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Abstract
In view of the defects of simulation modelling and resource optimization algorithm for small-batch
multi-variety job-shops, this paper presents a mathematical model and simulation model which
considers the dual resources optimization of both manpower and equipment to minimize the
investment in the overall job-shop under the condition of satisfying the requirement of average
productivity and average production cycle. The mathematical model established simplifies the solving
process of traditional optimization algorithm and replaces the optimal solution of the original problem
with the obtained approximate solution. The job-shop dual resource optimization simulation system
model is constructed to verify the mathematical model proposed. The simulation results verify the
effectiveness of the results of the mathematical model. This paper also designs the multi-agent system
and the dual resources optimization-based job-shop entity flow. The simulation results show that when
the job-shop workers and processing equipment are within a certain range, the appropriate increase of
the buffer zone in the equipment room can effectively enlarge the system’s capacity. With the further
rise of the buffer zone number, the system’s capacity will no longer increase. Under the ideal
scheduling strategy, the utilization ratio of equipment and labour efficiency can reach the maximum
value.
(Received, processed and accepted by the Chinese Representative Office.)
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1. INTRODUCTION
The unit style streamlined job-shop is the main operation mode of small-batch multi-variety
production enterprises [1-3]. Such job-shops are composed of multiple units with similar
functions. Product components of different varieties are processed through independent units.
The product processing and transportation directions are the same in the job-shop. Such jobshop features large flexibility, simple management and high efficiency [4-8].
The DRC (dual resources constraint)-based unit style flow shop is developed on the basis
of traditional job-shop. It takes the factors of production equipment and labour into
consideration in production scheduling [9-12]. Because of the high degree of automation of
the equipment in such job-shops, the processing time of a single product on the equipment is
long, which will cause product blockage easily. Therefore, the capacity and the production
cycle do not match. At the same time, the higher the degree of automation is, the fewer
operators are needed. There will be a mismatch between the number of devices and the
number of manpower and the equipment and labour costs are high [13-18]. Therefore, the
optimization scheduling of resources of the job-shop that considers the production cycle and
capacity constraints is the prerequisite condition to reducing production cost and further
improve the production efficiency of the job-shop and is of important practical significance
[19].
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The small-batch multi-variety job-shop has its fixed characteristics. The optimization of
this kind of job-shop mainly considers the scheduling mode and the overall layout of the jobshop. There is still great space for doing research on the planning and configuration of dual
resource constraints [20-24]. The resources optimization algorithm in related literature
includes genetic algorithm, neural network and local search algorithm. When the dimension
of the problems to be solved is large and the constraint condition cannot be described in
closed form, the calculation error of the abovementioned methods is relatively large [25-26].
Aiming at the defects of the simulation modelling and resource optimization algorithm of
the small-batch multi-variety job-shop, this paper puts forward a kind of mathematical model
and simulation model that considers the dual resources optimization of both manpower and
equipment to minimize the investment in the overall job-shop under the condition of
satisfying the requirement of average productivity and average production cycle. The
feasibility of the results obtained by the mathematical model is verified by the established
simulation model.

2. PROBLEM DESCRIPTION
The objective function of this paper is to minimize the total cost of the system under the
premise of considering capacity constraints and system production cycle. The objective
function of this paper is to minimize the total cost of the system under the premise of
considering capacity constraints and system production cycle [27-32]. The job-shop mainly
includes four kinds of production units, namely, cavity numerical control (CNC), electrode
and component finish machining, electrical discharge machining (EDM). The typical product
processing flow chart is shown in Fig. 1. In each unit, the staff members are arranged to
engage in early preparatory works such as tool setting and proofreading and late work of
disassembly and inspection.

Figure 1: Flow chart of job-shop production.

To make the calculation result more accurate, the following assumptions are made: The
product’s demand type and demand quantity are fixed. The staff and equipment of each jobshop unit cannot be shared with other units. The product processing time is fixed. The
purchase cost of the equipment and the daily working hours are known. The working hours
and total cost of wages are known.
Fig. 2 demonstrates the method for transforming the optimization problem of the object
function model to approximation analysis. X and Y in the figure are the resources allocation
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and Buffer configuration vector respectively. R is the labour resources vector; η is the
scheduling policy vector; α is the pre-set average production capacity.

Figure 2: Approximation analysis method of the optimal problem of the model.

In order to make the total cost P of enterprise minimized, X*, Y* and η* must reach the
optimal value and G(X*, Y*, η) > α. Since the traditional algorithm cannot be used to describe
this problem, the constraint condition that the total supply quantity is larger than the total
demand quantity is introduced and the above method is viewed approximately as a double
resources model which only considers the staff and equipment. When the difference between
the P value obtained using the approximation model and the P value obtained using the
original objective function is smaller than 5 %, it is considered that the approximation solving
algorithm can meet the calculation requirements.
The order type is the premise of establishing mathematical model and simulation model.
After the order type is determined, the total amount of resources such as equipment and staff
can be figured out. Meanwhile, the simulation process can be more detailed and can better
meet the actual production requirements of the enterprise.

Figure 3: The solving process of the double resources-based job-shop optimization configuration
problem.
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It is assumed that there are three kinds of products A, B and C in a job-shop. All these
products are produced after three working procedures: CNC, electrodes and parts finish
machining. The solving process of the double resources-based job-shop optimization
configuration problem using the established mathematical model and simulation model is as
shown in Fig. 3.

3. MATHEMATICAL MODEL BASED ON DOUBLE RESOURCE
OPTIMIZATION
The following mathematical model for production optimization can be obtained based on the
problem description in the second section:
P  min f  X , R, Y , 
(1)

  X , R, Y ,   

(2)

T  X , R, Y ,   b

(3)

S  X , R  R  X , R

(4)
(5)

X, R, Y  N
Eq. (1) refers to the object function to be sought. Eqs. (2) and (3) stand for the average
capacity restriction and average production period restriction respectively. b is the average
production period. Eq. (4) means that the actual production time shall not be less than the
minimum production hours required in Eq. (1). Eq. (5) means that vectors X, Y and R are nonnegative values.
On the basis of Eqs. (1) to (5), the resources optimization mathematical model after the
constraint loosens is figured out and is shown as follows:
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i, j, k and l refer to the serial number of the product component type, the serial number of
unit, the serial number of equipment species and the serial number of equipment production,
respectively; e is the total amount of the equipment process; h is the daily working hours of
the employees; d is the number of working days per year; βijkl and γijkl refer to the early-stage
preparation and later cleaning time for the lth working procedure for producing the ith product
on the kth equipment; δ is the staff’s salary; gk is the total number of existing equipment; ck is
the equipment purchase price.
Eq. (7) means that the product demand and supply match the job-shop capacity. Eqs. (8)
and (9) suggest that the employee’s working time should meet the actual production needs.
Eq. (10) suggests that the three parameters must be integers.
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4. SIMULATION MODEL BASED ON DUAL RESOURCE
OPTIMIZATION
The overall design framework of the simulation model system is shown in Fig. 4. The main
parts of the system include the overall scheduling of the job-shop, operation scheduling of
each processing unit, human-computer interaction, simulation data and other modules.
The multi-agent system (MAS) is based on artificial intelligence. The simulation system
modelling based on dual resources optimization is carried out using MAS. The
comprehensive regulation is made in each sub-unit job-shop through taking advantage of such
features of MAS as high intellectuality, autonomy and scalability. The MAS established is
shown in Fig. 5, which contains order generation Agent, coordination dispatching Agent and
execution Agent.

Figure 4: Overall framework of the simulation model design.

Figure 5: Agent structure of the simulation model established.

The double resource optimization-based job-shop physical flowchart is established
according to Figs. 4 and 5. The flow chart takes the product component as the main line, and
the product will pass through the buffer zone, processing zone and assembly area
successively. Firstly, the working status of the equipment and operators is analysed. When the
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processing zone can process products, the product order enters the state of accepting
arrangement and waiting for processing. When the products enter the processing zone, if other
products are being processed, the product will enter the buffer zone to wait. The overall jobshop is divided into several processing queues. Each subunit job-shop shall pre-set the
processing queue of the product parts for comprehensive management.
The job-shop physical flow shown in Fig. 6 is simulated using eM-plant software and the
double resources optimization simulation model which considers both equipment and labour
is obtained. The model includes six parts, such as cavity, electrode and wire-electrode cutting.
The number of employees and equipment is figured out using the mathematical model in
section 3 and the products are processed on the first come first served basis.

Figure 6: Physical flow chart of the job-shop based on double resources optimization.

5. EXAMPLE VERIFICATION
The product order type and related parameters are obtained from Table I. The buffer zone in
the job-shop is pre-set according to the maximum value of the three orders. In the early stage,
the simulation model was used to calculate the number of equipment coming to a steady state,
the number of workers and equipment utilization rate after 500 days of processing in the jobshop. The relationship between the quantity of buffer and the capacity is shown in Fig. 7. The
ratio of equipment utilization and worker efficiency in different processes is shown in Fig. 8.
It can be seen from Fig. 7 that at the early stage, with the constant rising of the number of
buffer, the production capacity of the job-shop system also gradually increases. When the
number of buffer reaches 10, the capacity reaches the maximum value, which is 236. That is
to say, when the workers and processing equipment are in a certain scope, the appropriate
addition of buffers in the equipment room can effectively expand the system’s productivity.
With the further expansion of the buffer quantity, the system’s production capacity will no
longer expand.
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Table I: Related parameters of the product order model.
Order
style

Workpiece
style
Cavity

A

Electrode
Inlay pieces
Cavity

B

Electrode
Inlay pieces
Cavity

C

Electrode

Cell
serial
number
j
1
4
2
3
1
4
2
3
3
1
4
2
3
3

Inlay pieces

4
4

Process
name

Equipment set
numbering k

CNC
EDM
CNC
EDM
CNC
EDM
CNC
CNC
Wire
cutting
CNC
EDM
CNC
CNC
Wire
cutting
EDM

Five-axis CNC
Electric spark
Five-axis CNC
Five-axis CNC
Five-axis CNC
Electric spark
Five-axis CNC
Five-axis CNC
Wire cutting
machine
Five-axis CNC
Electric spark
Five-axis CNC
Five-axis CNC
Wire cutting
machine
Electric spark

Production
time per
piece αijkl
(h)
49
50.3
2
19
39
14
0.9
24

Clamping
standard
operation
time βijkl (h)
3.0
2.0
1.0
2.0
3.0
2.0
1.0
2.0

Dismantling
standard
operation
time γijkl (h)
0.9
0.5
0.5
0.4
0.9
0.5
0.5
0.4

5

0.9

0.4

66
24.2
2.2
27

3.0
2.0
1.0
2.0

0.9
0.5
0.5
0.4

2.8

0.9

0.4

3.6

0.9

0.4

Figure 7: Relation curve of the quantity of buffer and production capacity.

As shown in Fig. 8, when the utilization ratio of the insert unit is 100 %, the utilization
ratio of the cavity, electric spark and electrode is 81 %, 94 % and 88 % respectively, while the
working efficiency of the labour force is 76 %. It can be learned from the calculation of the
mathematical model that under the ideal scheduling strategy, the equipment utilization rate
and labour working efficiency can reach the maximum value. However, in reality, when the
target production capacity is achieved, additional costs need to be invested. It can also be
learned from the figure that the insert unit is the bottleneck resource in the job-shop.
The bottleneck of the insert unit can be eliminated through six groups of simulation
experiment, and the scheme of double resource optimization can be obtained. The test results
are shown in Fig. 9. Test 3 can meet the pre-set target production capacity, while other
experiments show different levels of bottleneck problems. The experiment 3 better controls
the equipment expenditure cost, and the overall equipment compliance is fairly reasonable.
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Figure 8: Comparison bar chart of equipment utilization and worker efficiency under different
working procedures.

Figure 9: Utilization rate of each unit device under 6 experiments.

6. CONCLUSION
In view of the defects of simulation modelling and resource optimization algorithm for smallbatch multi-variety job-shops, this paper presents a mathematical model and simulation model
which considers the dual resources optimization of both manpower and equipment to
minimize the investment in the overall job-shop under the condition of satisfying the
requirement of average productivity and average production cycle.
The proposed model is verified taking the data of an actual job-shop as example. The
research conclusions are as follows:
(1) A kind of linear programming mathematical model with loose constraint is established,
which simplifies the solving process of the traditional optimization algorithm. The
approximate solution obtained replaces the optimal solution of the original problem. The
mathematical model is verified by the double resource optimization-based simulation system
model in the job-shop, and the simulation results validate the effectiveness of the results
obtained using the mathematical model. The multi-agent system (MAS) and double resources
optimization-based job-shop physical procedure are designed.
(2) The simulation experiment results show that when the workers and processing
equipment are in a certain scope, the appropriate addition of buffers in the equipment room
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can effectively expand the system’s productivity. With the further expansion of the buffer
quantity, the system’s production capacity will no longer expand. Under the ideal scheduling
strategy, the utilization rate of the equipment and labour force working efficiency can reach
the maximum value.
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