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Abstract: In this paper, a genetic algorithm based method is proposed to solve the
problem of minimizing the PCB assembly time for multi-head surface mounting ma-
chines. By grouping the reels and by clustering the components the multi-head problem
is transformed into a single-head one and then the single-head method is simply applied
to the multi-head case. To implement the genetic algorithm, a partial link concept is
proposed for genetic operations. Computer simulation results show that the proposed
algorithm is superior to the heuristic algorithm that is currently used in industry.
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1 Introduction

Printed circuit boards (PCBs) are the brains of electronic products. PCB assem-
bly is an important sector of the electronics manufacturing industry [Maimon
et al. 93]. With recent developments in component manufacturing technology,
surface mounting technology has replaced the pin-through-hole technology and
has made it easier to mount components on a PCB automatically. EÆcient oper-
ations in PCB assembly are essential for reducing production costs and thereby
increasing competitiveness.

There has been an increasing research interest in optimal PCB assembly
planning. The overall PCB assembly time depends on two decision variables: i)
the assignment of reels to slots on feeder racks; and ii) sequencing of pick-and-
place movements [Ball and Magazine 88]. These two problems are combinatorial
optimization problems, which are known to be NP-hard [Laarhoven and Zijm
93].

Although these problems are highly interrelated, it is diÆcult to solve these
problems concurrently. Therefore, during the last decade, most research on min-
imizing the PCB assembly time solved these problems by decoupling one from
the other [Lee et al. 99].
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[Ball and Magazine 88] used heuristic to separate the problem into two de-
coupled problems and solved them individually. [Leip�al�a and Nevalainen 89]
formulated component pick-and-place sequencing as a 3-dimensional asymmet-
ric traveling salesman problem (TSP) and reel assignment as a quadratic as-
signment problem. They obtained suboptima with a modi�ed farthest insertion
heuristic. [Bard et al. 94] modeled reel assignment as a quadratic integer program
and component pick-and-place sequencing as a TSP. They developed heuristic
methods based on a weighted nearest neighbor TSP technique and a Lagrangian
relaxation scheme. [Kumar and Li 95] formulated reel assignment as a minimum
weight matching problem and component pick-and-place sequencing as a TSP.

All these algorithms limited the total number of heads on the surface mount-
ing machine to at most three to reduce the complexity of the problems. While the
travel time is the most signi�cant factor in minimizing the PCB assembly time
when the number of heads is small, the pick time becomes a more signi�cant
factor as the number of heads increases. The reason is that one simultaneous
pickup of multiple components can reduce a large portion of the assembly time
for the multi-head surface mounting machine.

In this paper, we propose a new genetic algorithm (GA) based approach for
a multi-head surface mounting machine. The results indicate that the proposed
method results in about 10.7% average saving in PCB assembly time compared
with the heuristic algorithm which is commonly used in industrial settings.

The organization of this paper is as follows: [Section 2] is a description of the
multi-head surface mounting machine. In [Section 3], a partial-link GA method is
proposed for the single-head surface mounting machine. [Section 4] presents the
technique for solving the multi-head case by modifying the single-head case. In
[Section 5], the improvement in eÆciency and eÆcacy of the proposed algorithm
compared to the heuristic algorithm (HA) in current use is veri�ed through
computer simulation. [Section 6] concludes this paper.

2 Problem statement

[Fig. 1] shows a PCB assembly line which assembles surface mounted devices.
The line consists of a PCB loader, a screen printer, a series of surface mounting
machines (SMM), a conveyor, a reow furnace and a PCB unloader. PCBs are
transferred from the PCB loader to the PCB unloader by the conveyor. The
screen printer prints solder paste on the PCBs and then the surface mounting
machines mount components on them. Finally, the reow furnace heats PCBs
so that the components are �xed on the PCBs.

Most of the total assembly time is the pick-and-place time at the surface
mounting machines [Bard et al. 94]. Therefore, varieties of surface mounting
machines have been developed to minimize the pick-and-place time mechanically.
Recently, the multi-head surface mounting machine is becoming increasingly
popular because it can obtain high mounting speed with relatively low cost.
This paper considers this type of machine. [Fig. 2] shows a schematic diagram
of a multi-head surface mounting machine.

{ The reel supplies components and each reel contains only one type of com-
ponent.
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Figure 1: PCB assembly line for surface mounted devices.

{ The feeder racks are located at both sides of the conveyor and each feeder
rack has a number of slots for reels.

{ Each slot can accommodate at most one reel. Some reels containing large
components may actually occupy two slots or more.

{ The arm is an actual pick-and-place unit, and has multiple heads. The arm
always moves from one location to another along a straight line at a constant
speed. Therefore the distance between two coordinate positions (x1; y1) and

(x2; y2) can be de�ned as
p
jx1 � x2j2 + jy1 � y2j2.

{ The heads pick up components from feeders and place them on the board.
Since the distance between adjacent heads is equal to an integer times the dis-
tance between two adjacent slots, the arm can pick multiple components si-
multaneously by one pickup operation. This operation is called simultaneous
pickup.

{ Each head has a nozzle that grips and holds a component until it is placed
on the board. Nozzles of di�erent diameters are used depending on the size
of the component to be retrieved. The nozzle is automatically changed at the
automatic nozzle changer (ANC) when it cannot grip the required compo-
nent.

2

The PCB assembly time on the multi-head surface mounting machine is de-
pendent on two decision problems. First, a reel assignment problem determines
which reel is to be assigned to which slot on the feeder racks. Next, a sequencing
problem determines the sequence of pick-and-place movements of the arm, as-
suming that each reel's position on the racks is �xed by the solution of the reel
assignment problem. As mentioned in [Section 1], these problems are NP-hard.
Until recently, algorithm designers have been trying to solve the reel assignment
and the sequencing problems by decoupling one from the other to simplify mat-
ters. However, since the reel assignment and the sequencing are highly interre-
lated, they should be solved concurrently. In this paper, we propose a partial-link
GA method for jointly solving the reel assignment and the sequencing.
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Figure 2: Schematic diagram of a multi-head surface mounting machine.

In order to solve this problem, we will �rst consider the single-head case and
then apply the single-head method to the multi-head case. The PCB assembly
time can be thought to be composed of four factors: the travel time, the nozzle
change time, the pick time and the place time. In the single-head case, the pick
time and the place time are constant. Hence, we will try to minimize the travel
time and the nozzle change time in the single-head case, which is described in
detail in [Section 3].

This approach is, however, not directly applicable to the multi-head case.
With a large number of heads, each simultaneous pickup operation saves a large
amount of time. For example, when the arm picks up �ve components simulta-
neously, the time needed to pick up four components sequentially can be saved.
This means that we can also reduce the pick time. In fact, in the multi-head
case the pick time is the most signi�cant factor in minimizing the PCB assembly
time. Therefore, we will try to maximize the number of simultaneous pickups in
the multi-head case. We call a group of reels that is used for simultaneous pickup
a reel-group. Once all the reel-groups are constructed, the remaining problems
can be modeled as a single-head problem by thinking of each reel-group as one
reel. The algorithm for the multi-head case is described in [Section 4].

The assumptions made in solving the problem are as follows:

1. The number of heads may be arbitrary, but is �xed in advance.
2. The order in which the heads operate in placing the components is predeter-

mined as follows: the �rst head places its component �rst, the second head
places second, and so on until the cycle is completed.
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3. The number of reels required to complete the job is, at most, equal to the
capacity of the feeder racks.

The following notations are used in this paper:
n : number of components
p : number of component types
m : number of slots
C : set of components
S : set of slots
b(c) : component type of c 2 C

T (p1; p2) : travel time between two points, p1 and p2
Tanc : nozzle change time
Tpick : pick time
Hi : the ith head
Ni : set of reels that use the nozzle i
Ri : set of reels assigned to the ith head

3 Single-head SMM

In this section, we try to minimize the entire assembly time of the single-head
surface mounting machine. First, we describe the genetic algorithm and solve
the reel assignment and the sequencing problems by decoupling one from the
other using GA method. Then, we propose partial-link GA method for jointly
solving the reel assignment and the sequencing in the single-head case.

A sample PCB with 11 components in 4 di�erent component types is used as
an example in solving the single-head case. [Tab. 1] gives the information about
the nozzle and the number of components for each component type. The surface
mounting machine has a single head and 9 slots. [Fig. 3] shows the locations of
the components, slots and ANC. A serial number is given to each slot and each
component.

Component type a b c d

Nozzle 1 2 3 4

No. of components 5 3 2 1

Table 1: Single-head case: nozzle and number of components for each component type

3.1 Solving with GA

3.1.1 GA overview

Genetic Algorithms (GAs), as one of the adaptive algorithms, have been high-
lighted in a variety of �elds and successfully applied to many engineering prob-
lems [Grefenstette et al. 85, Whitley et al. 89, Wong and Leu 93, Murata et al.
96, Lee and Lee 97, Dasgupta and Michalewicz 97].
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Figure 3: Single-head case: locations of the components, slots and ANC

GA is di�erent from conventional optimization methods in several ways. It is
a sort of population oriented search technique that uses probabilistic transition
rules to evolve multiple potentials. It is a parallel and global search method
that can �nd the global solution utilizing multiple candidate solutions. GA is
mainly composed of three basic operators: reproduction; crossover; and mutation
[Goldberg 89, Davis 91, Michalewicz 96].

3.1.2 Reel assignment problem

The reel assignment problem is determining the assignment of types of compo-
nents to slots. In the genetic algorithm, the reel assignment is designated by
link. The link is de�ned as ~l = [l(1); l(2); : : : ; l(m)], where l(i) 2 S, l(i) 6= l(j) if
i 6= j, 8i; j 2 f1; 2; : : : ;mg. Gene l(i) represents the slot where the component
type i is assigned. Actually the reel assignment is determined by only the �rst p
genes and thus the other m� p genes are dummy genes. A feasible link is shown
in the left part of [Fig. 4]. The number in each gene represents the slot number.

Reel
c a b d

1 2 3 4 5 6 9

slot no.
25 7 6 9 13 8 4

a b c d
dummy

slot no.
reel

7 8

Link

Figure 4: Single-head case: a feasible link for reel assignment

The �rst gene indicates that the �rst component type is assigned to slot 5, the
second gene indicates that the second component type is assigned to slot 7, and
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so on. The right part of [Fig. 4] shows the assignment of reels to slots. Hence, it
can be easily seen that the �ve genes at the tail do not have any e�ect on the reel
assignment. This is the reason why they are called dummy genes. The �tness
function, which is the total distance, means the sum of the distances between
each component and its respective reel. Then the �tness function can be de�ned
as follows:

F (~l) =

nX
k=1

T (l(b(k)); k) (1)

3.1.3 Sequencing problem

The sequencing problem is determining the sequence of pick-and-place move-
ments at each machine, assuming that reels of components are assigned and
�xed to slots on the feeder racks. In the genetic algorithm, the reel assignment
is designated by link. The link is de�ned as ~l� = [l�(1); l�(2); :::; l�(n)], where
l�(i) 2 C, l�(i) 6= l�(j) if i 6= j, 8i; j 2 f1; 2; : : : ; ng. Gene l�(i) represents the
component to be mounted on the PCB in the ith order. A feasible link is shown
in [Fig. 5].

3 7 2 5 9 10 6 11 4 1 8

Figure 5: Single-head case: a feasible link for sequence

The number in each gene represents the component number. The �rst gene
indicates that the machine mounts component 3 �rst, the second gene indicates
that the machine mounts component 7 second, and so on.

We now de�ne the �tness function which represents the eÆciency of solutions.
The �tness function is de�ned as the total assembly time. Before the assembly
task starts, the head is equipped with an appropriate nozzle and is positioned
over the starting reel. The overall path starts at the �rst reel and ends at the
last mounting position. The nozzle may be changed while the head moves from
a mounting position to the next reel. Then the �tness function can be de�ned
as follows:

F (~l; ~l�) =

nX
k=1

h
T (l(b(l�(k))); l�(k)) + F1(~l; ~l

�; k)
i
; (2)

where F1(~l; ~l
�; k)

=

8>>><
>>>:

0 if k = n;

T (l�(k); l(b(l�(k + 1)))) if b(l�(k)) = b(l�(k + 1));

T (l�(k); ANC) + Tanc + T (ANC; l(b(l�(k + 1)))) otherwise.

(3)

The �rst term in [Eq. 2], above, represents the moving time from the reel to
the mounting position and the second term represents the moving time from the
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mounting position to the reel. The second term includes the nozzle change time
if needed.

The resulting reel assignment and sequence are illustrated in [Fig. 6]. It can
be seen that each reel has been assigned to the reasonable position near the
mounting positions. The total assembly time is 7.55 sec which is reduced by 3:7
percent compared with HA(7.84 sec) .
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Figure 6: Single-head case: reel assignment and sequence by genetic algorithm

3.2 Solving with partial-link GA

A link for jointly solving the reel assignment and the sequencing consists of two
partial links: one for the reel assignment and the other for the sequencing. The
�rst link is named A and the second one B. Using our partial-link GA method,
we combine link A and link B, thus we can construct a new link for jointly
solving the reel assignment and the sequencing. The �tness function is de�ned
as the total assembly time (see [Eq. 2]). The main features of the SMM planning
algorithm based on GA search in this paper can be described as follows:

{ partial link operators: Partial link genetic operators are proposed for crossover
and mutation. They are designed for SMM planning.

{ parameter control: The control parameters related to crossover and mutation
are not �xed but varied depending on the �tness value of the solutions. It
is performed to enhance the search performance and to avoid the premature
convergence.
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3.2.1 Partial-link operators

[Fig. 7] shows the partial-link crossover operator. We pick certain bit positions
of parent 1 (or 2) and place them at the same position in the child. Then we �ll
the remaining positions by the missing entries in the same order as these entries
occur in parent 2 (or 1).

1 2 3 4 5 6 7 8 9 5 6 7 8 9 103

Link A Link B

Parent 1

Parent 2

Child 1

Child 2

1 2 4 11

4 9 7 2 3 1 6 8 5 1 8 9 7 11 1042 5 6 3

9 7 3 4 5 6 2 1 8 5 6 7 8 9 1012 4 11 3

4 5 7 2 3 1 6 8 9 1 8 9 7 11 642 3 5 10

Link A Link B

Figure 7: Partial-link crossover operator

The exchange operator, inversion operator and rotation operator are used as
a mutation operator. The exchange operator exchanges two genes in a parent
link. [Fig. 8] shows the partial-link exchange operator. The inversion operator
takes a segment from a parent link and ips it to form a new link. [Fig. 9] shows
the partial-link inversion operator. The rotation operator rotates a segment of a
parent link to the right or left to create a new link. [Fig. 10] shows the partial-link
rotation operator.

3.2.2 Parameter control

The issue of controlling values of various parameters of an evolutionary algorithm
is one of the most important and promising areas of research in evolutionary com-
putation. [Eiben, A. et al. 99] distinguish two major forms of setting parameter
values: parameter tuning and parameter control. The parameter tuning is the
approach that �nds good parameter values, which remain �xed during the run
of the algorithm. The parameter control related to crossover and mutation are
not �xed but varied depending on the �tness value of the solutions. It enhances
the search performance and avoids premature convergence. It has been observed
that the di�erence between the maximum and average �tness value of the pop-
ulation is likely to be less for a population that has converged to the optimum
solution than that for a population scattered in the solution space [Srinivas and
Patnaik 94 ].

To achieve a smooth convergence of the population of solutions, it is required
that the high �t chromosomes undergo less perturbation than the low �t chro-
mosomes. Regarding this fact, we modify the crossover and mutation probability
as follows :

pc = min f p0
c

(fmax � fc)

(fmax � �f)
; k1g (4)

841Lee W., Lee S., Lee B., Lee Y.: An Efficient Planning Algorithm ...



4������

��	
�

1 2 3 4 5 6 7 8 9 5 6 7 8 9 103

������ ������

1 2 11

41 2 7 4 5 6 3 8 9 8 6 7 5 9 1031 2 11
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Figure 10: Partial-link rotation operator

pm = min f p0m
(fmax � fi)

(fmax � �f)
; k2g (5)

where p0
c
and p0

m
is the original crossover and mutation probability, respectively.

pc and pm are the modi�ed probabilities, respectively. fmax and �f are maximum
and average �tness, respectively. k1 and k2, which are the threshold values, have
to be less than 1.0. They normalize pc and pm to the range 0.0-1.0. fc is the
average �tness value of the two chromosomes selected for crossover and fi is
the �tness of the ith chromosome to which the mutation with probability pm is
applied.

3.2.3 Application of partial-link GA

The overall procedure for our partial-link GA for single-head SMM can be de-
noted as follows.

Step 1: Assign the parameters of SMM and GA.
(SMM parameters) head, nozzle, components, slots, and so on.
(GA parameters) population size, generation number, and so on.

Step 2: Initialize partial-link chromosomes randomly.

Step 3: Set generation number to 1.

Step 4: Reel assignment and sequencing.
Assign reels to slots using link A.
Determine the sequence of pick-and-place movements using link B.
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Step 5: Calculate the �tness and control GA parameters.
Calculate total assembly time using [Eq. 2].
Modify the crossover and mutation probability using [Eq. 4,5].

Step 6: Apply partial-link GA operators to the chromosomes.

Step 7: Increase generation number by 1.

Step 8: If the maximum generation number is not reached, then go to Step 4
and perform evolutionary cycle (Step 4 - Step 8), else stop it.

Step 9: Obtain the best solution among the chromosomes.

The above procedure is applied to the sample PCB. [Fig. 11] shows the total
assembly time (the �tness value) versus the number of generations. The total
assembly time is reduced by 11:3 % from the best initial guess in 24 generations.
The total assembly time is 7.40 sec which is reduced by 5:6 percent compared
with HA(7.84 sec). The link obtained at the 24th generation is shown in [Fig.
12] and the corresponding reel assignment and sequencing are illustrated in [Fig.
13]. It can be seen that each reel has been assigned to the reasonable position
near the mounting positions. It can also be seen that the number of nozzle
changes, which are the most time-consuming operations, is minimized. The most
important thing that should be noticed here is that reels are assigned near to
the ANC, resulting in timesavings. This is because the partial-link GA method
can consider ANC by solving the problems of reel assignment and sequencing
concurrently.

7000

7500

8000

8500

1 11 21 31 41 51

Number of generations

T
im

e(
m

se
c)

Figure 11: Single-head case: total assembly time versus number of generations

4 Multi-head SMM

In this section, we try to minimize the entire assembly time of the multi-head
surface mounting machine by using our partial-link GA method. Considering the
characteristics of the multi-head case, we focus on minimizing the pick time. We
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Figure 13: Single-head case: reel assignment and sequencing resulted by the partial-link
genetic algorithm

construct reel-groups so that the number of simultaneous pickups is maximized.
The problem is decomposed into four phases: assignment of reels to heads; con-
struction of reel-groups; construction of component clusters; and application of
the partial-link GA method.

A sample PCB with 30 components in 15 di�erent component types is used
as an example in jointly solving the reel assignment and the sequencing in the
multi-head case. [Tab. 2] gives the information about the nozzle and the number
of components for each component type. The surface mounting machine has 3
heads and 40 slots. [Fig. 14] shows the locations of the components, slots and
ANC.
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Component type a b c d e f g h i j k l m n o

Nozzle 1 2 3 4 5 1 2 3 5 2 3 5 2 5 2

No. of components 2 2 2 3 1 3 3 1 2 2 2 2 2 2 1

Table 2: Multi-head case: Nozzle and the number of components for each component
type
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Figure 14: Multi-head case: locations of the components, slots and ANC

4.1 Assignment of reels to heads

We must determine which head is used for each reel before constructing reel-
groups. The way to assign the reels to the heads is guided by the following two
conditions:

{ The number of nozzle changes must be minimized.
{ Each head must have the same workload.

In order to minimize the number of nozzle changes, we assign the reels that
use the same nozzle to the same head. We de�ne �ve sets of reels as follows, each
of which uses the same nozzle.

N1 = fa1; a2; f1; f2; f3g
N2 = fb1; b2; g1; g2; g3; j1; j2;m1;m2; o1g
N3 = fc1; c2; h1; k1; k2g
N4 = fd1; d2; d3g
N5 = fe1; i1; i2; l1; l2; n1; n2g:

(6)

We now assign these sets to the heads in such a way that each head has the
same amount of workload. This problem can be modeled as follows; we choose
only one element in each column of the 3� 5 matrix, which is shown in the left
part of [Fig. 15].

To apply the GA, we number all the elements in the matrix. The link con-
sisting of �ve partial-links can be de�ned as follows:

845Lee W., Lee S., Lee B., Lee Y.: An Efficient Planning Algorithm ...



10

10

10

No. of
Compo.

H1

H2

H3 N5N4

N2

N3N11

2

3

4

5

6

1411

15

1310

12

7

8

9

N2
(10)

N1
(5)

H1

H2

H3

N3
(5)

N4
(3)

N5
(7)

1

2

3

4

5

6

1411

15

1310

12

7

8

9

N2
(10)

N1
(5)

H1

H2

H3

N3
(5)

N4
(3)

N5
(7)

5231 4 7 1086 9 1511 13 1412
LinkA

Dummy

LinkB LinkC LinkD LinkE

No. of Compo.

Sets of reels

Head

Figure 15: Partial-link GA assignment of reels to heads

~l = [l(1); l(2); l(3)jl(4); l(5); l(6)jl(7); l(8); l(9)jl(10); l(11); l(12)j

l(13); l(14); l(15)],

where l(i) 2 f1; 2; 3g;8 i 2 f1; 2; 3g; l(i) 2 f4; 5; 6g;8 i 2 f4; 5; 6g;
l(i) 2 f7; 8; 9g;8 i 2 f7; 8; 9g; l(i) 2 f10; 11; 12g;8 i 2 f10; 11; 12g;
l(i) 2 f13; 14; 15g;8 i 2 f13; 14; 15g;
l(i) 6= l(j) if i 6= j;8 i; j 2 f1; : : : ; 15g:

(7)

The �rst gene in each link represents the selected element in each column. Hence,
the remaining two genes are dummy. The �tness function is de�ned as a deviation
among the numbers of components which are assigned to each head. The GA
has found that the optimal link is [1; 3; 2j5; 4; 6j7; 9; 8j12; 10; 11j15; 13; 14]. The
corresponding assignment is shown in the middle part of [Fig. 15]. It can be seen
that each head has exactly the same workload.

4.2 Construction of reel-groups

For reel-group construction, we de�ne the �tness function as the sum of the pick
time and the nozzle change time. A simple method to construct reel-groups is
as follows; the �rst reel-group is constructed by taking the �rst reel from each
of the three heads, the second reel-group by taking the second reel from each
head, etc. The resulting reel-groups are fa; b; dg; ff; g; eg; fc; j; ig; fh;m; lg and
fk; o; ng, and are shown in the left part of [Fig. 16].
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Figure 16: Partial-link GA construction of reel-groups

Since the same group of nozzles is used for fc; j; ig; fh;m; lg and fk; o; ng,
only three groups of nozzles are needed. Consequently, the assembly task can be
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completed by two nozzle changes. Therefore, the �tness value can be calculated
as (3 + 3 + 2 + 2 + 2) � Tpick + 2 � Tanc. Now we try to minimize the �tness
function using the GA. The link consisting of three partial-links can be de�ned
as follows:

~l = [l(1); : : : ; l(5)jl(6); : : : ; l(10)jl(11); : : : ; l(15)],

where l(i) 2 R1;8 i 2 f1; : : : ; 5g;
l(i) 2 R2;8 i 2 f6; : : : ; 10g;
l(i) 2 R3;8 i 2 f11; : : : ; 15g;
l(i) 6= l(j) if i 6= j;8 i; j 2 f1; : : : ; 15g:

(8)

The GA has found that the optimal link is [4; 5; 3; 1; 2j10; 9; 6; 8; 7j12; 13; 15;
14; 11]. The resulting reel-groups are shown in the right part of [Fig. 16]. Its
�tness value is (1 + 2 + 2 + 2 + 3) � Tpick + 2 � Tanc. It can be seen that the
time needed to pick up two components separately was saved compared with the
initial solution.

4.3 Construction of component-clusters

While mounting a PCB, a cycle consists of the pick-and-place movements. Dur-
ing the �rst phase of a cycle, the heads pick up components from reels simulta-
neously. During the next phase of a cycle, the arm moves to the board and places
the components sequentially. The nozzle at each head may be changed while the
arm moves from the last mounting position in a cycle to the �rst pickup position
in the next cycle. A set of components to be processed in each cycle is called a
component-cluster. Component-clusters can be constructed as follows:

Step 1: Sort the components of each reel in ascending order of the x-coordinate
and then sort those components with identical x-coordinates in ascending
order of the y-coordinate;

Step 2: For each reel-group, construct all possible component-clusters by taking
a component from each reel.

[Fig. 17] shows the process of component-cluster construction.
Once all the component-clusters are constructed, it is not necessary to �nd

out the mounting sequencing in each cycle. The reason is that the order in which
the heads operate is predetermined, as described in [Section 2].

4.4 Application of the partial-link method

A GA link for solving the multi-head case problem consists of four partial links:
1) the link for the assignment of reels to heads; 2) the link for the construction
of reel-groups; 3) the link for the reel-group assignment; and 4) the link for the
component-cluster sequencing. By combining these four links, we can produce
the GA link for solving the multi-head problem. We use the partial-link opera-
tors on the sample PCB described above. [Fig. 18] shows the total assembly time
(the �tness value) versus the number of generations. The total assembly time is
reduced by 12:7 percent from the best initial guess in 553 generations. The re-
sulting reel-group assignment and component-cluster sequencing are illustrated
in [Fig. 19]. It can be seen that the reels in each reel-group have been assigned to
reasonable positions such that they can be simultaneously reached by the heads.
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Figure 17: Component-cluster construction

It can also be seen that the assembly task is completed by two nozzle changes,
which is minimal.
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Figure 18: Multi-head case: Total assembly time versus number of generations
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Figure 19: Multi-head case: Reel-group assignment and component-cluster sequencing
achieved at the 553rd generation

5 Simulation results

We have proposed a partial-link GA method for minimizing the PCB assembly
time. To evaluate the proposed method, the total assembly time is compared with
that of the heuristic algorithm which is currently used in industry. In industrial
settings, a greedy assignment algorithm is commonly used for assigning reels,
and the nearest neighbor rule is used for sequencing pick-and-place movements.

The eÆciency of the proposed method is tested on three types of real-life
surface mounting machines which are used in Yamaha settings. The only di�er-
ence among those types is the number of heads. The speed of the machine is
1.5 m/s. The pickup (or placement) time is 0.15 seconds and the nozzle change
time is 0.85 seconds. Since an exhaustive examination of the quality of solutions
requires a large number of problems, the algorithm is tested on a set of randomly
generated problems. A random number generation program is used for generat-
ing uniformly distributed mounting position coordinates. It is required that the
x, y-coordinates of mounting positions satisfy the constraint that 50 � x � 600
and 50 � y � 450, which represents the PCB of size 0.55m � 0.40m.

[Tab. 3] gives the results for 50 di�erent problems. For each problem, the
numbers of components and reels are given. It can be seen that the number
of reels (or components) increases as the board identi�cation number increases,
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which means that the problem gets more complex as the board identi�cation
number increases.

Board
identi�cation

no.

No.
of

reels

No.
of

components

Board
identi�cation

no.

No.
of

reels

No.
of

components

1 4 19 26 39 270
2 5 26 27 40 280
3 6 35 28 42 292
4 7 38 29 43 301
5 8 50 30 45 317
6 10 61 31 47 334
7 11 68 32 49 349
8 12 76 33 50 355
9 14 93 34 51 364
10 15 103 35 53 384
11 17 119 36 54 392
12 18 128 37 56 409
13 20 144 38 58 426
14 21 149 39 60 445
15 23 166 40 62 455
16 25 183 41 63 465
17 26 189 42 65 477
18 28 198 43 66 485
19 29 210 44 67 488
20 31 220 45 68 498
21 32 226 46 69 507
22 33 232 47 70 512
23 34 240 48 71 523
24 36 247 49 72 528
25 38 262 50 74 547

Table 3: Board characteristics.

[Fig. 20] shows the results in the single-head case. The upper curve represents
PCB assembly times by using the heuristic algorithm and the lower curve by the
partial-link GA method. The di�erence between the two curves represents the
time saved by the partial-link GA method over the heuristic algorithm. The
results in the 3-head case and 5-head case are given in [Fig. 21 and 22]. Note
that in all cases the saved time increases as the board identi�cation number
increases. This means that performance of the partial-link GA improves as the
problem gets more complex.

[Fig. 23] shows the PCB assembly time improvement by the partial-link GA
over the heuristic algorithm. The result indicates that all over the range of
tested boards the proposed algorithm results in 5.3% average savings in total
assembly time in the single head case, 13.1% in the 3-head case, and 13.7%
in the 5-head case, respectively, compared to the heuristic algorithm. It shows
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Figure 20: Simulation results in the single-head case
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Figure 21: Simulation results in the 3-head case

that performance improves as the number of heads increases, which means the
proposed method performs well on the multi-head surface mounting machine. It
also shows that the partial-link GA performs better than the heuristic algorithm
as the number of reels and components increases.
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Figure 22: Simulation results in the 5-head case
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Figure 23: PCB assembly time improvement by the partial-link GA over HA.
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6 Conclusion

In this paper, we proposed a partial-link GA method to solve the problem of
minimizing the PCB assembly time for multi-head surface mounting machines.
The merits of the proposed GA method can be summarized in the following
statements.

{ The overall simulation results indicate that over the range of tested boards
the partial-link GA method resulted in about 10.7% average saving in the
PCB assembly time over the heuristic algorithm that is commonly used in
industrial settings. It shows that the proposed method �nds better solutions
than the heuristic algorithm.

{ The partial-link GA method demonstrated greater advantage over HA when
the surface mounting machine had more heads. This means the proposed
method is highly suitable to be applied to the multi-head surface mounting
machine.

{ The partial-link GA method demonstrated greater advantage over HA when
the number of reels (or components) was large. It shows the fact that the
proposed method is quite robust for solving complex PCB mounting prob-
lems.

As a result, the proposed algorithm is expected to improve the PCB mount-
ing productivity and enable the construction of a more competitive assembly line.
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