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Abstract 

This paper discusses the design of a hierarchically structured process planning system for a printed circuit board assembly hne. 

BasIcally. the assembly system consists of a series of mdependently operatmg placement modules, connected by a carrlerless 

conveyor system. Both the modules and the conveyor system are fully automated, while the complete system 1s also under 

centrahzed computer control. We show how the process planning problem is naturally decomposed into a series of hierarchically 

coupled subproblems, each of a combinatorial nature. Models for all subproblems are developed and solution techmques are 

bnefly indicated. NumerIcal results for a number of industrial cases are also &cussed. 

1. Introduction 

The need to respond properly to rapidly 
changing market demands has led to a 
renewed recognition of the importance of 
manufacturing as a tool to gain competitive 
advantage, not only in terms of efficiency but 
also with respect to quality and flexibility 
[l, 21. The introduction of MRP in the early 
1970s marked the start of this renewed atten- 
tion, later followed by the implementation of 
JIT principles and the introduction of total 
quality control (TQC), as well as by alterations 
on the shop floor itself, for instance when 
changing functional job shop production sys- 
tems into more product oriented flow produc- 
tion and cellular manufacturing environments. 
At the same time, rapid developments in auto- 
mation speeded up the introduction of com- 
puter aided design (CAD), in particular of 
components and subassemblies, and computer 
aided manufacturing (CAM), starting with the 
installation of (C)NC machines, later integ- 
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rated in fully automated flexible manufactur- 
ing systems (FMS) and flexible assembly 
systems (FAS). 

Computer aided process planning (CAPP) 
covers the transformation from a com- 
puterized product structure, often embodied 
in a CAD database, into a set of numerical 
control (NC) programs, which, apart from 
choosing product routings, machine and tool 
equipment and the like, specify in detail all 
individual operations at a CNC machine. 
In short, CAPP bridges the gap between 
CAD and CAM (represented by the “/” in 
CAD/CAM). Given the inherent versatility of 
CNC equipment, the process planning task is 
often far from trivial and requires decisions at 
many, often hierarchically coupled, levels. 

This paper concerns the development of the 
algorithmic part of a process planning system 
in the field of electronics manufacturing, more 
in particular for a printed circuit board (PCB) 
assembly system developed by the Factory 
Automation Group of Philips Electronics, The 
Netherlands. The assembly line to be described 
consists of a series of fully automated compon- 
ent placement modules, connected by an auto- 
mated carrierless conveyor system. The system 
is particularly suited for the placement of 
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so-called surface mounted devices (SMDs), 
which are initially glued on the boards; after 
finishing the placement process all compo- 
nents are fixed by transporting the board 
through a wave soldering bath. The purpose of 
the paper is to clearly show what kind of 
decisions have to be made and how to decom- 
pose a complex overall problem into a series of 
easier-to-handle subproblems. The emphasis 
of the paper, therefore, will be on modelling 
aspects, less on solution methodologies, but of 
course numerical experiences with the system 
will be discussed. It will be clear that the de- 
composition applied here is specific for the 
assembly system we address; nevertheless, we 
believe that the general principles applied here 
have a wider scope of applicability. 

The literature indicates a growing interest of 
researchers in the area of scheduling and pro- 
cess planning for PCB manufacturing. Con- 
centrating on process planning, Randhawa 
et al. [3] and Fathi and Taheri [4] discuss 
sequencer mix problems (the preparation of 
the supply tape for the axial lead component 
insertion process). The optimal sequence of 
component insertions for axial and radial 
component placement machines is usually 
found as the solution of a travelling salesman 
problem (e.g. Refs. [S-8]). The topic of SMD 
placement for a single component placement 
machine is explicitly addressed by Ahmadi 
et al. [9, lo]. Van Laarhoven and Zijm [ll] 
for the first time described the detailed design 
of a complete process planning system for 
a line of PCB component placement modules 
for a small batch manufacturing environment 
(see Ref. [12]). A more general discussion 
of PCB assembly systems and the associated 
process planning problems can be found in 
Ref. [13]. 

The assembly system studied in this paper 
has been developed by Philips to handle more 
complex boards and combines a high degree of 
flexibility with an extremely high productivity 
(at least when the process planning is done 
properly). The system is typically designed for 
the higher-volume market segments. In Sec- 
tion 2 we describe the system in more detail. In 
Section 3 we outline the hierarchy of decisions 

to be made in the process planning phase, 
while Section 4 is devoted to the development 
of (combinatorial) models and solutions for 
the different subproblems arising at the vari- 
ous levels. Numerical results are briefly dis- 
cussed in Section 5, after which we conclude 
the paper and indicate directions for future 
research. 

2. A modular component placement system 

The PCB assembly system studied in the 
paper is a serial line of in principle indepen- 
dently operating placement modules, connec- 
ted by a carrierless conveyor system for PCB 
transportation. The system is fully automated. 
Two of the most important elements of 
a placement module are the feederbank and 
the placement device (cf. Fig. 1). 

A feederbank, located at the front side 
of a placement module, may hold up to 32 
component cassettes or reels. Each cassette 
contains a tape which in turn holds a large 
number of electronic components (resistances, 
capacitors, integrated circuits) of one type 
only. Such a single cassette will be called 
a feeder in the sequel. In this paper, we as- 
sume that all feeders have equal width (which 
slightly simplifies the actual situation), so that 
every feeder occupies exactly one feeder posi- 
tion in a feederbank. 

The pick-and-place device (placement 
device) consists of a beam which holds 32 
pipettes. Each (pneumatically operating) 
pipette may only move down and up (for both 
pick and place operations) while the moves 
in the horizontal plane are performed by the 
beam (to which all 32 pipettes are attached). 
The distance between two subsequent pip- 
ettes at the beam equals the distance between 
two subsequent feeder positions in the 
feederbank. 

Next, we describe the component placement 
process at each individual module in some 
more detail. By means of a carrierless conveyor 
system a single (or sometimes multiple) PCB is 
brought into the system until it runs against 
a stop (which determines the origin of a x-y 
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Fig. 1. Placement module with feederbank, pipette beam and PCB. 

coordinate system). Components to be placed 
are supplied by the individual component 
feeders (recall that a feeder is type-specific, i.e. 
it delivers only components of one type). To 
pick the components the beam with pipettes 
takes a jxed position such that each pipette 
may pick one component from the feeder at 
the corresponding feeder place (i.e. the nth 
pipette is positioned above the nth feeder posi- 
tion). Picking occurs simultaneously by all 
those feeders which are instructed to pick 
a component (a pipette however may remain 
empty). Note that during the pick operation 
a pipette always is in the same position and 
therefore always picks a component of the 
same type (recall that a feeder supplies compo- 
nents of one type only). 

After picking components the beam moves 
towards the board to place these components 
at their prespecified locations. All components 
are placed sequentially, as follows. The beam 
moves such that a chosen pipette, loaded with 
a component, is positioned right above the 
corresponding board location of that compon- 
ent. After placement of the component, the 
beam again moves to bring a next chosen 
loaded pipette above the corresponding board 
location of its component, etc., until all pip- 
ettes are emptied. In principle, the beam may 

move both in the x- and y-direction above the 
board (during the placement process) but 
movements in the x-direction are limited to 
a certain range (hence not every pipette can 
reach every position on the board). Move- 
ments in the y-direction are virtually unlimited 
(cf. Fig. 1). 

A complete cycle during which components 
are picked simultaneously by the pipettes at- 
tached to the beam and subsequently placed 
(one after each other) will be called a run in the 
sequel. Such a run may be repeated several 
times at each module. After completion of the 
last run in a module the board will be trans- 
ported to the next module where again one or 
several runs take place. In this way all modules 
are visited. After completion of the placement 
process at the last module the board is finally 
moved through a wave soldering bath to fix all 
placed components. 

Assembly at such a modular PCB compon- 
ent placement line is typically batch-flow 
oriented, i.e. PCBs are produced in batches but 
within the system we observe a pure flow 
production (transport batches equal to one). 
Obviously, the complete modular system is 
occupied by several boards simultaneously 
(ideally one at each module). The transport 
system is a paced line, meaning that all boards 
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are transferred to the next placement module 
at the same time. Hence, transport between 
modules may start only if all modules have 
finished their placement operations (all runs 
at a module should be completed). Conse- 
quently, the cycle time and thereby the pro- 
ductivity of the complete system, defined as 
the time that elapses between two successive 
completions of a board, is determined by the 
slowest module. 

3. A hierarchical process planning system 

Investments in expensive CNC equipment 
are only justified if the inherent flexibility can 
be combined with a high productivity rate. For 
the system studied here this means a minimi- 
zation of the cycle time for each batch to be 
produced (recall that the cycle time is defined 
as the time between two successive comple- 
tions of a board belonging to one production 
batch, hence the cycle time is the reciprocal of 
the throughput). A natural consequence of this 
objective is that for a given PCB configuration 
the workload on the successive modules 
should be balanced as much as possible. 

In this section we propose an algorithmic 
framework for such a process planning system, 
consisting of a set of hierarchically coupled 
combinatorial optimization problems. Let us 
start with listing the data needed for both the 
equipment and the products. 

The PCB assembly system consists of a series 
of M placement modules. With each module a 
feederbank is connected which may contain a 
maximum of F feeders at prespecified feeder 
positions. In the machine configuration descri- 
bed earlier we study the case for which M = 8 
and F = 32. Other (fixed) machining data are: 
_ the time needed to pick a component (uni- 

versal, all components handled within one 
run are picked simultaneously), 

- the time needed to place a component (may 
differ per component type), 

_ horizontal speeds of the beam in the x- and 
),-direction, 

_ limits to the freedom of movement of the 
beam in the x-direction. 

With respect to a particular PCB configura- 
tion the following data are given: 
_ types of components to be mounted, 
_ per type, the number of components of that 

type needed, 
_ for each component to be placed, the X- and 

y-coordinates corresponding to its location 
on the board. 
In general, several feeders supplying the 

same type of components can be assigned 
to feeder positions at different modules (or 
even at the same module), e.g. if the number 
of components of a particular type needed 
is very high or if the corresponding board 
locations do not permit a supply from just 
one feeder (due to the limited range of board 
locations that can be reached in the x-direc- 
tion). In practice, however, a constraint will 
be imposed on the number of feeders of one 
component type available for concurrent use 
in the assembly process for one batch of 
PCBs. 

Let us now discuss in more detail the de- 
cisions that have to be made during the pro- 
cess planning phase. Recall that the workloads 
at the different modules should be more or less 
balanced in order to minimize the cycle time. 
The dificulty however is to determine what the 
workload of each module is, even given which 
components (types and numbers per type) will be 
placed at each module. This workload may 
depend on the corresponding board locations, 
on the positions of the supplying feeders in the 
feederbank and even on the sequence of com- 
ponent placements within one run. Also, the 
number ofruns may have a severe impact since 
each pick operation requires the beam to move 
to the feederbank, to pick the components (by 
the pipettes) and to return to the board, to- 
gether consuming a relatively substantial 
amount of time. Positioning the feeders in such 
a way that a high utilization of the pipettes 
during each run can be attained and calculat- 
ing “optimal” placement sequences deserves 
serious attention. 

The above discussion already indicates what 
decisions have to be made and in what se- 
quence, thereby suggesting a natural hier- 
archic decomposition with possible feedback 
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loops between several levels in the hierarchy. 
Since the total workload, expressed in time 
units, will decrease when the number of runs 
needed is minimized, we first attempt to deter- 
mine the number of feeders of each component 
type needed such that this number of runs is 
minimal. If more than one feeder of a compon- 
ent type i is needed, we have to specify for 
which locations on the PCB (specified by their 
coordinate positions) each type i feeder will de- 
liver the components. A cluster is a group of 
components which will be delivered by the 
same feeder during the placement process. 
Next, by allocating the chosen feeders (and 
hence the specified clusters) to modules, we 
attempt to balance the estimated workloads 
(note that the ultimate workloads depend 
also on a sequence of decisions to be made at 
each module after the allocation of feeders to 
modules). The dilemma arising here is a classi- 
cal one in hierarchic decompositions: the ulti- 
mate judgement of a decision on a higher level 
can only be given after specifying a number of 
lower-level decisions but the latter can only be 
made on the basis of the outcome of the 
higher-level decision. Lower-level decisions for 
the process planning system concern the 
assignment of feeders to feeder positions 
and the placement sequence within each run. 
More precisely, we obtain the following 
hierarchical decomposition of the process 
planning problem: 
- Determining the number of feeders of each 

component type needed and specifying the 
component clusters to be delivered from 
each feeder. Recall that a cluster is defined as 
the set of components (all of the same type) 
to be picked from a single feeder during the 
placement process (these components are 
specified by their board locations). The ob- 
jective of this step is to minimize the number 
of runs needed. 

- Allocating feeders (and hence associated 
clusters) to placement modules. The objec- 
tive of this step is to balance the (estimated) 
workloads. 

- Assigning feeders to feeder positions (per 
module). The objective of this step is to 
provide good starting conditions for the 

ultimate routing problem to be solved in 
the next step. 

- Specifying components to be placed during 
each run and, within each run, specifying the 
sequence of the individual placements. The 
objective of this step is to minimize the over- 
all module cycle time. 
In the next section we elaborate on algo- 

rithms chosen to solve each individual 
subproblem. Here, we conclude with some 
remarks on possible feedback loops. These 
loops are included since solutions to any sub- 
problem on a higher level may lead to either 
infeasibility or unsatisfactory solutions on 
lower levels. For instance, when determining 
clusters it may occur that too many feeders 
have to compete for a relatively small number 
of feeder positions (even taking into account 
the availability of M placement modules), due 
to the limited freedom of movement of the 
beams in the x-direction. Such an infeasibility 
naturally causes a new partition in, possibly 
more, clusters. In the same way, the ultimate 
workload per module can be calculated 
exactly only after having completely deter- 
mined all feeder locations and routing se- 
quences. If, for whatever reason, the result- 
ing imbalance is higher than a predetermined 
tolerance, reallocation of feeders (possibly 
an interchange of some feeders) may be neces- 
sary to improve the solution. In this way, 
several feedback loops have been implemented 
in the final process planning algorithmic 
framework. For the sake of simplicity, we do 
not discuss them in more detail; this paper is 
merely intended to clarify the main line of 
reasoning. Therefore, we will now concentrate 
on the development of models for the subprob- 
lems arising from the decomposition outlined 
above. 

4. Algorithms 

In this section we describe a set of models 
and briefly indicate algorithms to solve sub- 
problems at each level of the hierarchically 
decomposed process planning system intro- 
duced in Section 3. 
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4.1. Determining feeder numbers and 
component clusters 

The objective of this step is to minimize the 
number of runs needed. We exploit a greedy 
type of algorithm. Let T denote the total set of 
component types needed for a given PCB con- 
figuration and let N, denote the number of 
components of type t (TV T) to be placed on 
each PCB having this configuration. We fur- 
ther denote by M the number of placement 
modules and by F the number of feeder posi- 
tions per placement module. In the system 
studied (see the results in Section 5) we have 
M = 8 and F = 32. If f, feeders of type 
t (feeders supplying components of type t) are 
installed, the total number of runs needed by 
the system to place all components is equal to 
max,(N,/f,). Hence, if no constraints on the 
movements in the x-direction would exist, 
minimizing the number of runs leads to the 
following problem formulation: 

min max (N,/f,) 
teT 

subject to 

C~~GM.F (4.1) 
teT 

.L < Ft for all t E T (4.2) 

f; 3 1, integer for all t E T. (4.3) 

Here, F, denotes the maximum number of 
type-t feeders available for installation (in 
practice, almost always a constraint is placed 
on the number of feeders which are simultan- 
eously in use, in order to avoid having too 
many only partially filled feeders when chang- 
ing to another PCB). 

The above formulation, however, is incom- 
plete. Additional constraints have to be im- 
posed due to the fact that limits exist to the 
freedom of movement of the pipette beam in 
the .x-direction. Let x,,, denote this maximum 
range (hence a component to be delivered from 
feeder position p must have an x-coordinate 
between p - 0.5x,,, and p + 0.5x,,, on the 

board. Let St denote the set of components of 
type t to be placed. If there exists a partition of 
S, into subsets U,, i, U,, 2, . . . , U,,, such that 
within each set we have for all pairs of compo- 
nents i and j (both of type t) 

while for any two subset U,,, and U,,, (r # s; 
1 < r. s d n) there exists at least one pair (i, j) 
with i E U,, r and j E U,. s such that 

IXi -XjI > Xmax, 

then clearly _& should be at least equal to n (the 
number of subsets which partition St). It is 
easy to find a minimal partition (i.e. with n min- 
imal) which satisfies the above-mentioned 
properties. Let 11, denote this minimum num- 
ber for the set St of components of type t then 
the constraints added to (4.1)-(4.3) can be 
written as 

ft 3 ~1, for all TV T. (4.4) 

Note that II, is bounded by L/X,,,, where L is 
the length of the feederbank. However, the 
expression N,/ft may not adequately represent 
the number of runs needed, for instance if 
,f, = 12, and the corresponding subsets of the 
minimal partition have highly unequal car- 
dinalities. Therefore, we have to evaluate the 
consequences of such partitions in some more 
detail. These considerations have led to the 
following (greedy type of) algorithm: 

Step I: Initialization. Determine, for each 
t E T, a minimal partition of the set of compo- 
nents St into n, subsets such that the cardinali- 
ties of the subsets have minimum difference 
and allocate one feeder to each subset U,.,. 
Hence, we initially set ft := II,. 

Step 2: If xtft = M - F then STOP, other- 
wise define B := 
(N,lf,) = 1 then 
that 

(tlf, < F,]. If B = 8 or if max, 
STOP. Otherwise, find D such 

max 1 U,.,, 1 = 
I= I. f, 

max max IUt,,l, 
t r= I. Jr 
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where 1 U,, r 1 denotes the cardinality of U,,, . Set 
fv:=fC + 1 and split S, into fv subsets 

t$,L x,(r=&l ... ?f”) such that again 
for any two components i 

and j Jbeloni:ig to U,,, (r = 1, . . . ,f”), while 
furthermore, the cardinalities of the subsets 
have minimum difference. Allocate now one 
lse~~$; to each U,,., (Y = 1, . . . ,fL’). Return to 

Note that in the above procedure 
max,I U,,, ( equals the number of runs 
needed every time we enter step 2. This 
number is decreased by splitting the set of 
all type-t components into fC + 1 instead 
of into fV subsets, taking into account 
attainability constraints while the cardinali- 
ties of these subsets are balanced as much 
as possible again. After finishing this proced- 
ure, the clusters for each component type c 
are now immediately defined by the subsets 
U,,, (r = 1, ... 7.L). 

It is easy to verify that the above greedy 
algorithm solves the problem to optimality 
if no constraints on the movements in the 
x-direction are imposed (cf. Ref. [14]). We 
have reason to conjecture that the above algo- 
rithm solves our more complicated problem 
still close to optimality. Finally, we may at- 
tempt to minimize the sum of the distance 
within each subset by a simple interchange 
(2-opt type) algorithm to improve the move 
times when actually placing components, but 
this does not influence the number of feeders 
and runs any more. 

4.2. Balancing the workloads among placement 
modules 

Having defined clusters (groups of compo- 
nents to be delivered from one single feeder) 
the next step concerns the assignment of 
clusters (and hence feeders) to placement 
modules such that each module is allocated 
more or less the same amount of work 
(measured in time units). Since a good 
balance requires minimization of the max- 
imum workload over all placement modules, 
we obtain 

+ c QkXkm(bk + c) 

k=l II 
subject to 

Xk,,,<F fOrm=l, . . ..M. 
k=l 

5 xkm=l fork=l,...,K, 
PI=1 

(4.5) 

(4.6) 

xk,,, = 0, 1 for k = 1, . . . ,K 

and m = 1, . . . ,M. 

In this formulation all clusters are numbered 
K (independent of the component 

$&),‘hence K = c(fr. Qk is the number of 
components in cluster k (to be delivered from 
one feeder). The variable xkm denotes whether 
or not cluster k (and hence the corresponding 
feeder) is assigned to module m. The (universal) 
time to pick a component is denoted by a, 
while bk denotes the type-dependent placement 
time of a component from cluster k. The 
constant time c is the average travel time 
needed by the beam between two successive 
placements of a component. It is this average 
time c which makes 

max@kXkm)a + ; ~k&mhn + c) 

k=l 

an estimate of the workload of placement mod- 
ule m. Note that the first term corresponds to 
the number of runs and therefore denotes the 
total pick time, while the second term is the 
estimated total time needed to place all com- 
ponents at a module. 

To solve the above problem, a local search 
algorithm has been used to construct an initial 
solution which then is further improved by 
applying simple interchange procedures, with 
very satisfactory results. In a companion paper 
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[l 11, a simulated annealing algorithm was 
used to solve a highly similar problem; the 
differences between the results appeared to be 
minor. In the above formulation, F equals the 
maximum number of feeders that can be posi- 
tioned at a single module, given the size of tile 
PCB (note that this number may be smaller 
than the maximum number of positions avail- 
able at the feederbank, due to the limited 
x-range of the placement beam). 

4.3. Assignment of jkeders to ,feeder positions 4.4. Creuting the ruus 

Recall that at each placement module 
F feeder positions are available in the feeder- 
bank. For each feeder allocated to a placement 
module, we further know the locations on the 
PCB of all components to be delivered from 
that feeder. It is now reasonable to assign, at 
each module, feeders to feeder positions in 
such a way that the sum of the distances to the 
corresponding locations of the components on 
the board is minimized. Let cks denote the sum 
of the distances from feeder position f to the 
locations on the PCB of the components in 
cluster k (relevant if the feeder corresponding 
to cluster k is placed on feeder position f). The 
feeder assignments at each module now follow 
from 

Once knowing exactly which component lo- 
cations correspond to each cluster as well as 
the corresponding feeder locations, the only 
task left is to create the runs. Recall that all 
movements in the horizontal plane are carried 
out by the beam; in particular, for each com- 
ponent placement the corresponding pipette, 
holding that component, is positioned right 
above the exact location on the board. There- 
fore, it is easy to see that, although the compo- 
nents within one run are picked by different 
pipettes, the optimal placement sequence (tak- 
ing the least amount of time) is determined as 
the solution of a symmetric travelling salesman 
problem (TSP) where the distances between 
the “cities” (board locations) are corrected for 
the distances between the corresponding pip- 
ettes. More precisely, if two components i and 
j have board location (xi) J’, ) and (.Uj, 4:j). re- 
spectively, and these components are picked 
from feeder positions ki and lij, say (hence, 
k, - ki is the distance between the correspond- 
ing pipettes) then the distance d,j to be used in 
the TSP-formulation equals 

subject to 

F 

c -Ykf = 1 f = 1, . . . , F, 
k=l 

.v,,=o,l k.f= 1, . . . . F. 

Note that the number of clusters allocated to 
a module may be strictly smaller than 
F (whereas the assignment problem requires 
a square constraint matrix). This difficulty is 
easily overcome by adding dummy clusters 

such that the corresponding feeders can be 
placed at any feeder position without adding 
extra costs, i.e. Ckf = 0 for all f when k is 
a dummy cluster. If, for whatever reason, a cer- 
tain feeder cannot be placed at a particular 
feeder position, we set ckf = a. The above 
linear assignment problem is solved by the 
(standard) Hungarian method [15]. A cri- 
terion value of 8x.8 for a certain module results 
in a feedback loop. 

dij=[‘I(Xj-_i)-(kj-k,))2 + j4;--_i)2]1’2. 

Hence, the optimal sequence within each run is 
basically the solution of a TSP. However, if R, 
runs are needed to place all components at 
module m (in other words: if R, is the max- 
imum number of components to be delivered 
from a single feeder at module m) then we 
also have to determine which components 
will he placed during each run. The problems to 
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allocate components to runs and to determine 
the placement sequence within each run are 
now simultaneously treated by solving an R,- 

fold trauelling salesman problem, i.e. we deter- 
mine simultaneously R, sequences which to- 
gether cover all component placements at 
module m, such that the total time needed is 
minimized. One obvious additional constraint 
in such a formulation concerns the fact that 
within each run only one component from 
each feeder can be picked and placed, i.e. 
a single run may never contain two board 
locations where components delivered from 
the same feeder have to be placed. We solve the 
problem by first constructing R, tours using 
a slightly adapted version of the Clarke and 
Wright savings heuristic (where the adaptation 
is needed to include the just mentioned addi- 
tional constraint) after which a 2-opt inter- 
change procedure may be used to improve the 
result (if possible and/or needed). 

As indicated at the appropriate places, the 
algorithms for the various subproblems yield 
very satisfactory results, although most of 
these problems are clearly NP-hard. The first 
problem is believed to be solved close to opti- 
mality; the algorithm applied in Section 4.2 
performed well when compared with simulated 
annealing. The linear assignment problem in 
Section 4.3 is standard. The heuristic applied 
to the R,-fold travelling salesman problem 
certainly can be improved but it will not 
change our overall solution very much, given 
that this problem is at the lowest level of the 
hierarchy. As mentioned earlier, we believe 
that it is the way of decomposing the overall 
problem which determines the quality of the 
overall solution, more than the specific algo- 
rithm applied at each level. 

If not all feeders have equal width, the con- 
sequences are not too serious for most sub- 
problems. Coefficients representing the feeder 
widths should be placed in front of the f- and 
x-variables in the inequalities (4.1) and (4.9, 
respectively, and the algorithms should be 
altered accordingly but this does not cause 
particular difficulties. The discussion in 
Section 4.4 does not change at all. The only 
serious difficulty is in Section 4.3, where 

a simple linear assignment problem turns into 
an NP-hard quadratic assignment problem 
since now a dependence between neighbouring 
feeder assignments occur. Such a problem is 
satisfactorily solved by simulated annealing in 
Ref. [l l] and by a dedicated QA-algorithm in 
Ref. [123. 

This concludes the discussion of models and 
algorithms for the various subproblems arising 
from the decomposition of the overall process 
planning problem. As mentioned earlier, sev- 
eral feedback loops can be (and have been) 
included in the final implementation. Al- 
though sometimes these feedback loops lead to 
non-negligible improvements, a detailed dis- 
cussion is beyond the scope of this paper. Our 
main emphasis here is to show how a complex 
process planning problem can be systemati- 
cally decomposed, leading to a tractable set of 
subproblems and finally to good overall solu- 
tions, as we will see in the next section. 

5. Experimental results 

The algorithms discussed in the preceding 
section have been implemented in one modu- 
lar process planning system, following the de- 
composition structure outlined in Section 3. 
Apart from testing the programs on a number 
of artificial examples, a series of real-life indus- 
trial applications have been tested as well. The 
results in general are highly satisfactory, in 
that (almost) perfect balances of the workloads 
among the successive placement modules are 
obtained. In those cases where some imbalance 
occurred, it was easy to see that the results 
could not be improved much due to the limited 
availability of feeders or the special configura- 
tion of the printed circuit board. 

All tests have been performed on the most 
frequently occurring machine configuration, 
i.e. eight placement modules (M = 8). The 
number of feeder positions actually available 
at each feederbank may vary, dependent on 
the size of the PCB (due to the limited x-range 
of the placement beam). In general, it may also 
happen that some positions are reserved to 
enable other PCB types to be mounted at the 
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same time without the need to replace a num- 
ber of feeders (we will come back to this point 
in the discussion in Section 6). An elaborate 
treatment of test results can be found in Ref. 
[14]; here we only show the results for five 
randomly generated PCB configurations 
(Table l), as well as for five types of PCBs 
which have been actually designed in practice 
for various industrial purposes (Table 2). 

The results clearly show that an overall 
good balance can be obtained for almost all 

Table 1 
Test results for five randomly generated PCB configurations 

problems. The balance obtained in all ran- 
domly generated problems is perfect. However, 
since random generation tends to lead to 
relatively “nice” configurations, we have also 
tested the process planning system on five 
apparently hard PCB configurations which 
have been developed in practice. In the latter 
tests, the largest deviation between the min- 
imum and maximum cycle time occurs in 
problem 8. A careful evaluation indicates that 
the feeder which determines the number of 

PCB type 1 PCB type 2 PCB type 3 PCB type 4 PCB type 5 

47 types camp. 
250 components 
13 feeders/bank 

47 types camp. 
250 components 
21 feeders/bank 

100 types camp. 
494 components 
32 feeders/bank 

150 types camp 
593 components 
30 feeders/bank 

150 types camp. 
779 components 
32 feeders/bank 

Placement 13.311 s 
module 30 components 
1 3 runs 

Placement 
module 
2 

13.236 s 
33 components 
3 runs 

Placement 
module 
3 

13.282 s 
30 components 
3 runs 

Placement 
module 
4 

13.297 s 
32 components 
3 runs 

Placement 
module 
5 

13.256 s 
30 components 
3 runs 

Placement 
module 
6 

Placement 
module 
7 

Placement 
module 
8 

Minimum 
cycle time 

Maximum 
cycle time 

13.278 s 
32 components 
3 runs 

13.311 s 
33 components 
3 runs 

13.276 s 
30 components 
3 runs 

13.236 s 

13.311 s 

11.549 s 
32 components 
2 runs 

11.552 s 
31 components 
2 runs 

11.541 s 
33 components 
2 runs 

11.552 s 
33 components 
2 runs 

11.540s 
33 components 
2 runs 

11.540 s 
28 components 
2 runs 

11.551 s 
28 components 
2 runs 

11.550 s 
32 components 
2 runs 

11.540 s 

11.552 s 

20.355 s 
63 components 
3 runs 

20.357 s 
66 components 
3 runs 

20.345 s 
57 components 
2 runs 

20.343 s 
64 components 
2 runs 

20.333 s 
60 components 
3 runs 

20.327 s 
60 components 
3 runs 

20.341 s 
60 components 
3 runs 

20.326 s 
64 components 
3 runs 

20.326 s 

20.357 s 

21.813 s 
76 components 
4 runs 

21.805 s 
73 components 
4 runs 

21.797 s 
72 components 
4 runs 

21.808 s 
72 components 
4 runs 

21.796 s 
78 components 
4 runs 

21.760 s 
75 components 
4 runs 

21.799 s 
7 1 components 
4 runs 

21.810 s 
76 components 
4 runs 

21.760 s 

21.813 s 

34.826 s 
93 components 
5 runs 

34.822 s 
102 components 
5 runs 

34.812 s 
99 components 
5 runs 

34.826 s 
94 components 
5 runs 

34.752 s 
101 components 
5 runs 

34.811 s 
97 components 
4 runs 

34.818 s 
95 components 
5 runs 

34.779 s 
98 components 
5 runs 

34.752 s 

34.826 s 
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Test results for five industrial problems 

PCB type 6 PCB type 7 PCB type 8 PCB type 9 PCB type 10 

39 types camp. 
258 components 
17 feeders/ bank 

13 types camp. 
432 components 
17 feeders/bank 

87 camp. types 
708 components 
18 feeders/bank 

119 camp. types 
778 components 
19 feeders/bank 

7 camp. types 
1590 components 
13 feeders/bank 

Placement 19.523 s 
module 33 components 
1 3 runs 

Placement 
module 
2 

19.476 s 
33 components 
3 runs 

Placement 
module 
3 

19.525 s 
3 1 components 
3 runs 

Placement 
module 
4 

19.535 s 
3 1 components 
3 runs 

Placement 
module 
5 

19.527 s 
33 components 
3 tuns 

Placement 
module 
6 

Placement 
module 
7 

Placement 
module 
8 

Minimum 
cycle time 
Maximum 
cycle time 

19.478 s 
3 1 components 
3 runs 

19.530 s 
33 components 
3 runs 

19.523 s 
33 components 
3 runs 

19.476 s 

19.535 s 

27.198 s 
52 components 
4 runs 

27.179 s 
54 components 
4 runs 

27.157 s 
54 components 
4 runs 

27.183 s 
56 components 
4 runs 

27.183 s 
54 components 
4 runs 

27.190 s 
52 components 
4 runs 

27.193 s 
54 components 
4 runs 

27.187 s 
56 components 
4 runs 

27.157 s 

27.198 s 

136.632 s 
92 components 
13 runs 

132.888 s 
96 components 
12 runs 

132.526 s 
99 components 
15 runs 

132.108 s 
109 components 
12 runs 

142.386 s 
55 components 
15 runs 

131.883 s 
100 components 
16 runs 

141.529 s 
55 components 
16 runs 

141.599 s 
102 components 
17 runs 

131.886 s 

142.386 s 

95.385 s 
103 components 
28 runs 

95.282 s 
112 components 
26 runs 

93.644 s 
135 components 
23 runs 

96.837 s 
113 components 
26 runs 

96.851 s 
74 components 
32 runs 

96.755 s 
74 components 
32 runs 

96.907 s 
85 components 
30 runs 

96.733 s 
82 components 
31 runs 

93.644 s 

96.907 s 

90.935 s 
205 components 
17 runs 

90.923 s 
202 components 
17 runs 

90.904 s 
199 components 
17 runs 

90.950 s 
197 components 
17 runs 

90.978 s 
199 components 
17 runs 

90.925 s 
197 components 
17 runs 

90.940 s 
195 components 
17 runs 

90.937 s 
196 components 
17 runs 

90.904 s 

90.978 s 

runs on placement module 5 also strongly 
dominates the total travelling time, due to the 
relatively high y-coordinates of the component 
locations on the board. Both problems 8 and 
9 further suffer from the fact that there are just 
a few component types with a high number of 
components needed (most clusters contain at 
most five components), while these compo- 
nents are located in a small area on the PCB. 
In such a case, it is impossible to obtain a high 
overall utilization rate of the pipettes beam; 

many runs with a relatively low number of 
components are performed, in particular since 
the number of component feeders that can be 
installed is limited. 

6. Conclusions and suggestions for further 
research 

In this paper, we have developed a model- 
ling approach to deal with complex process 
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planning problems in printed circuit board 
component placement. The system has been 
designed for a fully automated PCB assembly 
system and is specific for the characteristics 
of this system (although we believe that 
the principles applied here are definitely 
more generic). The model is based on a hier- 
archic decomposition of the overall process 
planning problem, leading to a series of tract- 
able combinatorial optimization problems at 
the different levels. From an operations re- 
search point of view; these problems can be 
classified as clustering, assignment or (mul- 
tiple) travelling salesmen problems, which are 
solved by either standard methods or simple 
heuristics. 

When moving to the so-called flexible flow 
lines, process planning systems like the one 
developed here will become of tremendous 
importance. The approach presented here still 
suffers from the fact that the system has to be 
run for each new type of PCB, possibly lead- 
ing to a rearrangement of feeders in the 
feederbanks. Although this difficulty can be 
handled by declaring a lower number of 
feeder positions available at each feederbank 
than the actual available room, thereby hav- 
ing the opportunity to use the remaining 
positions for feeders for different PCB 
types, a more rigorous solution is found 
in defining PCB family structures and to 
load the placement modules for a complete 
family of PCBs at the same time. Families are 
then defined as sets of PCB-types which differ 
relatively little (in terms of component 
types needed) and can easily be determined 
by using special clustering techniques (see e.g. 
Ref. [16]). Note that, if indeed process 
planning for a family of PCBs is performed 
in one strike, workload balancing is now 
related to parts sequencing (shopfloor sched- 
uling) as well; it may be worthwhile to release 
PCBs of different types alternately to the line 
in order to minimize the overall line cycle 
time. 

We end by indicating another important 
feature of lines of component placement ma- 
chines as discussed in this paper. The fact that 
feeders may be emptied during the placement 

process and thus have to be replaced or the 
fact that other small random disturbances 
(misplacement of a component because of glue 
problems) occur in practice causes an ultimate 
efficiency which is lower than the one cal- 
culated in the process planning phase. By 
exploiting stochastic models it is easily demon- 
strated that even small decoupling buffers of 
three of four PCBs between each two place- 
ment modules considerably increase the over- 
all line efficiency as compared with tightly 
coupled modules. For complex CNC machines 
such as the one discussed here, a more detailed 
treatment of this subject can be found in 
Ref. [17]. 
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