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Abstract 

The transfer line balancing problem (TLBP) and the buffer allocation problem (BAP) are amongst the most studied problems on transfer line 
system. However, the two problems are usually solved separately, although they are closely interrelated. Traditional optimization of TLBP 
probably leads to a deviation of production rate from the actual performance which is used as the optimization objective of the following BAP, 
especially when the equipment reliability differences are relatively large. In this paper, an innovative approach, considering machining 
accessibility and machine reliability, is presented to solve the TLBP and BAP simultaneously. A polychromatic-set-based constraint model and 
a collaborative optimization algorithm are proposed. A group of Boolean constraint matrixes both for machining feature sets and their optional 
stations sets are constructed through polychromatic set theory. A new coding mode based on priority, which always keeps all schemes feasible 
in each iteration and suitable for GA, PSO and other intelligent algorithms, is presented to describe all the allocation information for station, 
process, buffer and configuration. Optimization objectives including production rate and production cost are evaluated through the COM 
interface with simulation software. Comparison experiments and a real case of a diesel engine block demonstrate both the validity and 
efficiency. 
 
© 2017 The Authors. Published by Elsevier B.V. 
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1. Introductions 

The preliminary process of designing a transfer line 
includes several steps: product analysis, process planning, 
configuration design and balancing problem, dynamic flow 
analysis and transport system design, detailed design and 
implementation of the line. During the process, key factors 
like machining parameters and equipment reliability, which 
mostly influences manufacturing cost are usually taken into 
consideration [1]. In the TLBP, “time balancing” of all the 
workstations is the most used optimization target. But because 
of ignoring the differences of equipment performance and 
reliability, a deviation of production rate is usually made 
between the optimal plan and the actual performance. Also, 
the BAP is always carried out after solving the TLBP, whose 
objectives are actual production rate and cost. However, due 
to the limitation from TLBP, the optimal search space is 

greatly reduced, especially when the differences of reliability 
between equipment are relatively large. So, it’s necessary to 
make collaborative optimization of the two problems in order 
to get good performance of the whole line. 

At present, a large number of researches focus on either 
TLBP [2] or BAP [3]. Although there are researches 
considering integration on process, balancing and layout 
problem [4-6], and on ALBP (Assembly Line Balancing 
Problem) and BAP in assembly line [7], there are fairly less 
researches considering the integrated approach on TLBP and 
BAP with unreliability equipment. 

Kalir et al. [8] first introduced the unreliable equipment 
into selection of configuration and buffer capacity for an 
flexible production line. During the calculation, production 
rate is used as performance evaluation. Freiheit et al. [9] 

introduced the production rate through numerical calculation 
to solve the integrated TLBP and BAP on the design of an 
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engine cylinder head machining line with a set of determined 
configurations. Delorme et al. [10] sought for the balance 
between the production rate and cost when solving line 
balancing problem on reconfigurable production line, but the 
machines were identical and did not account for their 
reliability. Amos et al. [11] built a multi-criterion decision-
making system to integrate several main decisive processes for 
designing a production line. A combined approach of 
simulation and multi-objective optimization algorithm was 
used to search for the optimal plan. 

This paper presents a collaborative approach on integrated 
TLB and BA problem based on polychromatic set and GA-
PSO algorithm to design the flexible machining line for box 
parts. A group of Boolean constraint matrixes both for 
machining feature sets and their optional workstations sets are 
constructed through polychromatic set theory. A new coding 
model with priority is proposed, which includes the 
combination of workstation information, operation sequence, 
operation allocation, and buffer capacity allocation. The 
production rate of the transfer line derived from simulation 
and equipment cost are used as the objective function. An 
improved GA-PSO algorithm is built to obtain the optimal 
plan.  

The remainder of the paper is organized as follows. In 
section 2, a brief description of the problem and the 
mathematical model are presented. A solution method based 
on the improved GA-PSO algorithm is presented in section 3. 
In section 4, computational results of a real case are presented 
to validate our approach. Summary and conclusion are 
presented in section 5. 

2. Problem Modeling 

2.1. Problem Description 

Flexible transfer lines consist of multiple workstations in 
series. Each workstation combines with one or more identical 
machine tools performing the same sequence of operations. 
Different types of machines have different reliability and 
investment cost. The reliability parameters for machine tools 
consist of the mean time between failures (MTBF) and the 
mean time to repair (MTTR). Finite buffers are allocated 
between each two workstations. The cost of each buffer is 
proportional to its capacity. 

2.2. Decision Variables 

For a complete plan of production line, the decision 
variables consist of workstation information, operation 
information and buffer information. (1) Workstation 
information includes two parts: the number of workstations 
for the line; the fixture, part orientation and both the number 
and type of machine tools for each workstation. (2) Operation 
information includes both the allocation plan for each 
operation and the operation sequence at each workstation. (3) 
Buffer information includes the buffer capacities between 
each two workstations.  

2.3. Constraint Model Based on Polychromatic Sets 

Polychromatic set theory is a mathematical tool for 
information processing. In polychromatic sets, not only its 
element, but also its entirety can be pigmented with different 
colours to represent the research object as well as the property 
of its elements. At the same time, the relationship between the 
"colours" can describe the relationship between the set and its 
elements [12]. Polychromatic sets are generally composed of 
six components, the mathematical representation is as Eq.(1). 

, , , , ,PS = A F a F A A F a A F A A A F   (1) 

In the equation, A represents an elements 
set, 1 2= , ,..., na a aA ; F a indicates that elements are 
individually pigmented. The colour set 

1 2 1, ,...,i ma f f fF corresponds to every element ,while 
colour set F A corresponds to the entirety of A , 

1 2, ,..., pF F FF A ; A F a represents the individual 
pigmentation of all the elements in polychromatic sets; 

A F A  represents the relationship between the unified 
colour of polychromatic sets and the individual colour of 
element ia A ; A F A represents the constituents of the 
elements of the system entity which guarantee the existence of 
all the unified colours of polychromatic sets [12]. 

 In TLBP, according to their different sources, the 
constraints can be divided into two categories: workstation 
constraints and process constraints. The polychromatic set can 
be directly used to describe the full relationship among the 
three basic elements: features, operations and workstations. In 
this way, the data can be easily prepared, adjusted and reused 
during the calculation. 

2.3.1. Workstation constraint information 

Workstation constraint information refers to the limitations 
for machining features, which is codetermined by the 
machining resources such as performance of machine tool, 
fixture, and the orientation of part. The complete workstation 
information here is determined by the combination of the 
three attributes of ‘machine - fixture – orientation’. All the 
feature sets, which contain features with same approaching 
direction, are defined as element individual 
pigmentation: 1 2, ,..., ,...,i ma a a aA ; the workstation 
constraints containing three attributes are defined as a set of 
uniform coloring: 1 2, ,..., ,...,j lF F F FF A , So the 
Boolean matrix of Feature set - Workstation constraint is 
constructed as 

1,1 1,2 1, 1,

2,1 2,2 2, 2,

,
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,1 ,2 , ,

j l

j l
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In which 

1 operations in FS  can be allocated to workstation 
=

0 operations in FS  cannot be allocated to workstation i, j

i j
d

i j
 

2.3.2. Process constraint information 

Process constraint information is mainly generated by the 
association between machining features and operations. 
Process constraint information mainly includes the following 
three kinds: (1) First rough machining and then finish 
machining. (2) First face machining and then hole machining. 
(3) Special constraints. For example, the datum features must 
be finished in the previous workstations and completed at the 
same workstation. According to Shao et al. [13], 
polychromatic set theory was used to construct the constraint 
matrices, which ensures each column of the matrix strictly 
following the process constraints. The Boolean constraint 
matrix of Operation – Feature for each feature set can be built 
as 

1,1 1,2 1, 1,

2,1 2,2 2, 2,

,
,1 ,2 , ,

12,1 12,2 12, 12,

j n

j n

o f
i i i j i n

j n

b b b b

b b b b

b b b b

b b b b

F A F A

 

In the equation, 
1 2 12, ,..., ,...,ia a a aA stands for 

machining operations, in which,
1a ,

2a and
3a are the possible 

operations for surface feature , 
1

a is rough milling, 
2a is semi-

finish milling, 3a is finish milling; 
4 12
, ...,a a are the possible 

operations for hole feature , 4a is drilling, 5a is gun drilling, 

6a is core drilling, 7a is rough boring, 8a  is semi-finish boring, 

9
a  is finish boring, 10a  is rough reaming, 11a is finish reaming, 

12a  is tapping. And 1 2, ,..., ,...,j nF F F FF A  represents the n 
features of the feature set. So the element ,i jb is 

operation  named  need be processed in feature 
0 operation  doesn't need be processed in feature i, j

q i q j
b

i j
 

2.4. Objective function 

The objective of this collaborative problem is to maximize 
the production rate (PR) and to minimize the total cost (C). 
PR is the throughput of the transfer line and C contains all the 
costs of machines and buffers. Here multiplication and 
division method, which is one of the typical methods for 
solving multi-objective problems, is introduced. 

For the dimensions of the two objectives are different, it is 
necessary for them to be normalized before further calculation. 
Firstly, the maximum value of PR  and the minimum value of 
C are respectively calculated with the single objective of 
maximizing PR  and minimizing C. Then *PR  is defined as 

/ max( )PR PR , and also *C  is defined as / min( )C C . 
Therefore, the objective function is defined as Eq.(2). 

*

*
max  

PR

C
  (2) 

3. An Improved GA - PSO Algorithm 

Collaborative optimization of TLBP and BAP in flexible 
transfer line is a typical NP-hard combinatorial optimization 
problem. Genetic Algorithm (GA) and Particle Swarm 
Optimization (PSO) are coupled to take their both advantages 
that GA chromosomes sharing information with each other 
and PSO particles preserving the best solution in the 
neighborhood, thus achieves complementarity of the two 
algorithms and improves the efficiency of the calculation [14]. 

3.1. Particle coding 

A structural encoding method is used in this paper. The 
codes p  for each plan include four vectors: the combinations 
of workstation information, 1p , operation sequencing, 

2p ,operation allocation, 3p , and buffer allocation 4p . The 
former three parts are indirect coding based on priority, while 
the last part is direct coding. 

 1p is a priority vector, whose length is the number of all 
possible combinations among machine, fixture and part 
orientation. 1 ip  stands for the priority value for thi  in the 
possible combinations. 

2 21 2 2, , , ,j mp p p p , 3 31 3 3, , , ,j mp p p p  are 
two priority vectors related with operations. For feature 
set j , 2 jp decides the sequence of the operations. The length 
of 2 jp  is the total number of operations of feature 
set j . 2 j ip  represents the priority of operation i in feature 
set j , which determines the order how operation i  is selected. 
Similarly, 3 jp decides the allocation for operations. 2 j kp  
corresponds to the priority of thk  possible split point for the 
sequence of operations in feature set j . So the length of 3 jp  
is the length of 2 jp  plus one. 

The buffer allocation is decided by 4p . The length of 
vector 4p is the number of workstations minus one. 4 ip  
represents the number of buffer capacity between station i  
and station 1i .  

3.2. Particle decoding 

In order to derive the complete plan, the particle code p  is 
decoded in order. Firstly, workstation information 1p  is 
decoded to get the information of line configuration including 
the number of the workstations wn  and the machine-fixture-
orientation information of each workstation; for each feature 
set, operations are picked following both their priority 
in 2p and the constraints in ,o fF , and then the sequence of 
operations in each set is obtained; According to ,fs wcF and the 
information of workstations for current plan, the number of 
the available workstations for every feature set, awn i ,can be 
calculated. Then for each feature set, aw 1n i split points 
dividing the sequence into segments are picked following 
their priority from 3p . And segments are sent orderly to their 
corresponding workstations. So the allocation plan of 
operations is decoded. At last, the allocation plan of buffer 
capacity can be directly decoded from 4p . Thus a feasible 
plan of transfer line is obtained.  
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3.3. Production rate calculation 

In this paper, the exact production rate for each 
configuration is simulated by Plant simulation which is called 
by MATLAB during the solution method. The calculation 
process is shown in Fig.1. The connection between the two 
softwares is realized through the COM interface. In 
MATLAB, the generated code is decoded and sent to Plant 
Simulation. Then the ‘Method’ in Plant Simulation is called to 
build a corresponding simulation model and start the 
simulation automatically. The production rate is returned to 
MATLAB at the end of the simulation. 

 

MATLAB

Decode it to get the 
configuration

Code of Particle 

Plant Simulation

Build simulation 
model

Set parameters and simulate

Production rate

COM
Interface

 

Fig. 1. Calculation process of production rate 

3.4. Calculation process 

The steps of GA-PSO are as follows:  
STEP 1. Generate initial positions and velocities of 

particles with swam size N , and initialize the maximum times 
of iteration MaxIte  and the current number of iteration time 

1ite ; 
STEP 2. Evaluate the fitness by objective functions 

through simulation and calculation;  
STEP 3. Determine the pbest and gbest  by comparing the 

fitness value; 
STEP 4. Judge the stopping criteria, namely ite MaxIte , if 

satisfied, then stop iteration and get the optimum solution, 
otherwise go to STEP 5; 

STEP 5. Put the whole Particle Swarm as population of 
GA; 

STEP 6. Select randomly two parents and construct a new 
offspring using two-point crossover strategy with 
probability

cp ; 

STEP 7. Generate new offspring with random positions 
and velocities according to the probability

mp ; 
STEP  8. Evaluate the objective functions of offspring; 
STEP 9. Combine parents with offspring population and 

rank the population based on the fitness value; 
STEP 10. Select new population with size N  for next 

generation; 
STEP 11. Update the pbest  and gbest  of the new 

Particle Swarm; 
STEP 12. Update the positions and velocities of particles, 

then 1ite ite , go back to STEP 4 
In the algorithm, the position information of each particle 

represents a complete code. GA and PSO share the same 
population, while the PSO algorithm generates the position 
and velocity of the initial particle, and GA introduces   new 
particles to the PSO population by crossover and mutation, 

which expanded the searching space. The elitism strategy is 
used to eliminate particles with poor fitness, which accelerates 
the convergence of the algorithm.  

4. Case Study 

In this section, a case study of a flexible transfer line for a 
cylinder block is presented to validate the algorithm we 
proposed.  

 The cylinder block has six faces with 351 machining tasks, 
which is shown in Fig. 2. After the clustering of the same 
features, there are 49 machining features with 90 machining 
operations. 

 
urfaff ce 1Surface 1

Surfaff ce 33Surface 3

Surfaff ce 4Surface 4

Surffaaffff ccee 66Surface 6

Surrfaff cee 55Surface 5

Surfaff cee 2Surface 2

 

Fig. 2. 3D-model of engine cylinder  

Studied as an example, the production line has the 
following key parameters and restrictions. 

(1) Configuration requirements:  the production line cycle 
time must be less than 500s; the maximum number of parallel 
machine tools for each workstation is 2; the maximum 
number of workstations is 6, and the maximum capacity of a 
single buffer is 10; the cost of each buffer is 10 thousand ¥; 
the total cost of the production line must be less than 35 
million ¥.  

(2) Machine attributes: Two kinds of B-axis machine tools 
with different reliability and cost are optional, which is shown 
in Table 1. 

(3) Workstation information: There are 8 kinds of optional 
‘machine - fixture – orientation’ combinations, as shown in 
Table 2. 

Table 1. The attributes of different machine types 

Machine type 1 2 

Reliability parameters 
MTBF(h) 97.353 135.135 
MTTR(h) 1.388 1.646 

Price(Million ¥) 3.0 5.3 

Table 2. Combinations of workstation information 

Number 1 2 3 4 
Machine 
type 

1 2 1 2 

Location 
datum 

Rough 
features from 
casting 

Surface 6 
and two 
holes 

Surface 6 
and two 
holes 

Surface 6 
and two 
holes 

Part 
orientation 

Surface 6 
down 

Surface 3 
down 

Surface 6 
down 

Surface 6 
down 

Reachable 
surface 

2,3,5 1,2,5 2,3,5 2,3,5 

Number 5 6 7 8 
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Machine 
type 

1 2 1 2 

Location 
datum 

Surface 5  
and two 
holes 

Surface 5  
and two 
holes 

Surface 3 
and two 
holes 

Surface 3 
and two 
holes 

Part 
orientation 

Surface 5 
down 

Surface 5 
down 

Surface 3 
down 

Surface 3 
down 

Reachable 
surface 

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

According to the constraints, the method we proposed is 
used as follows: 

(1) Construction of Feature set - Workstation constraint 
matrix ,fs wcF  

According to the 12 feature sets and the constraints 
information of the possible workstations, ,fs wcF  can be 

obtained 

,

0 1 0 0 1 0 1 1
1 1 1 1 0 0 0 1
1 0 1 1 1 1 0 0
0 0 0 0 1 1 0 0
1 1 1 1 0 0 0 1
0 0 0 0 0 1 1 0
0 0 0 0 0 1 1 0
1 1 1 1 0 0 0 1
1 1 1 1 1 1 0 0
0 0 0 0 0 0 1 0
0 0 0 0 1 1 0 0
0 0 0 0 0 1 0 0

fs wcF   

(2) Construction of feature sets and Feature - Operation 
constraint matrixes ,o fF  

The machining feature of the cylinder is divided into six 

basic feature sets 1 6, ,FS FS according by six surfaces. 

Three groups of location features and three groups of features 
with special requirements are defined as 6 special feature sets 

7 8 9, ,FS FS FS and 10 11 12, ,FS FS FS . For all feature sets, 

Feature - Operation Boolean constraint matrixes are 

constructed as 1 2 12
, , ,, ,...,o f o f o fF F F . For example, 3

,o fF  is as 

follows. 

3
,

0 0 0 0 0 0
0 0 0 0 306 308

300.2 0 300.2 0 0 0
30402.1 30502.1 30706.1 30901.1 30604.1 30802.1

0 0 0 0 30604.2 0
0 0 0 0 0 0

=
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0

30402.2 0 30706.2 0 30604.3 30802.2

o fF   

 
 
 

Set the population size =100N , the iteration 
limit =200MaxIte , the crossover rate =0.65cp , and the 

mutation rate =0.1mp . The priority values in 1p , 2p , 3p  has a 

range of 0,100 . The values in 4p  has a range of 0,10 . The 

algorithm is programmed with MATLAB R2016b. The 
simulation software is Plant Simulation 12.0. The experiments 
are executed on Intel i5 CPU and 8GB memory. The 
calculation takes 73.8 minutes. The algorithm's convergence 
curve is shown in Fig.3. The optimal value is achieved at the 
146th iteration, in which the production rate is 8.01 pieces / h, 
and the total cost is 28.69 million ¥. The optimized 
configuration plan is shown in Table 3, and the corresponding 
allocation plan of operations is shown in Table 4. 

The two normalized parameters used in the calculation of 
objective function are max 9.77PR  pieces / h, 
min 28.6 C million ¥.  
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Fig. 3. The convergence curve of GA-PSO 

Table 3  Optimal configuration plan  from integrated optimization 

Workstation number 1 2 3 4 

Machine type 1 1 2 1 
Number of machines 2 2 2 2 

Selected combination  1 6 2 8 
Machining time(s) 888.31 888.32 848.54 886.92 

Buffers 4 2 3 0 

According to the optimal results, the proposed algorithm 
can generate the optimal configuration plan under the 
constraints of process and workstations with high efficiency. 
In particular, it is not necessary to give a determined 
configuration of the production line or the machine tools, 
fixtures and part orientation when solving the LBP and BAP 
simultaneously. It can realize the optimal design of machining 
line with low cost and high throughput.  

To have some further competition, GA and PSO are also 
set to solve this problem individually. The convergence 
curves of the three algorithms are shown in Fig. 4. 

It can be seen from Fig. 4 that GA and PSO cannot find a 
feasible solution at the beginning of iteration. The fitness 
value of GA increases rapidly from iteration at 90th 
generation. The fitness value of PSO keeps increasing, but 
fluctuates greatly. In contrast, the improved GA-PSO 
proposed in this paper can find the feasible solution quickly in 
the early iterations and it can achieve a fairly good solution   
around 50th generations. So the improved GA-PSO algorithm 
has more advantages than a single GA or PSO algorithm. 
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Fig. 4. The convergence curves of GA-PSO, GA and PSO 

Also, a serial optimization of TLBP and BAP is introduced 
to have some competition. Balance rate and cost of machines 
are set as the objectives for the optimization of TLBP, and 
BAP is optimized through the objectives of line production 
rate and cost of buffers. The optimal plan from serial 
optimization is shown in Table 4. The optimal results from 
both serial and collaborative optimization are listed in Table 5. 

Table 4  Optimal configuration plan from serial optimization 

Workstation number 1 2 3 4 

Machine type 1 2 2 1 

Number of machines 2 2 2 2 

Selected combination  1 8 6 8 
Machining time(s) 877.12 873.71 879.85 881.43 

Buffers 2 8 1 0 

Table 5  Objective values of optimal results from the two optimizations 

 Balance 
rate 

Number of  
buffers 

Production rate 
(piece/h) 

Total cost 
(million ¥) 

Integrated 
optimization 0.988 9 8.01 28.69 

Serial 
optimization 

0.996 11 7.95 33.31 

As it is shown in Table 5, the serial optimization has 
obtained a higher result than the integrated one on the 
balancing of machining time at the stage of TLBP. However, 
it has limited the further optimization of BAP, and makes all 
the final objectives (production rate, total cost and number of 
buffers) worse than the integrated one, which means the 
integrated optimization focusing on the final line performance 
has more benefits. 

5. Conclusion 

In this paper, TLBP and BAP in flexible transfer line are 
solved simultaneously. Based on the analysis of information 
on process and workstation constraints, the polychromatic set 
theory is used to construct constraints model. A new priority 
coding mode is proposed, which includes the combined 
information of workstation information, operation sequencing, 
operation allocation, and buffer allocation. A decoding way is 
designed to ensure that the achieved plans satisfy all the 
constraints. The accurate production rate derived from 

simulation software through COM interface and the total cost 
including both cost for machines and buffers are combined as 
the objective function. An improved GA-PSO algorithm is 
designed to achieve the collaborative optimization of TLBP 
and BAP. Finally, a real case study of a machining line for a 
cylinder block is presented to validate the effectiveness of the 
proposed method. 
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