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Abstract: The structure and assembly process of Chip Shooter (CS) machine are studied. The factors of engineering 
practice such as the component size and machine structure etc. are considered. The assembly optimization model of 
Printed Circuit Board (PCB) on CS machine is formulated. A hybrid genetic algorithm (HGA) which combine with 
Polychromatic Sets (PS) and Genetic Algorithm (GA) is presented. A binary piece-wise coding method is proposed. 
In the individual chromosome, feeder arrangement and component placement sequence is described simultaneously. 
Constraint model is used to consider the impact of component size on the assembly speed and the feeder 
arrangement of CS machine. Meanwhile the constraint model improved the quality of initial population, ensured the 
effectiveness of GA operation and narrowed the search space of GA obviously. Calculation example indicated that 
HGA optimize the component sequence and feeder arrangement simultaneously and achieve excellent practicability. 
The assembly efficiency of CS machine is improved obviously. 
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INTRODUCTION 

 
The Chip Shooter (CS) machine is a kind of high 

speed assembly machine which used in the printed 
circuit board (PCB) assembly process with SMT. In 
order to improve the assembly efficiency of PCB, the 
PCB assembly optimization caused more and more 
attention  (Leu  et al., 1993; Ong and Khoo, 2002; Deo 
et al., 2002; Wilhelm and Tarmy, 2003; Zeng, 2011). 
PCB assembly optimization of the CS machine is too 
complexy. Although many researchers are able to solve 
two NP optimization problems (i.e., the component 
sequence and feeder arrangement problem) 
simultaneously. Restrained by complexity of the PCB 
assembly optimization problems, it is simplified and the 
impact of engineering practice (i.e., component size 
etc.) can not be considered (William and Ji, 2007; 
William and Ji, 2003; Du et al., 2008). Actually, 
component size has great impact on the assembly 
process and speed of CS machine. It can not be ignored. 
Based on contour matrix of polychromatic sets (PS) 
(Pavlov, 2006), the constraint model of PCB assembly 
process is presented. It combine with Genetic 
Algorithm (GA) to achieve the PCB assembly 
optimization. Not only the component sequence and 
feeder arrangement are optimized simultaneously, but 
also the component size and strategy of feeder 
arrangement are considered. HGA has excellent 
calculation efficiency and can improve the PCB 
assembly efficiency. The method is presented in this 

research provides a new method to solve complex 
engineering optimization problems. 

CS machine has a feeder carrier loading 
component, a moveable PCB table carrying PCB and a 
rotary turret with multiple assembly heads. The feeder 
carrier that loades many feeders can move in x-
direction. PCB table can move in X-Y directions. Each 
assembly head has several nozzles with different sizes 
in order to pick up and place components with different 
size. Three mechanisms of chip-shooter machine move 
simultaneously. The movement time of PCB table is 
used to carry PCB from one position to next position. 
The movement time of feeder carrier is used to pick 
component from feeder. The rotary time of turret is 
used to rotate one step to pick and place component. 

During the assembly process, the operating 
sequence of the CS machine is described as follows. As 
the first PCB of a batch enters the machine, the first 
nozzle of the turret picks up a component from a feeder. 
Then the turret indexes one step and the next nozzle 
picks up the second component. After that, the turret 
indexes again to pick up the next component and so on. 
At the same moment, the PCB table is moved to the 
placement location waiting for the first component to be 
placed on the PCB. When the seventh component is 
being picked up, if the turret has 12 heads, the first 
component is being placed on the PCB at the same 
time. These operations continue so that the turret 
indexes one step, the feeder carrier moves to the 
location containing the next pickup component and the 
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PCB table moves to the next placement location. In the 
assembly of the last six components, there is no need to 
pick up components for the PCB being assembled. 
However, the nozzles of the turret can pick up the first 
six components for the next board to be assembled, if 
necessary. For the first few components assembled in a 
batch of PCBs, there are only pickup movements and 
no placement movement. For the last few components 
of the same batch, there are only placement movements 
and no pickup movement (William and Ji, 2007). 

In this study, we formulated an integrated 
optimizing model to describe the component sequence 
and feeder arrangement simultaneously and proposed 
an effective algorithm to optimize PCB assembly 
optimization problem of CS machine. 
 

OPTIMIZATION MODEL 
 

During the assembly process of CS machine, 
component is picked up and placed simultaneously. The 
assembly time is dependent on the movement time of 
three parallel moveable mechanisms: the movement 
time of PCB table, the movement time of feeder carrier 
and rotary time of turret. The longest time among them 
is the assembly time of a component. The objective of 
the assembly optimization for CS machine is to reduce 
the assembly time of PCB to improve the assembly 
efficiency. 
 
The movement time of PCB table: PCB table can 
move in X and Y directions simultaneously. tt(s) is the 
time used by the PCB table for traveling from the 
location of component (s-1) to the location of 
component s: 
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where, 
xs and xs -1  = The x-coordinates of component s and 

s-1, respectively 
ys and ys -1  = The y-coordinates of component s and 

s-1,respectively 
Vx and Vy  = The speeds of PCB table in the x and y 

directions, respectively 
 

ss is the slowest speed factor of PCB table when sth 

component is assembled on PCB. It describes the 

effection of different components size on assembly 

speed.  

During the assembly process, the speed of PCB 

table is changeable to guarantee the assembly quality. 

The speed of PCB table is decided by the biggest size 

component that has been assembled on PCB. It means 

that the speed of PCB table can only be reduced and not 

be raised during the assembly process of a PCB. So the 

distance between the components has great effect on the 

assembly time as well as the assembly sequence of 

different component size. 

The movement time of feeder carrier: The feeder 
carrier on CS machine moves from position of feeder 
which loads component s-1 to the position of feeder 
which loads component s. the movement time of feeder 
carrier (i.e., tf(s)) can be calculated as follow: 

 

( ) ( ) sssf tFFst 1−−=                (2) 

 
where, ts is a unchangeable movement time of feeder 
carrier which move a slot.  

On the feeder carrier, Fs and Fs-1 are the positions 
of feeder which load component s and s-1, respectively. 

On the feeder carrier, the wide of a slot is fixed, but 
the size of components is different. So the feeder which 
load component with small size occupy one slot and the 
feeder which load component with big size occupy 
more than one slot on the feeder carrier. The number of 
slot between the adjacent feeders on the feeder carrier 
may be different. Eq. (2) considers the difference of 
feeder size and can calculate the movement time of 
feeder carrier accurately. 

Furthermore, the strategy of feeder arrangement 
can affect the assembly process obviously. In order to 
improve the efficiency, if the assembly number of a 
component type is more than other component type, the 
feeder load this component type will be arranged twice 
or more. During the assembly process, a suitable feeder 
must be selected from multiple feeders which load same 
component type.  

For example, the positions of feeder which load 
component s-1, s and s+1 are F(s-1), F(s) and F(s+1), 
respectively. If the component type s is loaded on two 
feeders. The positions of them are F1(s) and F2(s), 
respectively. If 
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the component s is picked from feeder F1(s), otherwise 
the component s is picked from feeder F2(s). 
 
Rotation time of turret: Assume there are M assembly 
heads on the turret of CS machine, the turret rotation 
time tr(s) is used by the turret for rotating one step. The 
component size affects the rotary speed of turret. In 
order to assure the operation reliability, the rotary speed 
of turret will decrease when the assembly head picks up 
the component with bigger size. The rotary speed is 
decided by the picked component whose size is the 
biggest in the M/2 components on the turret. tr(s) can be 
calculated as follows: 
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where, tr is the standard time which is used by the turret 

for rotating one step. rm is the speed factor of mth 

component which is picked on the turret. 
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The optimization model of PCB assembly time: The 

longest one among the three times in one step is called 

the dominating time. So, for the CS machine, the 

objective of the assembly optimization is obviously to 

minimize the total assembly time, which is the 

summation of all dominating times of components so 

that the highest productivity of the CS machine can be 

achieved. The optimization model of PCB assembly on 

CS machine can be formulated as follows: 
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where, 

M   = Number of assembly head on the turret 

L  = Number of slots on the feeder carrier 

P   = Number of component types 

i,j = Indices of component 

t   = Indices of component type 

s   = Indices of assembly sequence of component 

xis = 0-1 variable, 1 if the placement sequence of 

component i is s and 0 otherwise 

xtih  = 0-1 variable, 1 if the type of component i is t 

which is uploaded in slot h and 0 otherwise 

 

Eq. (5) and (6) are to guarantee that exactly one 

component is only placed in one position. Equation (7) 

and (8) mean a feeder will be uploaded more than once 

on the feeder carrier. The component size is considered, 

a feeder which upload bigger component may  be  

placed  in  more  than  one  slot.  So  P ≤ L.  During  the 

practical assembly process, M/2 components have been 
picked up on the turret when the first component is 
placed in the position. The difference between 
placement sequence and pickup sequence is described 
in the model. The M/2 components have been picked on 
the turret, when the first component is placed in the 
position. 

 

HYBRID ALGORITHM 
 

During the assembly process of CS machine, the 

component placement sequence and feeder arrangement 

influence each other. The strategy and component size 

make it more different to optimize. To examine the 

complexity of the models, it is essential to find the 

numbers of variables and constraints in the model, in 

Eq. (4) to (8), it can be seen that the model is very 

sophisticated. The objective function is nonlinear and 

also its enumeration is huge. In order to solve it 

efficiently, GA has been combined with the constraint 

model which is formulated by PS contour matrix. The 

flow chart of algorithm is shown in Fig. 1. 

 

PS model of the assembly component: 

 

• Component define: Component size has great 

effect on the assembly speed of the CS machine in 

the assembly process. The component sequence 

and feeder arrangement should consider the 

component size. In this research, according to the 

component size, the components are classified as 

key component and free component on a PCB. 

The index of key component is identical to the 

assembly   sequence   of   it.  Different  key 

components have different assembly speed. On a 

PCB, the number of key component is the biggest 

among the components with same assembly speed. 

• The description of assembly component based 

on PS: In this research, there are five speeds to 

assemble all the component with different size. 

Figure 1 describes the component based on PS 

contour matrix. F1-F5 correspond with five 

different speeds, whose factor is from one to five. 

ai describe the components on PCB. In the contour 

matrix, the element value represent the specific 

speed factor, 6 is used to describe the key 

component. F(ai) describe the classification and 

speed  factor  of  a  specific component. In the 

Table 1, component a1, a2, a6, a9, a14 are key 

component. For example, F(a1) =(60000) indicate 

component a1 is key component. Its speed factor is 

1. F(a10) = (00300) means component a10 is free 

component, its speed factor is 3. 

• Relation description of the assembly 

component: Based on PS contour matrix, not only 

the   speed   factors  of   different  components   are  
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Fig. 1: Flow chart of algorithm 

 
Table 1: PS contour matrix sketch map of assembly component 

 F1 F2 F3 F4 F5 

a1 6 0 0 0 0 

a2 0 0 0 6 0 

a3 1 0 0 0 0 

a4 1 0 0 0 0 

a5 0 2 0 0 0 

a6 0 0 6 0 0 

a7 0 2 0 0 0 

a8 0 2 0 0 0 

a9 0 6 0 0 0 

a10 0 0 3 0 0 

a11 0 0 0 4 0 

a12 0 0 0 4 0 

a13 0 0 0 0 5 

a14 0 0 0 0 6 

a15 0 0 3 0 0 

 
described, but also the relations among different 
components are indicated. The relation can be 
classified as follows: 

o Component ai and aj have the same speed factor, 
AF1(ai, aj) =1 

o The speed factor are different, but the difference is 
in a range, AF2(ai, aj) = 1  

o The speed factor are different and the difference is 
big, AF3(ai, aj) = 1 
 

Based on the description of component relation, PS 
constraint model is formulated by the description of 
component relation. Combined with PS constraint 
model and GA, the hybrid algorithm can ensure the 
effectiveness and quality of the chromosome. So the 
search space of GA can be decreased obviously, the 
efficiency of algorithm is improved. 
 
Encoding and decoding: Encoding and decoding is the 
key of GA to solve the problem. For PCB assembly 
optimization of CS machine, because the component 
sequence and the feeder arrangement problems are 
considered simultaneously, a chromosome should 
include two problems representations. The component 
sequence can be indicated by the indices of 
components. The feeder arrangement can be indicated 
by the slot position of feeder on the feeder carrier. 
Every component correspond a component type and a 
feeder upload the component with same component 
type. So the component sequence and feeder 
arrangement can be related by the component type in a 
chromosome. In this research, a binary piece-wise 
coding method is proposed. The chromosome structure 
is shown in Table 2. 

Chromosome is made up of two parts, one shows 
component sequence and the other shows feed 
arrangement. In Table 3, consider a PCB with 9 
components of six types. The component sequence 
starts with component 1, the components 2,3,4,5,6,7,8 
and finally component 9, its sequence can be 
represented as (1 2 3 4 5 6 7 8 9). For the feeder 
arrangement is presented by (1 2 3 5 8 10 11), it means 
that two feeders which upload component type 1 is 
placed in slot 1 and slot 11 respectively on the feeder 
carrier, the component type 4 is placed in slot 5, 
component type 5 is placed in slot 8 and the component 
type 6 is placed in slot 10 and so on. The indices of 
slots are helpful to present the component size. A feeder 
upload bigger component can occupy more than one 
slot.  

In a chromosome, all the gene values are 
represented by integer. The coordinates of a component 
can be obtained by the index of component. Combine 
with coordinates and speed factors of different 
components, the movement time of PCB table can be 
calculated. Movement time of feeder carrier can be 
calculated by indices of different slots of different 
feeders. The relation between component sequence

Table 2: Chromosome structure 

Component type Component type 

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

1 2 3 4 5 6 7 8 9 1 2 3 5 8 10 11 

Indices of components Indices of slots 

 

Table 3: Chromosome initialization of component sequence part 

Gene site 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

Indices of 

component  

a1 a 3 a 9 a 4 a 8 a 5 a 6 a 7 a 10 a 2 a 15 a 12 a 11 a 14 a 13 

Speed factor F1 1 F2 1 2 2 F3 2 3 F4 3 4 4 F5 5 
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and feeder arrangement is represented by component 
type. It is helpful to solve them simultaneously.  
 

Population initialization based on constraint model: 
The component size will affect the assembly speed. 
During the assembly process of a PCB, the assembly 
speed of PCB table can not increase. So the smaller 
component with faster assembly speed is superior to 
bigger component, which is helpful to reduce PCB 
assembly time. 

PS contour matrix describes component 
classification and the relations and it can be used to 
enhance quality of initial population and improve 
calculation efficiency of fitness. The generation of 
initial population is listed as follows: 

 
Step 1: In a chromosome, the length of component 

sequence part is decided by the number of 
assembly component. As illustrated in Table 3, 
the length of component sequence part is 15. 

Step 2: According to the number of key components, 
five gene site are selected(1,3,7,10,14). The 
key components are placed to corresponding 
gene site on descending sequence of speed. 

Step 3: Searching PS model of component, the free 
component is placed on vacancy of 
chromosome on descending sequence of 
speed. In the chromosome, the part of feeder 
arrangement is generated randomly. 

Step 4: Checking the relation between key component 
and adjacent component with PS constraint 
model. if AF3(ai, aj) = 1,the chromosome will 
be abandoned to ensure the individual quality. 

Step 5: Repeating steps above, until the initial 
population is generated. 

 
Genetic operation: Efficiency of GA search is a 

bottleneck when GA is used to solve complex 

combinational optimization problems. It is easy to 

produce many chromosomes with poor quality and 

invalid solutions. In this research, genetic operation 

combine with PS constraint model to ensure the quality 

of chromosome, the efficiency of GA search can be 

improved. 

 

• Crossover based on constraint model: During the 

assembly process of CS machine, the traditional 

crossover methods could damage chromosome and 

generate invalid solution. In order to ensure the 

quality of chromosome and improve the efficiency 

of research, a new crossover method is designed on 

the basis of PS constraint model. The crossover 

steps are illustrated as follows: 

 

Step 1: Threshold "T” is determined. It means the 

biggest speed difference of adjacent 

component in the component sequence. The 

bigger of T means the bigger speed difference, 

the search space of GA is bigger and the 

efficiency of search reduces. 
Step 2: Generating a binary string whose length is 

identical to the chromosome. An element 
value corresponds to a gene of a chromosome. 

Step 3: In the first parent chromosome, the gene which 
correspond to 1 of binary string is preserved 
and is copied to the first child chromosome. 
The values of genes which correspond to 1 of 
binary string form a list according to the order 
in the second parent chromosome. 

Step 4: In the second parent chromosome, the gene 
which correspond to 0 of binary string is 
preserved and is copied to the second child 
chromosome. The values of genes which 
correspond to 1 of binary string form a list 
according to the order in the first parent 
chromosome. 

Step 5: The gene list which is generated in step3 is 
placed in the vacant of the first child 
chromosome in order. 

Step 6: The gene list which is generated in step 4 is 
placed in the vacant of the second child 
chromosome in order. 

Step 7: Based on the F(ai) of PS contour matrix, check 
the relations of adjacent component of child 
chromosome. If AF1(ai, aj) =1 and AF2(ai, aj) = 
1, this chromosome is preserved, otherwise 
this crossover operation is invalid. 

Step 8: Repeating steps 2 to 7, until all the crossover 
operations are completed. 

 
The crossover operation which is proposed in this 

research ensures the index of component is not 
repeated. The feeder arrangement part ensures the 
number of feeders of parent chromosome and child 
chromosome is identical. A chromosome corresponds 
to an effective component assembly sequence and 
feeder arrangement. Furthermore, PS constraint model 
consider the speed relation between different 
components, the quality of chromosome can be 
ensured. 

 

• Self-adaption mutation based on constraint 
model: Mutation can keep the diversity of GA 
population and avoid the premature convergence. 
In this research, mutation is combined with the PS 
constraint model to ensure the effectiveness and the 
quality of chromosome. The steps of mutation 
operation are listed as follows: 

 
Step 1: A threshold "T” of speed factor is determined. 
Step 2: Choose two gene sites randomly in one 

chromosome. It means two components are 
selected in the component sequence. 

Step 3: Based on the F(ai) of two components in the 
PS constraint mode, the speed of components 
are determined. 

Step 4: Checking the relation between two 

components, if AF1 (ai, aj) = 1or AF2(ai, aj) = 
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1, two component can exchange their position 

in the chromosome, otherwise the mutation is 

invalid and two gene sites are choose again. 

 
Along with the progress in the optimization search 

of GA, the differences among chromosomes are 
decreased gradually. At this time, increased mutation 
rate can keep search result away from local optimum 
and arrive at global optimization eventually. Thus the 
adaptive mutation rate is adopted. According to the 
difference of fitness value between adjacent 
generations, the mutation rate value is adjusted. 

 

• Fitness calculation based on PS model: In this 
research, a chromosome describes the component 
assembly sequence and feeder arrangement 
simultaneously. With the combination of PS model 
and GA, not only the movement distance but also 
the relation and speed factor of components can be 
considered. The assembly time is calculated 
accurately and efficiently. 

 
COMPUTATIONAL RESULT AND ANALYSIS 

 
Each chromosome contains two parts, the first part 

representing the sequence of component assembly, the 
second part indicate the feeder arrangement. So the 
PCB assembly optimization of CS machine can be 
solved by improved GA (IGA) which is proposed in 
this research. The calculation example which is 
provided in literature (Leu et al., 1993) is calculated by 
improved IGA. The optimization result is 33.58s. The 
comparison between the results obtained from IGA and 
those obtained from other researchers show that IGA is 
better than many algorithms (William and Ji, 2007; 
Chen and Chyu, 2003). Furthermore, the optimization 
results are improved obviously when the feeders which 
upload component type 4, 9, 10 are placed twice on the 
feeder carrier. The optimization result is 23.5s. 

For a PCB assembly case, without consider the 
component size, the movement distance of PCB table is 
1040 mm, assembly time is 11.08s. The movement 
distance of PCB table which consider the component 
size, is 3871mm, the assembly time is 5.18s. It can be 
shown that the optimization results are more practical 
when the different assembly speeds of different 
components are considered. 

Based on PS constraint model, the initial 
population quality is improved and the search space of 
GA is reduced. So the efficiency of IGA is improved 
obviously. In literature (William and Ji, 2007), the 
optimization result of the optimization problem of PCB 
assembly with 8 components and 8 feeders is obtained 
in 5s. In this research, the optimization result of the 
optimization problem of PCB assembly with 50 
components and 13 feeders is obtained in 5s. The 
complexity of optimization problem increase obviously 
and the calculation time can not increase because of the 
PS constraint model. 

 

CONCLUSION 
 

The lack of efficient optimization algorithm in the 
literature related to the practical PCB assembly 
optimization for CS machine is the main driving force 
behind this research. The movement mechanism of CS 
machine and the assembly process are analyzed in this 
study. An integrated model which describes the 
component sequence, feeder arrangement and considers 
engineering practices (i.e., assembly speed, component 
size and the strategy of feeder arrangement) is 
formulated. An effective algorithm is presented to 
optimize PCB assembly optimization problem of CS 
machine with the combination of PS constraint model 
and GA. The quality of initial population is improved 
and the search space is narrowed on the basis of PS 
constraint model, which lead to improve the calculation 
efficiency of algorithm. 
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