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Abstract 

We consider the operation of a multi-functional surface mounting device(SMD) which mounts various 
components provided by diverse types of feeders such as cassette, stick, and tray on a printed circuit 
board(PCB). The problem is to minimize the time needed to assemble a PCB using the SMD We 
decompose the problem into two subproblems, which are determining the allocation of component feed- 
ers and the mounting sequence of components, respectively. We propose heuristic algorithms to solve 
the subproblems and discuss the procedure to improve the solution. Computational results on real 
world problems are presented. © 1997 Elsevier Science Ltd 
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1. Introduction 

We consider the problem of minimizing the time needed to 
mount components on a printed circuit board(PCB) using a 
multi-functional surface mounting device(SMD). There 
have been many researches concerning the efficient opera- 
tions of SMDs or automatic component insertion machines 
[1,2,6,7,9]. However, previous researches mostly have 
focused on the machines with specialized applications. 
The machines usually consist of head, table, and feeder 
which move independently, and used for mounting only 
special components, such as either small components or 
large components. Recently, SMDs with more versatili- 
ties have appeared which can handle almost all types of 
components such as large QFP components as well as 
small CHIP components. In these machines, the posi- 
tions of the table and the feeders are fixed, and only the 
head moves to pick up and mount components. The 
operation characteristics of these new machines are differ- 
ent from the previous ones. In this paper, we present a 
heuristic algorithm to generate an efficient process plan for 
the machine. 

The conceptual diagram of the SMD is given in Figure 1. 
The SMD is composed of a XY-robot having a head, four 
stages on which feeders are located, a vision camera to 
inspect components before mounting them, a nozzle stor- 
age and a control unit. The components are provided by 
diverse types of feeders such as cassette, stick, and tray 
feeders and each feeder supplies identical components. 
The cassette and stick feeders are located on lanes in 
stage 1, 2 or stage 3 and the tray feeders are located in 
stage 4. The positions of PCB and feeders are fixed, and 
the head picks up a component from a feeder, moves to a 
mounting location on a PCB, and mounts it on the location. 
And, the head movement speed can be different compo- 

nent by component. Some components are required to 
be inspected by the vision camera before mounting them. 
Feeders can be divided into some groups according to 
their types and whether components in the feeders use the 
vision camera or not. The number of lanes occupied by 
each feeder can be different. And, the nozzle used for 
each component can be different. The head has only one 
nozzle at a time, and it is changed, if necessary, during the 
operation. 

The problem is to determine the allocation of component 
feeders on the lanes and the mounting sequence of the 
components concurrently so that the total mounting time is 
minimized. We decompose the problem into two sub- 
problems, which find the allocation of component feeders 
and the mounting sequence of components. 

The allocation problem of component feeders can be con- 
sidered as the assignment problem with adjacency con- 
straints which is NP-hard[8]. To solve the problem, we 
consider a measure which gives priorities to each feeder 
for allocation. The subproblem to find the mounting se- 
quence of components when the feeder allocation is fixed 
can be formulated as a directed traveling salesman prob- 
lem(TSP)[9]. For a solution approach of this subproblem, 
we use the arbitrary insertion method. We apply the algo- 
rithms to real world problems 

2. A Mathematical Formulation 

The time needed to assemble a PCB is composed of the 
head movement time, picking-up time, mounting time and 
inspection time. Since the times needed for picking-up, 
mounting and inspection operations are constants and are 
independent of the locations of the feeders and the mount- 
ing sequence of the components, they are disregarded 
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Figure 1. The conceptual diagram of the SMD 
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here. Now the total time needed to assemble a PCB can 
be regarded as the time taken by the head movement. The 
head movements can be further classified as the move- 
ments from a mounting location to a feeder, from a feeder 
to a mounting location, from a mounting location to the 
nozzle storage, from the nozzle storage to a feeder, 
from a feeder to the vision camera and from the vision 
camera to a mounting location. We assume that the time 
for the head movement from a final mounting location to 
the dummy location O which indicates the point (0,0), left 
upper corner on a PCB, is zero. 

Now, we present a mathematical formulation to minimize 
the total time needed for head movements. Let P be the 
set of mounting locations including a dummy location O, 
F be the set of feeders, and L= {l~..-..v} be the set of 

lanes. We assume that ILl is equal to or greater than the 

total number of feeders to be assigned. Binary decision 
variables x~ and y/t and arbitrary real variables u, are 

introduced. Then the problem can be formulated as fol- 
lows. 

minimize Z Z  ~ Zc,~x,rv4 (1) 
t'~F I ' :PfcFI~L 

subject to 

~ ' x  u = I, We  P (2) 
seP 

~ x ,  = 1, Vi e P (3) 
jeP 

u~ - u~ + ( .  + I)x# _<.,  Vi . jeP (4) 

x# = 0 or 1, Vi.j e P (5) 

% y / t = l ,  v f ~ F  (e) 
/EL 

Z.v~ -< I, vl  e t, (7) 
.feF 

V/t+ Zy l . , . ,< - I  Vs/>_2 and V/EL' , {v}  (8) 

y / t+  ~'~M,I.I.I<I Vs />3 and Vlel.',{1} (9) 
f ' . . F ' i f }  

y/t+ ~y/ . . t .2-< l  Vs /=4  and Wel.,{ , , -1.v} (10) 
f '~F ' , ( f }  

.v/t=Oor I, V f e F  and V/eL (11) 

where 

c~ = the time needed for head movement between two 

locations i and j when feeder f supplies a 
component to mount on location j and is as- 
signed to the lane / . We assume that go~ =0 

for all locations i E P  , for all f e F  and for all 
leL. 

s/ = the number of lanes occupied by feeder f 

n = the number of mounting locations 
x u = 1 if and only if there exists a head movement from 

location i to location j .  
y/t = 1 if and only if feeder f is assigned to lane / 

The objective function (1) indicates the total time for head 
movements needed to assemble a PCB. Constraints (2)- 
(5) are the traveling salesman problem tour restrictions. 
Constraints (2) and (3) force each node(mounting location) 
to be entered and to be left exactly once, and constraints 
(4) are subtour elimination constraints. Constraints (6), 
(7) and (11) are the constraints for a typical assignment 
problem. Constraints (6) imply that each component 
feeder should be assigned to exactly one lane, and con- 
straints (7) imply that at most one component feeder can 
be assigned to each lane. If the number of physical lanes 
is equal to the number of lanes occupied by all feeders, we 
have equalities in (7). Constraints (8), (9) and (10) are 
called adjacent assignment constraints[8]. These are 
introduced when multiple lanes are occupied by a feeder. 

In the above formulation, when the assignment variables 
y/t are fixed, we have an asymmetric traveling salesman 

problem, the exact solution of which is computationally 
intractable. If the mounting sequence is fixed, the prob- 
lem of determining the variables y/t is an assignment 

problem with adjacent assignment constraints. The fact 
that the two subproblems are NP-hard[3,8] shows that our 
problem belongs to the class of NP-hard problems. Since 
the number of components to be mounted and the number 
of feeders are large in our application, we consider heuris- 
tic algorithms to solve the subproblems. 

3. Heuristic Algori thm 

There are two types of movements in the head movement. 
One is the movement from a component feeder to a 
mounting location, and the other is from a mounting 
location to a component feeder. We will call the first as 
the required movement and the second as the nonrequired 
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movement as they were referred in [2]. If the nozzles 
used for two components to be mounted consecutively are 
different, the t ime needed to move to the nozzle storage 
end to change the nozzles is included in the time for the 
nonrequired movement. If it is required to inspect a com- 
ponent by the fixed vision camera, the time needed to 
move the head to the vision camera is included in the re- 
quired movement time. The problem to minimize the total 
t ime for head movements can be considered as the prob- 
lem of minimizing the sum of the time needed for the re- 
quired movement and the nonrequired movement for all 
mounting locations. 

The algorithm consists of three phases. First we find the 
initial allocation of component feeders only considering the 
required movements. In the second phase, with the 
feeder locations being fixed, we determine the mounting 
sequence considering the nonrequired movements. Fi- 
nally, we try to find improved solutions by revising the 
mounting sequence repeatedly with the pair-exchange of 
adjacent feeders. Detailed descriptions for each phase 
are-given as follows. 

3.1 Initial e/location of component feeders 
The subproblem considered here is to determine the allo- 
cation of component feeders to minimize the time needed 
for all required movements. This can be regarded as the 
assignment problem which assigns the component feeders 
to available lanes. There exist not only typical assign- 
ment constraints but the constraints for adjacent lanes in 
our assignment problem, because the number of lanes 
occupied by each feeder can be different. For example, if 
the number of lanes occupied by a feeder is two, any other 
feeders cannot be assigned to an adjacent right lane of the 
lane which is occupied by that feeder. We propose a 
heuristic approach based on analysis of the time for the 
required movements. 

Let d I be the distance from lane / to the center point of a 
PCB. And let t f  be the sum of the required movement 

time of the head from lane / to the center of the PCB to 
mount all components supplied by feeder f ,  when feeder 
f is assigned to lane 1 . The time I f  is given by the 

following equation. 

d ,  
t n=. / - - -~ '  + . / . K = d  I . . , /+ ,11 .K (12) 

G/ 

where, 
n/  = the number of components to be mounted on a 

board from feeder f 
a /  = the head movement speed to mount a compo- 

nent in feeder f on a board 
K = constant time to accelerate and decelerate the 

head 
It/ 

w / = - -  (weight of feeder f ) 

a f 

From the above equation (12), it can be easily shown that 
the following property holds. 

<property> 
Suppose dl, < all, for two lanes IL and / 2 . 

If w / <  w, for any distinct two feeders .[ and g , then 

the following inequality holds. 
tj, +td, > tj, +t#, (13) 

proof: Let ~j" = t j ,  - t& and &g = t=t ' - tel ' . 
From equation (12), 

and 

Thus. -,,.) (.v, 

By the above property, if we assume that all mounting 
locations exist at the center point on the PCB, it is desir- 
able that the feeder having more mounting locations and 
less movement speed is assigned to the nearest lane to 
the center of the board among available lanes. Actual 
mounting locations on a board are different each other and 
there exist the adjacency constraints in real world prob- 
lems. Thus allocation of component feeders considering 
only the weight for each feeder does not guarantee the 
optimal solution to the problem to minimize the sum of the 
time for all the required movements. But, we can obtain 
the solution approximately using the weight wf of feeder 

f .  We, first, compute the weight of the feeders. And 
then, we select a feeder having the largest weight and 
assign that feeder to the nearest lane to the actual mount- 
ing locations of components in the feeder or to the vision 
camera position among current available lanes. We con- 
tinue this procedure until all feeders are assigned to the 
lanes. We give the detailed description of the algorithm in 
the following. 

Alqorithm 1 : initial alloqation of component feeders 
step 1) Compute the weight w / = n  s / a /  for all f ~F .  

step 2) Select a feeder f ' ,  having the largest weight 
among feeders, not assigned yet. 

step 3) If components supplied by the feeder f "  use the 

vision camera, assign ./" to the nearest lane to the 
vision camera among available lanes and go to step 
5). Otherwise, go to step 4). 

step 4)Find a lane / ' =m in i '  k peP,~'d(l'P)" V I a L } ,  

where d(l.p) is the distance between lane I and 

mounting location p, Lo is currently available lane 
set, and P/ is the set of locations to mount compo- 
nents supplied by the feeder assigned to lane I . 
Assign feeder .[" to lane I ' .  

step 5) If F = E~, stop. Otherwise, F = F'~ { f "  } and go 

to step 2). 

The feeders can be divided into some groups according to 
their characteristics. In this case, the grouping con- 
straints exist, which imply that the same kind of feeders 
should be assigned to consecutive lanes. When the 
grouping constraints exist, we divide the feeder set F into 
the subsets FI,F2.....F , by their groups made by the 
grouping constraints. And, we define the group weight 14' 
as the sum of the weights of feeders included in subset 
Ft(t = 1.2.....k),that is, I~ = ~ w / .  We determine the 

f~F, 
relative lane space to assign the feeders included in the 
group for each group considering the group weight. And 
then, for each group we assign feeders in the group to 
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predetermined lanes using algorithm 1. 

3.2 Mounting sequence of components 
After the allocation of all component feeders are deter- 
mined, the required movements are fixed. However, the 
nonrequired movements depend on mounting sequence 
because the route of the head is determined according to 
the next mounting location. Thus, given the allocation of 
component feeders, the subproblem to decide mounting 
sequence of components is to minimize the time for all 
nonrequired movements. A mounting sequence is de- 
fined as a sequence of locations on the board starting from 
the dummy point O and ending at the dummy point O. 
This problem can be formulated as a directed TSP that 
finds the route to minimize the total nonrequired move- 
ments time, which passes all locations exactly once. 

To solve the directed TSP in our application, we adopted 
the arbitrary insertion heuristic[5]. The cost coefficient 
between two nodes(locations) is given as the movement 
time needed to move a head from a location to the feeder 
which supplies a component to mount on the next mount- 
ing location, and, if necessary, it can include the time for 
movement to the nozzle storage. For the description of 
the algorithm, we define d be the distance from location 

p to a feeder which supplies a component to mount on 
location q.  We assume that dpo=0 for all pEP .  

Now, the next is an algorithm to determine mounting se- 
quence of components. 

Alqorithm 2 : mountinq sequence of components 
step 1) Select a location p among mounting locations of 

components supplied by the nearest feeder to the 
dummy location O, and construct a subtour (O,p,O) 

step 2) If overall tour is constructed, stop. Otherwise, 
select an arbitrary location r not included in current 
subtour. 

step 3) For all edges (p.q) included in the current sub- 

tour, find an edge (p' ,q')  minimizing d r  +drq -dpq. 

By Inserting location r between location p' and loca- 
tion q' ,  update the subtour. Go to step 2). 

3.3 Comments on solution improvement 
The solutions for the above two subproblems do not guar- 
antee the optimal solution to the overall problem. Thus, A 
procedure to improve the initial solution is considered. 

We used the pair exchange of feeders and the adjustment 
of mounting sequence to improve the initial solution as 
was given in [9]. When the exchange of feeder f and 
feeder g ,  which are assigned to adjacent lanes and in- 
cluded in the same group, is considered, the locations for 
the feeders f and g are eliminated from the current 
mounting sequence and reinserted by the least time in- 
crement method[5] after exchanging two feeders. If the 
total time is reduced, we actually change the feeder f and 
the feeder g .  Then we get the new improved mounting 
sequence and proceed to the next pair exchange. 

4. Test Results 

We applied the algorithm to a number of real industrial 
problems. In Table 1, we give data specifications of the 
problems. In addition, the table shows two actual result, 
one is the results performed by the existing control pro- 

gram and the other is the results performed by new control 
program loading the developed algorithms on the control 
unit in the SMD. Tests for our algorithm were performed 
on a Pentium PC(90MHz) and the running time to get a 
final solution for each problem does not exceed 30 sec- 
onds. From the table, we can show that the time needed 
to mount a components is 160 seconds on average when 
use the new control program. On the contrary, the t ime 
needed to mount a component by the existing control pro- 
gram in the SMD is 1.84 seconds. The new control pro- 
gram reduce the mounting time per component about 13 
percents compared to the existing program. 

Table 1. Test results for real industrial problel 
number of time to assemble 

~roblem 
number 

feeders / 
number of 
locations 

1 7 / 2 2  

a PCB 
using the 

exiting program 
76 

n (unit : seconds) 
time to assemble 

a PCB 
using 

our algorithm 
73 

8 / 3 8  107 68 
16/41 100 79 
15/123 207 178 

15/196 282 274 

5. Conclusions 

In this paper, we have considered the efficient operation of 
a multi-functional surface mounting device(SMD), which 
mounts various components on a printed circuit board. 
As a solution approach, we have decomposed the problem 
into two subproblems; determining the allocation of feeder 
and determining the mounting sequence of components. 
And, we have proposed the heuristic algorithm for each 
subproblem, and discussed the procedure to improve the 
initial solution. Test results to the some real industrial 
problems show that our approach works well. 
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