quickly searched out using the NSGA-П
algorithm, which effectively improves the search efficiency.
(2) The batch production within certain range can reduce the product processing time, but
at the same time, it will increase the manufacturing costs. The use of smooth movement can
reduce the overall processing time, but a too small movement volume will cause the increase
in the number of movements. The exact match between the operators, numerical control
equipment and the product processing procedures contributes to the feasibility of the preproduction operation plan.
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