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Abstract

In this thesis, we investigate the problem of minimizing printed circuit
board assembly time on high-speed pick-and-place machines. As it is considered
unlikely that cfficient methods will be found for this problem, heuristic methods
which give near optimal solutions are sought. Several such methods currently
exist, but there are no comparisons made between the different methods. One of

the reasons for this is the differences in the models used.

In the thesis, we develop a more general model for the problem which
encompasses most other models, and is robust, i.e. il can easily be adapted to
different situations. We adapt two of the heuristic methods from the literature o
this model, implement and test them and report the resulting assembly times. We
also provide improvements to these methods, and improved lower bounding
techniques for the problem. Finally, we adapt the best method to a real-world
situation, namely the environment at the Mitel Corporation in Oltawa, Canada. We
test this method against the sophisticated software tool currently being used at

Mitel, with good resuits.
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CHAPTER 1

Introduction
1.1 Introduction and motivation

A Printed Circuit Board (PCB) is a laminated board which has electronic
components inserted or mounted on it at specific locations. In the PCB
manufacturing industry, new technologies have been developed to minimize board
and chip sizes. Due to these reductions, the required material for a PCB has been
significantly reduced which in turn has reduced the cost of PCBs. However, these
advances have forced manufacturers of PCBs to place smaller and smaller
components on denser designs. In addition to these difficulties, manufacturers

must retnain competitive and productive in order to survive in today's society.

To address the existing needs of manufacturers of PCBs, high-speed, high-
precision pick-and-place machines have been developed. These machines, which
are at the leading edge of technology, have been developed with flexibility and
speed in mind. These properties are especially important when we consider the
diversity of PCBs now being produced, and the fact that 28% of the entire cost of a

PCB is due to assembly, most of which is component placements [Mar86].

These machines have three main parts: the feeder tray, the x-y table, and the
turret. The feeder tray, which moves laterally under the turret, is used to hold the

component reels, where a reel contains many components of a single component



type. The x-y table, which moves in the x and y directions under the turret, is used
to hold the PCB. The x-y table and the feeder tray are on opposite sides of the
turret, which picks up components from the feeder tray, rotates, and piaces them

on the PCB (see Figure 2.2).

With these high-speed pick-and-place machines, the user must specily two
things for each PCB assembly: the feeder tray set-up, and the component
placement sequence. Determining a feeder tray set-up for a PCB cntails deciding
where the different component reels required for a particular PCB are to be placed
on the feeder tray. Determining a component placement sequence lor a PCB
entails deciding the order in which the components for the PCB are to be placed

onto the PCB by the machine.

These two user controllable elements, which make these machines [lexible
for the assembly of different PCBs, directly determine the amount of assembly
time required by the machine for a particular PCB assembly. Thus, finding
solutions to these two problems which result in low assembly times is especially
important for manufacturers of high-volume, low-mix productions. An increase of
even 3 seconds per board due to a poor feeder tray set-up or sequencing decision
could cause a company thousands of dollars in lost production per ycar.
Consequently, the importance of finding good solution techniques for these two

decision problems is apparent.

The PCB assembly problem, which is the topic of this thesis, is the problem
of finding a feeder tray set-up and a component placement sequence or a given
PCB. A solution to this problem determines the assembly time for a PCB, and such

a solution is called optimal if assembly time is minimized by it.



The problem of finding an optimal solution to the PCB assembly problem
appears to be very difficult, since two subproblems that arise from it are known to
he NP-hard. The first of these is as follows: Given a component placement
sequence, find a feeder tray set-up which minimizes assembly time. This problem
can be modeled as a quadratic programming problem [BCF94], which is NP-hard
[Sah74]. The second of these subproblems is the following: Given a feeder tray
sct-up, find a component placement sequence which minimizes assembly time.
This problem can be modeled as a Traveling Salesman problem [BCF94], which is
also known to be NP-hard [L86).

As both of the above subproblems are NP-hard, it is considered unlikely
that efficient methods will be found for the PCB assembly problem. As a result, a
heuristic approach is taken, i.e. an efficient method is sought which finds a
solution that may not be optimal, but is hopefully close to optimal. Many such
heuristics have already appeared in the literature. These will be reviewed in the

next section.

As well as dealing with the PCB assembly problem in a general form, we
are also very interested in this problem as it applies to a particular environment,
namely the environment at the Mitel Corporation in Ottawa, Canada. Mitel is a
Canadian-based international supplier of telecommunications solutions. They
manufacture such items as semi-conductors, telephone sets and a whole list of
other telephone products. One step in the manufacturing of many of these products
is the assembly of PCBs. Besides manufacturing PCBs for their own products,
Mitel obtains contracts from other companies to assemble PCBs. As a resuit, Mitel

assembles approximately 12-13000 PCBs per week. About 6000 of those are



assembled on the Panasonic MVII(LL) NM-2559B machine, which is a high-speed
pick-and-place machine used at Mitel specifically for high-volume production of

PCBs.

Currently, Mitel is solving the PCB assembly problem using a very
sophisticated software package called Panatools, which is commercially
distributed by Panasonic for use on their high-speed pick-and-place machines. As
it is a commercial package, knowledge of the methods used by this package are not

available.

1.2 Overview of currently known methods

As mentioned earlier, a considerable amount of rescarch has taken place on
the PCB assembly problem, and many heuristic methods appear in the literature.
Given below is a summary of the main approaches that have been uscd and the

papers involved.

One approach that seems to be fairly common when trying to solve the PCB
assembly problem is to iterate between using a Hamiltonian path or TSP heuristic
for the component placement sequence and a quadratic programming heuristic for
the feeder tray set-up problem. This type of approach is used in [C90], [LN89] and
[BCF%4].

The second most common approach is to place certain restrictions on the
component placement sequence to guarantee no feeder delays occur. Using these
constraints, one then tries to generate a good component placement sequence using

TSP heuristics. This approach is used in [AS92] and [Gro92].



Other methods also exist, such as [BM88], [DLM92], but most of these
methods have been designed for very specific machine mod.ls with specific
propertics that are not common properties of current pick-and-place machines. As
a result, we cannot use these methods. For a survey of some of these different

methods sec [M92).

1.3 Contributions

The main contributions of this thesis are the following:

1) A GENERAL MODEL. The methods introduced so far in the literature have
been applied to a wide variety of different high-speed pick-and-place machines. By
not applying the methods to a general model, the different methods cannot be
compared. In this thesis, we give a general model of a high-speed pick-and-place
machine that encompasses many of the different models used. This allows the
different methods to be compared more easily without having to worry about all

the specific details associated with a particular machine.

2) COMPARISON OF TWO METHODS. Surprisingly, while surveying the
current research on the PCB assembly problem, we found no performance
comparisons of the different heuristic methods. Hence, there is no way to judge
which heuristics perform the best. We chose two of the methods from the literature
which we felt were most promising and compared them assuming our general
machine model. To do this, we had to adapt them to our model, implement them

and test them on PCBs.



3) IMPROVEMENTS TO THE METHODS. In studying the two different
methods mentioned above, we discovered ways to improve their performance. We

implemented and tested our improvements, and report on the results.

4) IMPROVING LOWER BOUNDS. A lower bound for the PCB assembly
problem is a number k such that the assembly time for any solution to the problem
is = k. Lower bounds can be used to determine the quality of the solutions we are
generating with our heuristic methods. Currently, there is very little in the
literature regarding lower bounds for the PCB assembly problem. We propose two
new methods for obtaining such lower bounds, one of which upon testing against

current methods gave much improved results.

5) ADAPTING METHODS TO THE MITEL ENVIRONMENT. In order to adapt
a method for a specific machine, all the machine specific properties must be
considered. We indicate how to adapt a method from our general form (o the
MVII(LL) machine used at Mitel. Many of the complications we had to deal with,
such as multiple machine speeds and different component reel sizes, also apply to
many of the high-speed pick-and-place machines, and yet have not been addressed

previously in the literature.

6) OBTAINING SOLUTIONS CLOSE TO THOSE OF PANATOOLS. Panatools,
the very expensive software package currently being used at Mitel for the PCB
assembly problem, is commercially distributed by Panasonic, and thus, the source
code is not available. As a result, Panatools cannot be adapted by Mitel to handle
variations of the general PCB assembly problem which arise in production. As a
result, the people at Mitel were very interested to see if we could develop software

that could produce solutions for their PCBs whose assembly times were close to



those of Panatools. The software we developed for the Mitel environment

accomplished this.

1.4 Qutline of thesis

In chapter 2 of the thesis, we formally define the PCB assembly problem
and develop a general model for the machine. In Chapter 3, we describe two of the
existing heuristic methods for our problem as they apply to our machine model and
develop improvements for these methods. We also implement and test these
methods, and report on the results. In Chapter 4, we develop and test two new
methods for obtaining lower beunds for the PCB assembly problem. In Chapter 5,
we describe how to adapt the most promising heuristic we have found to the
production environment at Mitel. In addition, we compare the solutions we were
ablc to generate in the Mitel environment against the solutions generated by the
software package Panatools currently being used by Mitel. Finally, in Chapter 6

we summarize our results and propose some future research topics.

The remainder of this chapter is devoted to notation, definitions, and

background information which are used throughout the thesis.

1.5 Graph theoretical background

In this section, we describe graph theory notation and some definitions
which we require in the thesis. We also describe two problems that arise frequently
as subproblems in the heuristic methods for the PCB assembly problem, namely

the minimum cost Hamiltonian path problem and the traveling salesman problem,



and how minimum cost Hamiltonian path problems can be solved as traveling

salesman problems.

1.5.1 Definitions

A graph G is a pair (V,E), where V is the set of nodes and E consists of
unordered pairs of nodes representing the edges of G. We say an edge ¢ = uv is
incident with nodes u and v, and that u and v are adjacent in G if they are joined
by an edge. The degree of a node is the number of edges incident to that node. We
say that a graph G is weighted if each edge has an associated cost which is a real

number. A graph is complete if an edge exists between every pair of nodes.

A path in a graph G is a sequence S=ngejnjeyny...cxny that alternates
between nodes and edges in G. Often though, the path is simply denoted by the
sequence of nodes in that path, i.e. S=ngnny...nx. The cost of @ path in a weighted
graph G is the sum of the costs on edges in that path. If all the nodes in the path are
distinct, then the path is known as a simple path. If this simple path has the
additional property that every node in the graph is visited exactly once, then we

have a Hamiltonian path.

A cycle is a path which starts and ends at the same node. The cost of a cycle
in a weighted graph G is the sum of the costs on edges in that cycle. If all the
nodes in the cycle are distinct, then the cycle is known as a simple cycle.
Furthermore, if a simple cycle contains every node in the graph, then we have a

Hamiltonian cycle, which is often referred to as a tour.



Given a complete weighted graph G, the minimum cost Hamiltonian path
problem is that of finding a Hamiltonian path in G of minimum cost. The
Traveling Salesman Problem (TSP) for G is that of finding a minimum cost
Hamiltonian cycle in G. For both of these problems, we assume that the edge costs

are 20,

1.6 Solving minimum cost Hamiltonian path problems

Many excellent heuristics, such as the Lin-Kernighan method {LK73], exist
for the TSP (see [L86] for a description of these methods). Because of this, other
graph problems are often modeled as TSPs and then solved using TSP heuristics.
One such graph problem is the minimum cost Hamiltonian path problem. Since
three different variations of this problem arise later on in our optimization

problems, we will describe how we solve these three different problems as TSPs.

The first problem is how to formulate the problem of finding a minimum
cost Hamiltonian path in a graph G as a TSP. We convert this problem to a TSP by
adding to the graph G a new node which has an edge of cost zero from it to all
other nodes in G, as done in [L86]. Let C be a minimum cost Hamiltonian cycle in
this new graph. Then the path obtained by removing the edges in C incident with

the new node is a minimum cost Hamiltonian pach in G.

The second problem is how to formulate the problem of finding a minimum
cost Hamiltonian path with specified endpoints as a TSP. This can be converted to
a TSP by adding a new node to the graph G which has an edge of cost zero
between it and the two nodes specified as the Hamiltonian endpoints. The costs for

the remairing edges from the new node to all other nodes in G are set to a large



value M. This value M is chosen large enough to ensure that no TSP solution will
include any of these edges. Let C be a minimum cost Hamiltonian cycle in this
new graph. Then the path obtained by removing the new node and the two edges
incident with it in C is a minimum weight Hamiltonian path which starts and cnds

at the required endpoints.

To determine the value M, we consider the worst possible Hamiltonian
cycle cost on the new graph which does not use any of the edges with cost M. Let
G’ be the new graph we constructed. Let n be the number of nodes in G, and let
Max be the maximum edge cost in G. Then any Hamiltonian cycle in G’ which
does not use the M edges has cost £ (n-1)*Max. By setting the value of M to
(n-1)*Max+1, we ensure that an optimal Hamiltonian cycle could not possibly
include an edge with a cost of M because other Hamiltonian cycles of cost

<(n-1)*Max+1 exist.

The final Hamiltonian path problem which we wanted to solve as a TSP
was to find a minimum cost Hamiltonian path which contains a given sel of
disjoint edges K. To achieve this, we generate a new graph G’ by adding a new
node to G which has an edge of cost zero from it to all other nodes in G. We then
ensure that the required edges will be included in the TSP solution in the new
graph by using a new set of edge costs for the original edges in G. A cost of zero is
used for all edges in K. For all remaining edges which were originally in G, the old
cost plus some large constant value L is used. This L value is chosen large enough
to ensure that the edges in K will be included in the TSP solution for the new
graph. Solving the TSP problem on the new graph and removing the new node as
well as the two edges incident with it in the optimal cycle produces the desired

minimum cost Hamiltonian path.

10



The value of L is calculated in a similar way as the value for M was
calculated above. Let n be the number of nodes in G, k be the number of edges in
K, and Max be the maximum edge cost in G. The value of L can now be
determined by realizing that there are n-k-1 edges from G-K in any Hamiltonian
cycle in the new graph which includes all edges in K. By setting the value of L to
be (n-k-1)*Max+1 and adding this value to all edges in G except the edges in K,
which have cost zero, causes any Hamiltonian cycle that is generated which does
not include all the edges in K to have higher cost than any Hamiltonian cycle that
includes all the edges in K. The reason is that any cycle that does not include one
of the edges from K must have one extra edge in the tour from G-K. As a result,
this extra edge forces any Hamiltonian cycle that does not include all the edges in
K to have cost 2(n-k)*L, whereas any Hamiltonian cycle that includes all edges in
K can have a cost of at most (n-k-1)*L + (n-k-1y*Max, which is smaller than
(n-k)*L. Thus, all edges in K must be included to obtain a minimum cost

Hamiltonian cycle.

11



CHAPTER 2

Problem formulation

In this chapter, we give a general description of a high-speed pick-and-
place machine, and describe a general formulation for the problem of minimizing
PCB assembly times on such machines. Note that, although particular pick-and-
place machines may differ slightly in their specifications, we have attempted to
make our formulation general enough that it can easily be adapted to most PCB

assembly environments, particularly the Mitel environment.
2.1 Machine and PCB description

A PCB is an electrical board that has wires imprinted into it. These wires
connect different locations on the board where components, known as chips, are to
be placed. After all the components are placed onto the PCB, the PCB provides
some function which will be used in an electrical device. To be able to insert all
the necessary components onto a PCB, we need to know the PCB specifications.
These specifications include the x-y coordinates for the placement locations, and
the component type required at each location. These coordinates are measured in
millimeters, and the origin for the coordinates is assumed to lie at the bottom right
tooling pin of the PCB. Due to the location of the origin, all component
placements will have a negative value for the x-coordinate and a positive value for

the y-coordinate.

12



For illustration purposes, a PCB that is already assembled with components
is given in Figure 2.1. We have not shown, however, the imprinted circuitry which

exists between the different components.

Tooling Pin
SN2 Top
® 0O
Component | S — o é
':‘El - = Iy—oxis
—
o I |
— = o
Boflom el pin
o
o> ©ng

Figure 2.1 APCB

High-speed pick-and-place machines have three basic parts: a turret, a
feeder tray and an x-y table. The PCB to be assembled is moved along a conveyor
belt and placed onto the x-y table for assembly. The turret, which is circular, is
used to rotate the pick-and-place heads mounted on its circumference to pre-
defined locations for the pick-up of a component and the plar ément of a
component. Since these two locations are fixed, the feeder tray is used to align the
next component to be picked up to this pick-up location, and the x-y table is used
to align the next placement location on the PCB to this placement location. (See

Figure 2.2.)

These high-speed pick-and-place machines also have a programmable
aspect that allows them to assemble different PCBs. This is accomplished by

allowing the user to setup the feeder tray with the required component types,

13



known as the feeder tray set-up, and to specify the order that the components are to
be inserted into the PCB. This ordering is known as cither the component

placement sequence or the pick-and-place sequence.

Station 1
Feeder T\rﬁy /(Ptck—up station)
of >
TURRET
Y
PCB TABLE
X
7

Station k+1
(Placement station)

Figure 2.2

We assume that the turret has 2k equally spaced pick-and-place heads
mounted on its circumference, where k 21. Also associated with the turrct are pre-
defined locations called stations. At these stations, a particular operation may be
performed by a pick-and-place head. For the 2k headed turrets, we assume the
same number of stations as heads. The turret now rotates or indexes clockwise at

one constant speed through each of these stations to perform the necessary



operations. Two of these stations are reserved for the pick-up and placement
operations. Notc that these are always mounted across from each other on the
wrrel, and thus are stations 1 and k+1 in a 2k headed turret (see Figure 2.2). The
remainder of the stations, if any, are used for operations such as component
oricntation, component defect detection, component ejection and others. In
addition, we assume that these operations occur during the delays caused by the
pick-up and placement operations. If these oiher stations do not exist, then we
assume that any other necessary operations between the pick-up and placement

station occur during the rotation of the turret.

Note that a turrei with 2k heads will be placing the ith component in the
component sequence while it is picking up the (i+k)th component. The reason for
this is that the turret, after picking up a particular component, must rotate k-1 other

heads to the placement station before placing that component.

The second basic part of the pick-and-place machine is the feeder tray. The
feeder tray is mounted adjacent to the turret and travels at a constant speed
laterally. It has C cvenly spaced slots that are used for holding component reels.
We assume that each reel holds many components of a single component type and
there can be at most one component reel with a particular component type. In
addition, we assume each reel requires one feeder tray slot and no more than one

reel can be assigned per slot.

During operation, the feeder tray has to position the next required
component in a component placement sequence under the pick-up station. In order
to determine how long this positioning will take, we need to know how far the

fecder tray has to travel, Since the slots are evenly spaced and the feeder tray is

15



always positioned at a slot, we can measure the feeder tray travel distance vy the
number of slots jumped. For instance, if the feeder tray is currently at the ith slot

and must be repositioned to the jth slot, then the feeder tray travel distance is [j-il

slots.

Note that some machines do allow multiple component reels that have the
same cornponent type to be placed onto the feeder tray. With this property, it
would be possible to obtain the feeder tray set-up by determining the optimal
component placement sequence, and then placing a new component reel on the
feeder tray for each component placement in the order dctermined by the
component placement sequence. However, due to the feeder tray capacity

restriction, this solution cannot be used.

The third basic part of the pick-and-place machine is the x-y table. The x-y
table is located beneath the turret and is able to travel at a constant speed in both
the x and y direction simultaneously. Its purpose is to hold a PCB and to position

the next placement location on the PCB directly under the placement station.

In order to determine how much time the x-y table requires to position the
PCB for the next placement, we need to be able to accurately measure the distance
between any two placement locations on the PCB. Since the x-y table traverses in
both the x and y direction simultaneously and independently, the distance
measurement becomes the maximum of the x and y displacements. Assuming two
component locations (xj.yj) and (xj.yj), this distance measurement is defined as

d((xpyi(xj2y()) = max (|xi-xjL.lyi-yjl)-
This metric is more commonly known as the /.. metric [LN89] or the maximum

metric [BM88].
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We should also mention that sometimes associated with the feeder tray and
the x-y table are home positions. These home positions are specified positions to
which the x-y table and feeder tray return after a PCB is completed and a new one
is about to be loaded. As most methods can easily be adapted to accommodate
home positions, we decided that there would be no home positions for our
machine. Furthermore, we assume that we begin each PCI} assembly with the x-y
table and the feeder tray correctly positioned for the first placement and pick-up.
This allows us to neglect the amount of time that would be required for our
machine to position the feeder tray and the x-y table for the first pick-up and

placement from home positions.

From the above description, we know that there are five main operations
associated with a pick-and-place machine. These operations are the pick-up,
placement, x-y lable movement, feeder tray movement and turret rotation
operations. The specific times required for these operations along with values for k
and the feeder tray capacity C make up the machine specifications we require for a
particular machine. We assume each of these operation rates are measured in
particular units. The pick-up and placement operation times are assumed to be
measured in seconds. The turret rotation rate is assumed to be measured in the
aumber of seconds required to rotate one station. Finally, we assume that the x-y
table and the feeder tray rates are measured in the number of millimeters and the
number of slots respectively that can be traversed during the turret rotation rate

time.
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It is important to note that these five operations can only occur when certain
conditions are satisfied. Knowing these conditions and how thc operations interact
are essential for understanding the operation of the machine, especially the

concurrency aspects.

2.2 The pick-and-place cycle

2.2.1 Pick-and-place operations

For a 2k headed turret machine, the pick-up and placement operations arc
performed simultaneously. Thus, the pick-up and the placement operations can
only occur if the following three conditions are satisfied: i) the x-y table has
positioned the next placement location on the PCB under the placement station, ii)
the feeder tray has the next component to be picked-up aligned with the pick-up
station, and iii) an empty head must be in position at the pick-up station, and the
head which is holding the component to be placed must be at the placement

station.

Given the conditions that must be satisfied before a pick-up or placement
operation can occur for our 2k headed turret machine, we can now consider the
operations that occur concurrently with these operations. For the 2k headed turret,
we know that the placement and pick-up operations are concurrent and
synchronized. In addition, we know that the x-y table and the turret must be
stationary during the placement operation, and the feeder tray and the turrct must
be stationary during the pick-up operation. Consequently, all operations must be

stationary for the placement and pick-up operations to take place.
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2.2.2 The turret, x-y table and feeder tray

From the above description, we know how the pick-up and placement
operations interact with all the other operations. We do not know, however, how
the turret, x-y table and feeder tray interact with each other. For the 2k headed
turret machines, the turret, the x-y table and the feeder tray movements are all
concurrent operations. Only during the pick-up and placement operations will any
of them be restricted, as indicated earlier. We should also note that we assume that

these threc concurrent operations are initially synchronized.

Having indicated the main operations and how they can interact, the
sequence of machine operations that must occur for a particular pick-up and
placement can be given. The x-y table, feeder tray and turret operations
simultaneously begin for a particular pick-up and placement. After all three
operations complete, the pick-up and placement operations simultaneously occur.
It is important o note that this contiguous series of machine operations required
for a component pick-up and placement is known as a pick-and-place cycle. We
should also mention that a pick-and-place cycle may not require all five operations

10 occur.,

There are other operations that are associated with a high-speed pick-and-
placc machine. These operations, however, generally occur during the operations
described above, and thus do not increase the assembly time, or else are overhead
costs, such as the checking of PCB marks at the beginning of each assembly to
determine if the board is not aligned. Since the overhead costs are constant and all
the other operations do not increase assembly time, we have decided to leave out

these operations to permit a more basic description of the machine and to focus our
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attention on the machine operations which have the largest potential for

optimization.

2.2.3 Timeline

To illustrate the interaction of the above operations, we have constructed a
timeline of machine operations required for three pick-and-place cycles using a 2k
headed machine. This timeline is given in Figure 2.3 and is similar 1o the onc
given in [BCF94]. Each rectangle on the timeline represents the period and length
of time required for each machine operation. The difference between the two
timelines is that we also illustrate the three different operations that can cause a

delay for any particular placement.

In our timeline, we start at time zero and assume that component i+k-1 was
just picked-up and component i-1 was just placed. From this point, the turret starts
its rotation, the feeder tray starts moving to align the (i-+k)th component for pick-
up, and the x-y table starts moving to position the PCB for the ith component
placement. At time unit 1, the x-y table has positioned the PCB for the component
placement. This placement, however, can not begin until the turret has finished
positioning the pick-and-place heads and the feeder tray is aligned for the pick-up
operation. The turret operation is completed at time unit 2 followed by the feeder
tray alignment at time unit 4. With the x-y table, feeder tray and turrct operations
complete, both the pick-up and placement operations can occur simultancously at
time unit 4. These operations are then completed at time unit 5. This now
completes the first pick-and-place cycle, which illustrates a delay caused by excess

movement of the feeder tray, known as a feeder tray delay.
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We will not describe the second and third pick-and-place cycles, but they
illustrate the other two operations that can cause delays. The second pick-and-
place cycle illustrates a delay caused by the x-y table, known as a table delay,
while the third pick-and-place cycle indicates a delay caused by the turret, known

as a turret delay.
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Figure 2.3 Placement timeline
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2.3 The PCB assembly problem

The PCB assembly problem is defined as follows: Given a set of machine
and PCB specifications, find a feeder tray set-up and a component placement
sequence. A solution to the PCB assembly problem determines the assembly time
required to place all the required components onto a PCB. A solution to this

problem is called optimal if it provides a minimum assembly time.

2.3.1 Assembly time

In order to address the PCB assembly problem, we must first understand
how to calculate the assembly time associated with any given solution, i.c. any
feeder tray set-up and component placement sequence. To do this, we can consider
the assembly of a PCB to be a sequence of pick-and-place cycles. If we can now
determine the time required to complete each pick-and-place cycle and then sum
them, we will obtain the assembly time of the PCB, excluding any overhcad times.
Our task is to now determine how to calculate the time required for a pick-and-

place cycle.

The pick-and-place cycle time calculation is dependent upon the propertics
of the machine. Assuming our general machine with a 2k headed turret, the pick-
and-place cycle time can easily be calculated and is based on the five main
operations of the machine. With this type of machine, the x-y table, the feeder tray
and the turret begin their operations simultaneously at the start of the pick-and-
place cycle. Since these operations are concurrent, the time required to complete
these three operations is the maximum of these threc operation times. Following

the completion of these three operations, the pick-up and placement operation can
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take place to complete the pick-and-place cycle. Since these two operations start
simultancously and require the same amount of time, we only need to add the
placement time to the time required to complete the first three operations in the
pick-and-place cycle. By doing this, we have obtained the calculation for the pick-

and-place cycle time.

Before proceeding to give the actual calculation for the pick-and-place
cycle time, it is important to mention two other points. The first point is that the
wrret time we are considering in our pick-and-place cycle time is the amount of
time required by the turret to align a new pick-and-place head to both the pick-up
and placement stations. For our machine, this occurs every time the turret rotates
one station. This rotation time between stations is better known as the turret

indexing delay.

The second point that is of concern on a machine with a 2k headed turret, is
the fact that a component that is just picked up is not the next component to be
placed. In fact, a 2k headed turret will be placing the ith component in a
component placement sequence while it is picking up the (i+k)th component in the
same sequence. The importance of this is that the calculation for the time required
by the x-y table and feeder tray in any pick-and-place cycle must take this property
into consideration. For example, a component placement sequence that had the i-
ISt component in this sequence just placed would have the x-y table distance for
the next pick-and-place cycle calculated from the PCB location for the i-18t
component to the PCB location for the ith component. The feeder tray travel
distance for the same pick-and-place cycle, however, would be calculated from

the feeder position for the i+k-15t component to the (i+k)th component.
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More precisely, if we let cq,c9, .....,cq represent our component placement
sequence, the time for the pick-and-place cycle which places component ¢ and

picks up component ¢j+k is calculated as follows:

cycle time = max(Turr,Fej k. Tep) + P,
where
Turr = Turret indexing delay.
Fc;x = Time for the feeder tray to travel from the feeder position for
component cj4+k-1] to the feeder position for component cj+k.
Tcij = Time for the x-y table to travel from the PCB location for
component cj-] to the PCB location for component ¢;.

P = Either the pick-up or placement time.

As previously mentioned, we can calculate the assembly time, neglecting
any overhead times, by summing all the pick-and-place cycle times necessary for a
particular PCB. Note that the above cycle time calculation is only valid for pick-
and-place cycles in which some component is picked up and another is placed, and
for some cycles this is not the case. The very first cycle, which picks up cy,
requires no x-y table or feeder tray movement since they are assumed lo be
correctly positioned for the first component pick-up and placement. In addition,
turret rotation is also not needed, as we do not need to align any new heads to the
pick-up and placement station. Consequently, the first pick-and-place cycle only
requires a pick-up operation to be completed, and we have

cycle time = P.

The next k-1 pick-and-place cycles (i.e. cycles 2 to k), only load the turret

and require no x-y table movement. Also recalling that we assume that the x-y
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table is already aligned for the first placement, there is still no x-y table movement
required for the k+15t cycle. Thus for these cycles (2 to k+18t), we have

cycle time = max(Turr, Fg;) + P.
Similarly, the last k pick-and-place cycles simply unload the turret, requiring no
feeder tray movement. Thus for these cycles, we have

cycle time = max(Turr, Tc;) + P.

Taking these facts into consideration, we obtain the following assembly

time calculation for a 2k headed machine:

assembly time =

k+1
P+ 2 (Max(Tur,Fg)+P)
=2
+
n-k
2, (Max (Turr, Fejyp, Tei) + P)
i=2
+
n
3. (Max (Turr, Tcp) + P). (Equation 2.1)
i=n-k+1

Note that during any pick-and-place cycle, the time required for the turret
indexing delay is fixed and machine dependent. Since the x-y table and the feeder
tray are concurrent operations with the turret rotation, this turret delay can be
considered the amount of free time available for the x-y table and feeder tray to
position themselves without causing any delay. Thus for any pick-and-place cycle

in which there is no x-y table or feeder tray delay, the corresponding cycle time is
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equal to the turret delay plus the placement time and is optimal. This is known as

the minimum machine pick-and-place cycle time.
2.3.2 The component placement and feeder tray set-up subproblems

Optimizing this assembly time for the PCB assembly problem requires
solutions to both the feeder tray set-up and component placement sequence. A
poor solution for either one can significantly affect assembly times. Obtaining
good solutions to these two problems simultaneously, however, is not an casy task.
They are actually coupled problems, that is the cost of the component placcment
sequence depends on the feeder tray set-up and vice versa. This property makes the

PCB assembly problem very difficult to solve.

To make the PCB assembly problem more manageable, a common
approach is to decouple the two problems [M92], solve them and then somchow
combine the two solutions to obtain a solution for our PCB assembly problem.
Doing this enables the use of quadratic programming methods [Win87] for solving
the feeder tray set-up problem given the component placement scquence, which we
will call subproblem 1, and enables the use of TSP heuristics [L86] for solving the
component placement sequence given the feeder tray set-up, which we will call

subproblem 2.

Before modeling each of these subproblems mathematically, we should
mention a problem which arises when trying to mode! the component placement
sequence given the feeder tray set-up as a TSP using our machine model. Recall
that our machine retrieves a component several pick-and-place cycles before it can

be placed,; in fact, the ith component in a component placement sequence is placed
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while the i+kth component in the same sequence is being picked up. This means
that the cost between any two component placements is dependent on the
component placement sequence, i.e. we cannot calculate the feeder tray delay time
that will occur between the ith and jth component placements without already
knowing the component placement sequence. This property, however, is not
consistent with a TSP, and as a result, the component placement sequence problem

on these types of machines can not be formulated as a TSP.

In many of the papers, this problem is not even mentioned. However, a
common practice in the literature is to simply ignore the entire notion that a
component is picked up from the feeder tray k pick-and-place cycles ahead of its
placcment. By assuming a component is picked up and placed in the same cycle,
the cost between any two component placements i and j will be the maximum of
three ihings: the x-y table time required to move between the placement locations i
and j, the feeder tray time required to move between the feeder tray locations
holding the component types for i and j, and the turret indexing time.
Consequently, with this assumption it is possible to model the problem as a TSP,

and apply TSP heuristics.

Although modeling the component placement sequence problem on these
types of machines as a TSP is not a completely accurate model, this model can still
be used to reduce assembly time. The reason is that by solving this model we will
be obtaining a component placement sequence that will reduce both the x-y and
fecder tray travel distance required between component placements. Since the
assembly time uses the x-y and feeder tray distances between component

placements, we are still reducing assembly time. (See Section 3.4.1.)
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2.3.3 Mathematical formulation for subproblem 1

Recall that subproblem 1 involves finding a solution to the feeder tray sct-
up problem given a component placement sequence. In this section, we formulate
this subproblem as a quadratic programming problem. However, in this thesis, we
do not make use of this formulation and thus only include this formulation here for

completeness.

In the formulation given below, we have assumed our general machine
properties given in Section 2.1, except that we assume that the component picked
up is the next component to be placed. Consequently, this formulation assumes
that the x-y table and feeder tray are already in position for the retricving and
placing of the first component. In addition, this formulation is similar to that given
in [BCF94] except that the feeder tray does not allow multiple slots with the same

component type. Thus, we have adapted the formulation from [BCF94] by

modifying constraint (1d) below.

Given the component placement sequence, let :

The feeder tray positions be indexed by j=1,2,....,C.

The component placement locations be indexed by i=1,2,....,n.

The unique component types be indexed by p=1,2,....,m.

rp be the number of placement locations requiring component type p.
ajp=1 if placement location i requires component type p, and is 0

otherwise.
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ljk( i-1.1) = the time required to retrieve the ith component from feeder tray
position k given that the feeder tray was at position j for the
(i-1)St component, (note that this is caiculated as the maximum

of the turret time, x-y table time and feeder tray time)

Decision Variables :
Xjj= |1 if' the component type for the ith placement is located at feeder tray
position j, and is O otherwise.
yjp= 1if feeder tray position j contains component type p, and is 0

otherwise.

A quadratic programming formulation :
n ¢ C

Minimize > Y 3 k(-1 xj-1,j Xik (1a)
i=2j=1k=1

Subject 1o
C

Z xu:l ,fOI‘ alli= l,...,n (lb)

J=1
n
> ajp Xjj Srpyjp .forallj= 1,..C, p=1,.,m (lc)

i=1
C
Z Yjp = 1 Jorallp=1,.,m (1d)
J=1
m

1 yip < | Jforallj=1,..C (le)
p:

xjj=0,1; yjp=0,1, for alli=1,.n,j=1..C, (1)
p=l..m



The objective function (la) calculates, for any feeder tray set-up, the
assembly time required for the given component insertion sequence. Constraint
(1b) is used to guarantee that for each placement location, only one feeder tray
position is allocated, and constraint (Ic) is uscd to ensurc that a component can
only be obtained from a feeder tray position with that component type. Besides
these two constraints, constraint {(1d) is used to ensurc that a component type is
only once on the feeder tray while constraint (I¢) ensures that there can be al most

one component type per feeder tray slot.

2.3.4 Mathematical formulation for subproblem 2

Recall that subproblem 2 involves finding a component placement sequence
given a feeder tray set-up. In the formulation given below, we assume that the
component retrieved is the next component to be placed. By doing this, we can
neglect the notion that a component is retrieved several pick-and-place cycles
before it is actually placed. We also assume that there is a home position on the
PCB which is where the placement sequence starts and stops. We should note that
if we assume that the x-y table and feeder tray are alrcady in position for the
retrieving and placing of the first component, and that there is no cost incurred by
the x-y table and the feeder tray having to go back to their respective origins duc Lo
overhead times, then it is actually a minimum cost Hamiltonian path problem we

have to solve and not a TSP.

Given the feeder tray set-up, let:

S = Set of component locations (x,y) on the PCB plus the home position.

Let S={0,1,2,..., n}
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tjj = the time required to place component at location j after placing
component at focation i, (note that this is calculated as the maximum

of the turret time, x-y table time and feeder tray time)

Dccision Variables :
xjj = 1 if placement location i is followed by placement location j, and is

0 otherwise.

A TSP formulation :
n n
Minimize Y, Y, lij Xij (2a)
j=0 i=0
Subject to
n
> xij = forallj=1.2,.n (2b)
i=0
n
Y, xjj=l Jforalli=1,2,..,n (2¢)
J=0
33 xjj<iLkl L forallLc S, L=, L#5 (2d)
icLjelL
Xij = Oorl Jforalli=1,.,n,j=1,.n.(2¢)

The objective function (2a) is to minimize the amount of assembly
time required. Constraints (2b) and (2c) guarantee that each component placement
position (x,y) is only visited once, while constraint (2d) is a subtour elimination

constraint which ensures that the final placement sequence is connected.
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2.4 Machine specifications used for testing

Due to making our machine description as general as possible, we avoided
having to give machine specific values. For the testing of methods, however, we

had to decide on a very specific machine from our general form. The specilic

values we decided on are as follows:
i}y C=100,
ii) A 2 headed turret which makes k=1,

and the following speeds for our five main operations. These speeds arc that of the

Fuji CPII high-speed machine [BCF94].

Operation Operation Rate
Pick-up operation 0.10 seconds
Placement operation 0.10 seconds
X~y table movement 20 mm/0.15 seconds
Feeder tray movement 1 slot/0.15 scconds
Turret rotation. 1 station / 0.15 seconds
Table 2.1
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CHAPTER 3

Methods from the literature and proposed
improvements

Many different heuristic methods have been proposed for optimizing PCB
production on pick-and-place machines. All of these methods must provide

solutions to two problems:

i) deciding the feeder tray set-up, which determines the feeder tray

movement and feeder tray delay.

ii) deciding the component placement sequence, which determines the x-y

table movement and the x-y table delay.

The actual assembly time of a PCB depends on the solutions to both i} and ii), and
how these solutions interact. However, due to the complexity of considering both
problems simultaneously, many of the methods concentrate on solving only one of
the problems first, and then solves the second problem in light of the solution

obtained to the first.

In order to obtain an idea of the currext approaches that exist for optimizing
PCB production time and to see which methods perform the best, we will describe
two heuristic methods from the literature. The first method, which we call the
Place-by-Type method, was introduced by Ahmadi and Sciomachen [AS92], and

focuses on the problem of determining a good feeder tray set-up. The second
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method, known as the Pairwise Exchange method, was introduced by Leipala and
Nevalainen {LN89], and concentrates on successively fixing the feeder tray set-up
and the component placement sequence. In addition to describing these methods in
detail, we will also describe some possible improvements to these methods which
we have developed, along with a summary of empirical results. These results will
be obtained by applying these methods to our test set that consists of four diffcrent
PCBs for which the data was given to us by Mitel. The machine specifications

used are as described in Section 2.4.

3.1 The Place-by-Type method

The place-by-type method for the PCB assembly problem was proposed by
J. Ahmadi and A. Sciomachen [AS92]. In this method, all components of the
same type are placed consecutively, and the component reels are ordered on the
feeder tray to match the order in which the corresponding component types arc
placed. As a result, the feeder tray movement will consist simply of moving
consecutively through the feeder tray positions once. Conscquently, this method
minimizes feeder tray movement, which affects machine wear and nced for
calibration. Furthermore, if the feeder tray movement between adjacent positions

is masked by the turret indexing delay, such a solution will have no feeder tray

delays.

3.1.1 Determining the component placement sequence

To ensure that all placements of a given component type are placed
consecutively, all placement locations that require the same component type are

grouped together into a state. The component placement sequence is then solved
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for cach state, and then an ordering of the states is decided. The resulting

component placement sequence places components one state at a time.

To achieve such a placement sequence, two different procedures were
developed. The first is called the inner-state-first procedure. This procedure first
solves the component placement sequence for each state, and then solves the
ordering of the states. The second is called the inter-state-first procedure. This
procedure first solves the state ordering subproblem and then solves the

component placement sequence for each state.

Both the problem of obtaining an optimal component placement sequence
for cach statc and the problem of obtaining an optimal state ordering are
formulated as TSP problems, and then TSP heuristics are used to obtain solutions.
In the paper, the furthest-insertion heuristic is used to obtain an initial tour for the
TSP problem, and then either the 2-opt or 3-opt tour improvement heuristics are
used to improve this tour. The 3-opt heuristic produces better results than the 2-opt
heuristic, but it requires substantially more time. Consequently, to maintain a fast
implementation, the faster 2-opt heuristic is used for the large TSP problems,

while the slower 3-opt heuristic is used for the smaller TSP problems.

Before discussing the above procedures in detail, we note that the place-by-
type method was originally described for the situation in which the assembly of
cach PCB begins at a home position. Here we describe the method adapted to our

form of the problem in which there is no home position.
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3.1.2 The Inner-State-First Procedure

The inner-state-first procedure determines the optimal placement sequence
for each state independently. It then determines a state ordering that combines the
placement sequences for these states in such a way that an optimal placcment
sequence is obtained. To use the terminology from the paper, the inner-state

sequences are found first and then the inter-state ordering is detcrmined.

Let G=(V.E) be the complete weighted graph for which cach node i
corresponds to the component placement location (xj,yj). and such that, for cach
edge (i,j) the corresponding cost dij is the max of ( lyj-yil.Ixj-xil). Recall that this

distance function is known as the /o, metric,

The inner-state-first procedure is as follows:

a) Determine a minimum cost Hamiltonian path for cach state in the
corresponding subgraph of G.

b) Reduce each Hamiltonian path o a single edge whose cost is the cost of
ihe path. Let K be the set of such edges.

¢) Construct a new weighted graph G’ which contains the edges K
generated in Step b), as well as all edges from the original graph G
which join end nodes of edges in K.

d) Construct a minimum cost Hamiltonian path in G’ which contains K. The
order in which the edges K are visited by this path supplics the ordering

of the states.
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3.1.3 The Inter-State-First Procedure

The inter-state-first procedure also tries to obtain a component placement
scquence by obtaining an optimal placement sequence for each state and an
optimal state ordering. The difference is that the optimal ordering of the states is
determined before the component placement sequence for each state. Using the
terminology from the paper, the inter-state sequence is determined first and then

the inner-state sequences follow.

Let G be defined as above.

The inter-state-first procedure is as follows:
a) For every pair of states I and J with I], find the shortest distance di;
with iel and jel.
b) With cach state represented as a node, determine a minimum cost
Hamiltonian path P of the states in the corresponding complete graph,
using the distances calculated in Step a). This determines a state order.
¢) The edges in P incident with a state node now supply at most two nodes
within that state as the entering and departing nodes.
d) For each state, determine a minimum cost inner-state Hamiltonian path
in the corresponding subgraph of G with the entering and departing

nodes from Step c) as endpoints.
It is important to note that if only one node is found as the entering and departing

node for a particular state A, then the starting node from the next state is used as

the departing node for A.
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With all aspects of the method described, we can now summarize the

method into four steps.

Summary of Method :
1) Group all placements requiring the same component typc into onc state.
2) Determine the component placement sequence by using either the
inner-state-first procedure or the inter-state-first procedure.
3) Combine the placement sequences for each state together using the state
ordering determined in Step 2.
4) Determine the feeder tray set-up ordering from the state ordering

sequence.

3.1.4 An example

Consider the following PCB production problem.
INPUT

1) The (x,y) locations of the components.

2) The type of component required at each location.

38



Node X y Component
Number | location | location type
1 I 12 A
2 5 il A
3 6 14 A
4 9 10 A
5 15 27 B
6 15 24 B
7 18 24 B
8 18 21 B
9 20 27 B
10 21 23 B
11 22 20 B
12 13 6 C
13 15 4 C
14 16 C
TABLE 3.1

To illustrate the place-by-type method, we will use it twice on the above example:
first using the inter-state-first procedure, and second using the inner-state-first

procedure.
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Using the inter-state-first procedure
Step 1:

Group the placements that require the same component type together.

Node Numbers
State A: {1,2,3,4].
State B: {5,6,7,89,10,11}.
State C: {12,13,14}.

Step 2:

Apply the inter-state-first procedure.

a) Determine the shortest distance between any pair of states assuming the

l.o metric is being used as the distance function. (See Scction 2.1.)

Shortest Distance Between any Two States

State A State B State C
State A 0 10 4
State B 10 0 14
State C 4 14 0
TABLE 3.2

We must also keep track of the nodes that generated these shortest

distances.
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The nodes which produced these shortest distances are:

Statec A-B : Node 3 toNode 6
State A-C : Node 4 to Node 12
State B-C : Node 11 to Node 14 .

b) Using the inter-state distances above and considering each state as a

node, we must find a minimum cost Hamiltonian path of the states.

The minimum cost Hamiltonian path found for the states results in the
following order:

(B,A,C).

¢) The state ordering given above now lets us determine at most two

nodes in each state as entering and departing nodes.

The resulting interconnection nodes between the states (B,A,C) are as
follows:

(11,6)-> (3,4)-> (12,14).

d) Determine cach inner-state's minimum cost Hamiltonian path using the
restrictions for the end nodes of each path determined in part (c) of this

procedure.
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From (c), we know the start and end nodes for the Hamiltonian path in cach
state. By using this information and applying TSP heuristics, we can
determine Hamiltonian paths which are hopefully close to optimal lor cach

state.

The Hamiltonian paths found for each state are as follows:
State A: 3,1,24
State B: 11,10,8,7,9,5,6
State C: 12,13,14.

Step 3:
Connect the Hamiltonian path from cach state in the state order that was

determined by the inter-state-first procedure.

The resulting component placement sequence is as follows:

11,10,8,7,9,5,6,3,1,2,4,12,13,14.

Step 4:

With the component placement sequence, determine the feeder tray set-up.

The feeder tray set-up is determined by placing the component reels in the

state order that was determined by the inter-state-first procedure.

The resulting feeder tray set-up is:

Reel B,A,C.
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Using the inner-state-first procedure
INPUT

Use the same input as in the above example.
Step 1:

Group the placements that require the same component type together.

Node Numbers
Statc A: {1,2,3,4].
State B: {5.,6,7,8,9,10,11}.
State C: {12,13,14}.

Step 2:

Apply the inner-state-first procedure.

Inner-state-first procedure :
a) Determine a minimum cost Hamiltonian path for each state assuming the

I metric is being used as the distance function.

Hamiltonian Paths
State A : 1,2,3,4
State B : 9,7,5,6,8,10,11
Statc C: 12,13,14

b) Reduce each Hamiltonian path to a single edge. Let K be the set of such

cdges.
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The set of edges K arc as follows:
edge 1 :(1,4)
edge 2:(9,11)
edge 3:(12,14)

¢) Construct a new graph G’ which contains the edges K generated in Step
b), as well as all edges from the original graph which join end nodes of

edges in K.

The edges that would be included in the new graph G’ are:
(1,4),(9,11),(12,14),(1,9),(1,11),(1,12),(1,14),
(4,9),(4,11),(4,12),(4,14),(9,12),(9,14),(11,12),(11,14)

d) For G, find a minimum cost Hamiltonian path which contains K. The
order in which the edges K are visited by this path supplies the ordering

of the states.

A minimum cost Hamiltonian path is
1,4,12,14,11,9.
The resulting ordering of the states is

(A,C,B).

Connect the Hamiltonian path from each state by using the statc order that

was determined in Step 2d).
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The resulting component placement sequence is as follows:

1,2,3,4,12,13,14,11,10,8,6,5,7,9.

Step 4:

With the component placement sequence, determine the feeder tray set-up.

The feeder tray set-up is determined by placing the component reels in the

state order that was determined in Step 2d)

The resulting feeder tray set-up is:

Reel A,C,B.

3.2 Proposed improvements for the Place-by-Type method

3.2.1 Solution strategies and modifications used in our implementation

In [AS92], the details of how to execute certain steps of the algorithms for
the place-by-type method were omitted. Below, we discuss the solution strategies
we used 1o carry out these steps in our implementation. We also discuss alternate
solution strategies we used for some other steps which we feel will improve the

method's performance.

In both Step a) of the inner-state-first procedure and Step b) of the inter-
state-first procedure, a minimum cost Hamiltonian path must be found. However,
there was no solution strategy given in the paper to achieve this. In our

implementation, we use the method described earlier in Section 1.6 to convert this
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to a TSP to obtain these Hamiltonian paths. There is also no solution strategy
specified for Step d) of the inter-state-first procedurc. Here a minimum cost
Hamiltonian path must be found for each state with the restriction that the ends of
the Hamiltonian path are given. In our implementation, we convert this problem to

a TSP using the method described previously in Section 1.6.

In Step d) of the inner-state-first procedure, a minimum cost Hamiltonian
path must be found in the new graph G’ which contains the edges K representing
the Hamiltonian paths for each state. In [AS92], this is solved by obtaining a
solution to a minimum 2-matching problem on G” which must contain the edges K.
This solution may consist of several subtours. To obtain a single tour, a patching
heuristic is used which continues to patch the two largest subtours together until a
single tour is obtained. This patching heuristic, however, cannot remove any of the
K edges. In our implementation, we instead used the method described previously
in Section 1.6 which converts this problem to a TSP for Step d). We belicve this
method will work as well as, if not better, than the method used in [AS92] duc to

the excellent heuristics available for the TSP.

Another enhancement we made to the method in our implementation was to
use better tour improvement heuristics for solving the related TSP problems. We
used the Lin-Kernighan heuristic [LK73] which outperforms both the 2-opt and 3-
opt tour improvement heuristics used in [AS92]. One disadvantage, however, is
that this heuristic requires substantially more processing time to obtain a solution.
We believe that this is the reason that the authors did not propose this heuristic.
However, the processing power of computers has grown significantly, allowing for
the possibility of using computationally intensive heuristics without the large time

requirements previously needed.
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Our final cnhancement to the method which we did not implement but
would at least slightly improve the place-by-type method involved Step c) of the
inter-state-first procedure. Recall that in this step, the entering and departing nodes
for cach state arc determined. These nodes are then used as the endpoints for the
Hamiltonian path for that state. Often, though, the same node will be found as the
entering and departing node. If this occurs, a tour would be generated in the state
resulting in one component location being visited twice. As a result, they suggest
kecping the single node found for a particular state A as the entering node for that
state and then using the entering node of the following state as the new departing
node for state A. This solution strategy, however, could be easily improved by a

simplc enhancement.

Our cnhancement is to consider, as another possible solution, using the
single node found in a state A as the departing node and to use the departing node
of the previous state as the entering node for state A. From their solution and our
solution, we now choose for state A the solution which produces the minimum
cost path from the departing node of the previous state of A to the entering node of
the state that follows state A. This will produce a solution as good as or better than

the [AS92] solution.

Another strategy for solving the single node problem which we developed
and implemented is called the second closest node strategy. This strategy uses the
single node found as the entering node and then finds, of the remaining nodes, the
one which is closest to any node in the state that follows (hence the name, the

second closest node strategy). This node is then used as the departing node of this
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state. This solution strategy, however, produced similar results to their method.

Consequently, we decided not to use it.

3.2.2 The State-Combining Variation

For many pick-and-place machines, the feeder tray is able to move one slot
or more during the free time caused by the turret indexing delay. This provides the
possibility of grouping several types of components into a state rather than just
one, which can improve the associated component placement scquence. To
illustrate this, consider finding a component placement sequence for the graph
shown in Figure 3.1. In this graph, each node represents a position on a PCB where
a particular component must be inserted. The "o" nodes represent onc component

type and the "x" nodes represent a second component type.

O

X
o

Figure 3.1
Locations On A PCB

If we combine each component type into a state, the component placement

sequence consists of the two Hamiltonian paths shown in Figure 3.2 a) plus the

dotted edge joining them. If we combine both component types into a single slate,
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the component placement sequence consists of the Hamiltonian path shown in

Figurc 3.2 b).

o

a) Using Two States b) Using one state
Figure 3.2

Clearly, this component placement sequence is shorter than the one shown in
Figurc 3.2 a). Thus, by combining two Hamiltonian path problems into one, we

can improve our resulting solutions.

Taking into consideration the above argument, we propose the state-

combining variation of the place-by-type method which is outlined below.

The State-Combining Variation

1) Calculate the number k-1 of feeder tray positions that the feeder tray is able to
move during the turret indexing delay. The number k indicates the maximum

number of component types that can be grouped together without causing any

processing delay from the feeder tray to place each group.
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2) Combine component types into groups of size at most k. Each of these groups

forms a state.

3) With these states, solve the component placement scquence by using the inner-
state-first or inter-state-first procedures. These procedures, however, must
ensure that the entering and departing nodes for each state arc of a different

component type.

4) As in the place-by-type method, the component reel order is determined by the
state order. Within each state, the feeder order must begin with the lirst
component type placed for that state. The remaining feeder order for that state

can be made arbitrarily.

By grouping the maximum k component types together, we ensured that no
processing delay from the feeder tray will occur while placing the components
from each state. Between states, however, a fecder tray jump of 2k-1 could occur
in the worst possible scenario. To avoid any more than k-1 feeder jumps between
states, we enforced two restrictions. The first, described in Step 4, ensures the first
component placed for each state has its' component type placed in the feeder tray
before any other component type for that state. This reduces the maximum number
of feeder jumps between states to be k. The second restriction, given in Step 3,
ensures the first and last component types placed for a state are different. With
these two restrictions, we guarantee a maximum feeder tray jump between states of

k-1 as required for no feeder tray delays.

Of these two restrictions, the only one that could be difficult to enforce is

the second one. We satisfy this restriction by randomly partitioning the component
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types for cach state into two sets. We now place a new node into the graph for each
of the scts. The distance from each of these new nodes to the nodes in its
associated set is zero. All other distances from these new single nodes to any other
node are set to a large enough value to ensure that these edges are not used in the
Hamiltonian path to be found (see Section 1.6). Now find a minimum cost
Hamiltonian path in this graph with the two new nodes as end nodes. The path
obtained from this by removing the two new nodes will have the entering and
departing nodes lor that state from different sets and consequently from different

component types.

Note that the state-combining variation guarantees no feeder tray delay, but
it does not necessarily minimize the amount of feeder tray movement, as does the
place-by-type method. However, it will provide better assembly times for PCB's

which in most applications is the primary goal.

For Step 2 of the state-combining procedure, we must decide which
component types should be combined. We propose the following two strategies for

this:

1} The adjacent rcel strategy.

This strategy is based on grouping component types together which are
adjacent in the feeder tray set-up produced by the place-by-type method. This
fecder tray set-up corresponds to the same order that the component types are
placed in by the place-by-type method. By grouping k component types together
which are adjacent in the feeder tray set-up, we are guaranteed to improve the

placement sequence, and hence the assembly time of the PCB.
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2) The close group strategy.

This strategy is bascd on the idea that it is good to group types together that
are "close". In order to do this, we propose forming a complete graph G whose
nodes correspond to the different component types. Then, for any pair of
component types I and J, calculate the distance djj between them in G as follows.
For every iel, let mj be the distance from i to the closest component in J. Then let
d;j=MAX(m;) where i€ I. This measures the furthest you will cver have to travel
from some component in 1 in order to reach the closest component in J, and thus
can be considered a measure of the "closeness” of states I and J. To divide the
states into groups of size < k, we need to heuristically find the minimum weight

clique of size k in G, remove these nodes from G, and repeat.

3.2.3 Empirical Results

We implemented the place-by-type method and the state-combining
variation (using the adjacent reel strategy) on an IBM-PC using Turbo Pascal
version 7.0. The state-combining variation, however, was only implemented for
the inner-state-first procedure which seems to produce the best results. In addition,
we used k = 2 for the state-combining variation, i.e. we combined component types
into groups of size 2. We used these implementations to find assembly times for
PCB's from Mitel Industry ranging in size from 129 to 281 components. The

results are shown below in Table 3.3.

52



Place-by-Type State-
Method Combining
Variation
Board # | Number of | Number of | Inter- Inner- Adjacent
components | component | State- State- reel
types First First strategy
13501201 129 54 42.74s | 38.69s 37.0s
13424801 202 48 83.54s | 68.97s 66.65s
13424701 177 46 70.55s | 61.87s 58.5s
13588801 281 53 96.44s | B8.76s 85.46s

TABLE 3.3

From the statistics above, we obtain the general feeling that the place-by-type
method performs better when the inner-state-first procedure is used in the method
instead of the inter-state-first procedure. This was also the conclusion reported in
[AS92]. Furthermore, these statistics support our claim that the state-combining
variation using the adjacent reel strategy can improve assembly times by allowing
more feeder tray movement during the free time caused by the turret indexing

delay.
3.3 The Pairwise Exchange method

The pairwise exchange method was introduced by T. Leipala and O.
Nevalainen in [LN89]. This method was created for a one head sequential inserter

and is based on the concept of improving a given solution (i.e. a feeder tray set-up

and component placement sequence) by pairwise exchanges of the component
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reels and using a modified TSP heuristic. In checking pairs of component reels,
two component reels i and j are swapped positionally on the feeder tray if such a

swap results in a decreased PCB assembly time.

An overview of the pairwise exchange method is as follows.

1) Find an initial feeder tray set-up F.

2) Using F, find a component placement sequence S which minimizes
assembly time. Let t be the assembly time obtained.

3) Using S, perform pairwise exchanges of reels in F wherever such an
exchange improves production time. Let the final resulting fecder tray
set-up be F’.

4) Using F', find a placement sequence S8’ which minimizes assembly time.

Let t’ be the current assembly time. If t'<t, then let t=t’, F=F’, S=8' and go to

Step 3. Otherwise, stop.

Below we describe in detail the main steps of the method.

3.3.1 Finding an initial feeder tray set-up

In [LN89], three different methods are proposed for obtaining an initial
order for the component reels. These methods are based on completely different
solution strategies. The first method uses a minimum cost spanning tree, the
second uses a TSP solution, and the third uses a concept based on component
usage. Here we only describe the second method, which produced the best initial

values in [LN89].
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Let G=(V.E), and assume the /.. metric for the distance function.
i) Determine a minimum cost Hamiltonian path in G to determine a
component placement sequence.
ii) Determine a random feeder tray set-up.
iii) Apply pairwise exchanges on the feeder tray set-up until the assembly
time no longer improves. The resulting feeder tray set-up is used as the

initial feeder tray order for the component reels.

3.3.2 Finding a component placement sequence

Both steps 2) and 4) of the pairwise exchange method involve finding a
component placement sequence which minimizes production time while using a
given feeder tray set-up. In [LN89], they formulate this problem as a minimum
cost Hamiltonian path problem which they solve by using a modified furthest
insertion TSP heuristic. This modified heuristic tries to obtain a minimum cost
path instead of a minimum cost Hamiltonian cycle. In addition, they modified the
heuristic to start at an origin point zero and end on a particular node f instead of
starting and ending on two arbitrary nodes which are far apart. By restricting the
end node, however, several Hamiltonian paths would not be considered as possible
solutions. To avoid this, all alternatives for f which are not close to the origin are
considered. With these modifications made to the furthest insertion TSP heuristic,

Hamiltonian path problems can be solved.
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3.3.3 Performing pairwise exchanges on the feeder tray

Step 3 of the method involves a pairwise exchange of the component reels
until no further improvement of the production time occurs. The details of this

process are as follows:

REPEAT
i=1 to n (the number of component reels)
j=i+l ton
Swap component reel i with j if the assembly time improves.
UNTIL no swaps occur (i.e. assembly time can no longer be improved by

component reel swaps)

This pairwise exchange algorithm checks all possibie pairs of componcent reels as

possible swaps.

Note that in the problem formulation in [LN89], they permit multiple recls
of the same component type. Thus in their method, their pairwisc exchanges are ol
all possible pairs of component types and not of all possible pairs of component
reels. For instance, when component types i and j are exchanged, all feeder tray
locations with component types i and j are swapped to feeder tray locations
holding component types j and i respectively. However, when multiple reels of the
same component type are not permitted as in the gencral form of our problem, then

this reduces to the process described above.
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3.3.4 An cxample

Consider the following PCB production problem.
INPUT

1) The (x,y) locations of the components.

2) The type of component required at each location.

Node X y Component
Number | location | location Type
1 30 60 B
2 60 130 A
3 100 70 A
4 160 90 B
5 160 120 A
6 120 150 C
7 190 60 C
8 240 90 C
TABLE 3.4

57



3) The x-y table distance matrix obtained by using the /e, metric.

( All measurements are in millimeters).

Node | 1 2 3 4 5 6 7 8

0 70 170 130 | 130 90 160 [ 210

0 60 100 | 100 |60 130 | 180

0 60 (60 (80 190 140

0 20 120

1
2
3
4
5 0 40 160 |80
6
7
8

0

TABLE 3.5
4) Table movement rate = 35 units / 1.5 sec.
5) Feeder tray rate = | slot/ 1.5 sec.
6) Turret rotation rate = 1 station / 1.5 sec.
7) Pick-up and placement time = 0.1 sec.

8) A 12 headed turret which makes k = 6.

STEP 1:
Find an initial feeder tray set-up F.
i) Determine a minimum cost Hamiltonian path for the componcnt

placement sequence using the leo meltric.
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Minimum Cost Hamilfonlan Path
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Figure 3.3

The resulting Hamiltonian path using only the board information is the

following node order: 1,3,2,6,5.4,7,8 .
ii) Determine a random feeder tray set-up.

A random feeder tray set-up for the reels is

ABC.
iii) Apply pairwise exchanges on the feeder tray set-up until the assembly
time no longer improves. Assume the assembly time calculation given in

Section 2.3.1,

We first calculate the initial assembly time using the feeder tray set-up

and the component placement sequence we determined above.
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Initial assembly time = 0.1+1.6+1.6+3.143.1+1.64+1.643.1+
2.67142.671+1.814+1.6+1.6+2.243
= 28.399 sec.

Test swapping reels | and 2:
Try pairwise exchange of component reels | and 2, i.c. feeder tray set-up
(B,A,C).
New assembly time = 0.1+1.6+1.6+1.6+1.6+1.6+3.1+3.1+
2.67142.671+1.814+1.6+1.6+2.243
= 26.899 sec.
Assembly time is improved. Continue swapping using the new (ceder tray

set-up (B,A,C).

Test swapping reels | and 3:
The resulting feeder tray set-up is (C,A,B).
New assembly time = 0.1+1.6+1.6+1.6+1.6+1.6+3.14+3.1+
2.67142.671+1.814+1.6+1.642.243
= 26.899 sec.

No improvement in assembly time. Leave feeder tray set-up as

(B,A,C) and continue swapping.

Test swapping reels 2 and 3:

The resulting feeder tray set-up is (B,C,A).

60



New assembly time = 0.1+3.1+1.6+1.6+1.6+3.1+1.6+3.1+
2.67142.671+1.814+1.6+1.6+2.243
= 28.399 sec.

No improvement in assembly time. Leave feeder tray set-up as (B,A,C).

Reapply the algorithm for the pairwise exchanges of component reels:
Due to an improvement in assembly time, we must reapply the algorithm
for the pairwise exchanges of component reels using the feeder tray set-up

(B,A,C).

From the above, the initial assembly time = 26.899 sec.

Test swapping reels 1 and 2:
The resulting feeder tray set-up is (A,B,C).
New assembly time = 0.1+1.6+1.6+3.143.1+1.6+1.6+3.1+
2.671+2.671+1.814+1.6+1.642.243
= 28.399 sec.

No improvement. Leave feeder tray set-up as (B,A,C).

Test swapping reels 1 and 3:
The resulling feeder tray set-up is (C,A,B).
New assembly time = 0.1+1.6+1,6+1.6+1.6+1.6+3.1+3.1+
2.671+2.671+1.814+1.6+1.6+2.243
= 26.899 sec.

No improvement. Leave feeder tray set-up as (B,A,C).

61



Test swapping reels 2 and 3:
The resulting feeder tray set-up is (B,C,A).
New assembly time = 0.143.1+1.6+1.6+1.6+3.1+1.6+3.1+
2.67142.671+1.814+1.6+1.6+2.243
= 28.399 sec.

No improvement .

The pairwise exchange algorithm is complete and generated no
improvements. The resulting feeder tray set-up and thus, the initial {ceder

tray set-up F is (B,A,C).

STEP2:
Using F = (B,A,C) find a component placement sequence S which

minimizes assembly time. Let t be this assembly time.

The resulting component placement sequence which minimizes assembly
time did not change and is as follows:

S=13.2,6,54,78.
Thus, the resulting assembly time would not change and is

t = 26.899 sec.

STEP 3:
Using S, perform pairwise exchanges of reels in F whenever such an
exchange improves production time. Let the final resulting feeder tray

set-up be F'.
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Since the new component placement sequence S did not change from the
original component placement sequence, applying the pairwise exchange

algorithm again will not improve production time. As a result F’ = (B,A,C).

STEP 4 :
Using F, find a placement sequence 8" which minimizes production time.
Let t’ be the current production time. If t'< t, then let t=t’, F=F’, $=§’, and

0 to Step 3. Otherwise, stop.

Using F’, we obtain the same placement sequence as S. Thus 8’ = § and the
production time t" = 26.899 sec. Since t’ = t, we stop with the following

feeder tray set-up and component placement sequence.

Feeder tray set-up = (B,A,C).

Component placement Sequence = 1,3,2,6,5,4,7,8.

3.4 Proposed improvements for the Pairwise Exchange method

3.4.1 Modifications used in our implementation

In our implementation of the pairwise exchange method, we had to modify
the method used for finding a good component placement sequence when the
feeder tray set-up is given (i.e. Steps 2 and 4 in the pairwise exchange method).
The reason is that their method was created for a one headed sequential inserter.
With this type of machine, a component is picked up and is immediately inserted

into the PCB. Due to this property, the cost to insert a component j after inserting
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component i will be calculated from the x-y time required to traveled between
component location i and component location j, and the feeder tray time required
to traveled between the component reel holding component i and the component
reel holding component j. Since the cost between any two component placements
can be determined and the cost to insert component j aftcr component i is the same
as the cost to insert { after j (i.e. symmetric), they could formulate this problem as a
minimum cost Hamiltonian path problem and use their modified furthest insertion

TSP heuristic to solve it.

For a 2k headed turret machine, we know that the feeder tray is always k
components ahead of the x-y table. When the ith component in a component
placement sequence is being placed the i+kth component in the same sequence will
be picked up. Due to this fact, we are not able to determine the cost between any
two component placements given the feeder tray set-up unless the component
placement sequence is also known, and the problem of finding a cheapest

component placement sequence can no longer be formulated as a TSP.

We tried two different approaches for finding a good component placement
sequence when the feeder tray set-up is given. The first approach is based on the 2-
opt tour improvement heuristic for the TSP (see [L86] for a description of this
heuristic). The main step in this approach is to take an existing component
placement sequence and remove two non-adjacent edges. Two new edges are then
inserted to reconnect the tour in a different fashion. This edge swap is kept if the
new resulting tour is cheaper. Usually, the cost of the two edges removed i
compared to the cost of the two new edges added to determinc if an improvement
has been made. For our problem, however, when the tour changes , the cost

between component placements changes, as it depends on the new lour.
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Conscquently, we had to use the assembly time caiculation in Section 2.3.1 to see

if the new tour is an improvement,

By adapting the 2-opt heuristic to recalculate the tour cost every time two
edges were deleted and two new edge: were added, and using it in the pairwise
exchange method, a considerable amount of CPU time is required to obtain a
solution to the pairwise exchange method. From our results, approximately forty
minutes of CPU time was required to apply the pairwise exchange method using
this 2-opt heuristic on a PCB requiring 202 component placements. This large time
requirement is the result of having to recalculate the entire tour cost when any tour
improvement is considered in the 2-opt heuristic, and makes this solution strategy
undesirable. Note that because of this large time requirement for this adapted
heuristic, we stopped our algorithm after running it for over two hours on one of

the PCB, and thus obtained no solution for the PCB. (See Tables 3.6 and 3.7.)

The second solution strategy we tiried for determining a cheapest
component placement sequence involved ignoring the delay between the
component being picked up and the one being inserted, thus treating the machine
as if it was a one headed sequential inserter. This allows us to model this problem
as a TSP, in which case we can use the very successful Lin-Kernighan TSP
improvement heuristic to try to minimize the x-y table and feeder tray travel
distances. Although we are not minimizing assembly time directly, we should note
that minimizing the x-y table and feeder tray travel distances will generally
decrease the assembly time of a PCB. The reason for this is that although the
feeder tray is k components ahead of the x-y table in a component placement
sequence ¢1,2,....Cp » the actual assembly time calculation uses the time required

for the x-y table to move between each of these component placement locations
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and the time required for the feeder tray to move between the component reel for
each of these components. Realizing this, any method that produces a Hamiltonian
path that minimizes the x-y table and feeder tray movement can decrease the

assembly time required by a pick-and-place machine and can be considered a

heuristic for minimizing assembly time.

Although we are not minimizing assembly time directly, the results we
obtained by using the Lin-Kernighan heuristic to minimize the x-y table movement
and feeder tray movement for different problems was excellent. Since the
assembly time is calculated based on the x-y table and feeder tray movements, we
obtained excellent solutions for the assembly time of PCBs. In fact, the assembly
times we obtained for different problems by using the pairwise exchange mcthod
to minimize the x-y table and feeder tray movement outperformed the results
obtained by the very slow pairwise exchange method that used the modified 2-opt
heuristic to minimize the assembly time directly. (See Table 3.6). We belicve the
reason for this is that we were able to use a much better TSP heuristic (Lin-
Kernighan) to minimize the x-y table and feeder tray movement than what we
could use for minimizing the assembly time problem dircctly due to the time
requirement necessary for using even the adapted 2-opt heuristic. To sce just how
much CPU time is required to obtain solutions using both solution strategics,

consult Table 3.7.

Recall that the machine specifications used for testing is given in Section

2.4 and is the same specifications we used when testing the place-by-type method.
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Heuristic

Pairwise 13501201 | 13424801 | 13424701 | 13588801
Method PCB PCB PCB PCB
Minimizing x-y { 39.88 sec. | 60.72 sec. | 54.82 sec. | 85.0 sec.
& Feeder mov.
Minimizing 43.4 sec. | 71.47 sec. | 57.47 sec. N/A
assembly time
TABLE 3.6 Assembly Time Required
Heuristic
Pairwise 13501201 | 13424801 | 13424701 | 13588801
Method PCB PCB PCB PCB
Minimizing x-y 5 Min. 12 Min. 12 Min. 36 Min.
& Feeder mov.
Minimizing 7 Min. 39 Min. 27 Min. 2 Hrs. +
assembly time

One final improvement we made to the pairwise exchange method was to

TABLE 3.7 CPU Time Required
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update the feeder tray set-up F in Step 3 right after the pairwise exchanges and
climinate the use of a temporary feeder F’. In [LN89], the pairwise exchange of
component reels could improve the assembly time using an existing Hamiltonian
cycle, but when a new cycle is found using this new feeder tray set-up, the
assembly time could actually get worse. The reason is that the furthest insertion
heuristic used in [LN89] is a TSP construction method and finds a whole new

Hamiltonian cycle based on this new feeder tray set-up. Since it is a heuristic, a




better feeder tray set-up does not mean that the placement sequence found will
produce a better assembly time. Consequently, when an improvement is made by
pairwise exchanges, we should keep these changes and not wait to see if the new

feeder tray set-up and the new placement sequence produces a decreased assembly

time.

Although our problem is using TSP improvement methods which cannot
make the tour any worse, we still update the feeder tray sct-up F after the pairwisc
exchanges of components and eliminate using a temporary feeder F'. The rcason is
that our TSP improvement methods are being used on the problem of minimizing
x-y table and feeder tray movement and not on minimizing assembly time directly.
As a result, our TSP improvement method can only reduce x-y table and fecder
tray movement, but it may actually increase assembly time. If the assembly time is
increased more than what the pairwise exchanges decreased it then we would have
lost the improvements made by the pairwise exchanges by following their
algorithm. With our modification this improvement is not lost and only the new

component placement sequence would be discarded.
3.5 Comparing the Place-by-Type method and the Pairwise Exchange method

In both the place-by-type method and the pairwise exchange method
described earlier, we described and implemented different improvements to these
methods. Due to the different versions of each method that we implemented, we
will only compare the version of the place-by-type method and the pairwise

exchange method that produced the best empirical resulls.
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We can see that the empirical results for the place-by-type method given in
Table 3.3 indicates that the version of the place-by-type method that produces the
best results is the method that uses the inner-state-first procedure and our state-
combining variation that uses the adjacent reel strategy. In addition, the empirical
results we obtained for the pairwise exchange method given in Table 3.6 indicates
that the version of the pairwise exchange method that produces the best results is
the method that minimizes x-y table and feeder tray movement. As a result, we

compared these versions of the two methods. (See Table 3.8.)

Place-by-Type Method | Pairwise Exchange
Board # | (State Combining Var.) } Method (min. x-y
& feeder Mov.)
13424701 58.5s 54.82s
13501201 37.0s 39.88 s
13588801 85.46s 85.0s
13424801 66.65 s 60.72 s

TABLE 3.8

From Table 3.8, we can see that in all but one of the boards we were able to
obtain a better assembly time with the pairwise exchange method that minimizes
the x-y and feeder tray movement than we could with the place-by-type method
using the state-combining variation. We believe the reason is that the pairwise
exchange method makes better use of the concurrency that exists between the x-y
table and feeder tray movement. With the place-by-type method, this concurrency

is not taken advantage of at all. This method ensures that there are no feeder tray
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delays which often causes longer x-y table movements and thus longer delays. The
pairwise exchange method, however, tries to balance the x-y table and the feeder
tray movement. By doing this, the x-y table delays arc decreased and the extra
feeder tray delays created can usually take place during the x-y table movement

(due to concurrency). The result is often a decreased assembly time.
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CHAPTER 4

Lower bounds for the PCB assembly problem

With the use of heuristic methods, it is important to determine the quality of
the solutions obtained. If this is not done, we have no way of determining how
well our heuristics are performing. One way to determine if a heuristic solution is
closc to optimal is by finding an appropriate lower bound, which is a number %
such that the cost of any feasible solution (and in particular, the cost of an optimal
solution) for our problem is > k. If this lower bound value is close to the value
obtained by our heuristic solutions then this indicates that the heuristic solutions
arc performing well. However, it should be mentioned that if the lower bound
value and the heuristic solution value are not very close then this does not
necessarily indicate the heuristic solution is bad. It may be that the heuristic

solution is actually close to the optimal, but the lower bound is poor.

In this chapter, we report a simple lower bounding technique for the PCB
asscmbly problem first mentioned in [LN89], and then suggest three possible ways

{o improve it.
4.1 A simple lower bound

To obtain a lower bound for the assembly time on high-speed machines, we
must first consider the minimum amount of time required by these high-speed

machines to complete a pick-and-place cycle. As previously mentioned, this

minimum time requirement, known as the minimum pick-and-place cycle time,
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can only be obtained when there is no feeder tray or x-y table delays. As first
noticed in [LN89], by eliminating these two calculations from the pick-and-place
cycle time calculations, and consequently from the assembly time calculation in

Section 2.3.1, we obtain a lower bound for the PCB assembly problem.

In more detail, this lower bound for 2k headed turret machines is as follows.
First we must determine the number of pick-and-place cycles necessary o
complete the assembly of a PCB. To obtain this value, we must realize that there
are k pick-and-place cycles required to load the turret and, assuming that there are
n components to be placed, #n more pick-and-place cycles are required to complete
the assembly of the PCB. All of these pick-and-place cycles except for the very
first one require at least the minimum pick-and-place cycle time. Thus, there are
(n+k-1) pick-and-place cycles that require at least the minimum machine pick-and-
place cycle time. The initial pick-and-place cycle, however, does not require the
minimum pick-and-place cycle time because the turret does not have to rotate (o
align any head for a component placement or pick-up. Consequently, the initial
pick-and-place cycle is reduced to a simple pick-up operation. Knowing this, a

lower bound LB1 for our 2k headed turret machine can be calculated as follows:

LB1 =P + (n+k-1)*(Turr+P),
where
P = Either the pick-up or placement time and

Turr = Turret indexing delay.

72



4.2 Methods for obtaining improved lower bounds

The lower bound LB1 given above assumes that the required x-y table and
feeder tray movements can be completed during the turret indexing delays.
However, by assuming no delays from the x-y table, we may be losing information
that could be used to improve the lower bound. Below we describe three methods
that attempt o obtain a better lower bound for the assembly time of a PCB by
determining the minimum amount of extra x-y table time that will be required

beyond the turret indexing delay for each component placement on a PCB.

4.2.1 The next closest component strategy

The first strategy we thought of for obtaining an improved lower bound is
to simply add on to the lower bound LB1 a minimum amount of x-y table deley
that will be generated from necessary x-y table movements. To obtain this extra x-
y lable delays, we use a method called the next closest component strategy. We
calculate from each component placement the x-y table travel distance to the next
closest placement location on the PCB. By determining the minimum x-y travel
distance from each component location, we can determine if any of them require
more time than the turret delay. For the ones that do, the difference between the
turret delay time and the minimum x-y travel time for each of them will be the
minimum amount of x-y table time required to position the PCB from each of
those particular component locations to some other location. If we now add up all
these differences, we will produce the minimum amount of x-y table delay that
could not be completed during the turret delay but is still necessary to assemble the
PCB. This minimum amount of time can also be considered the extra x-y table

time (ExyTT).
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It is important to “ention that the component placement sequence we arc
finding is a Hamiltonian path. For this reason, the last location in this path does not
have the x-y table traveling to any other location on the PCB. We did, however,
incorporate the extra x-y table delay, if any, that could not be completed during the
turret delay, from this last component to the next closest location. In the worst case
scenario, this would be the maximum delay we added. Consequently, we have to
subtract out the maximum delay we added to the ExyTT before adding it to the

lower bound found earlier.

The improved lower bound LB2 obtained for the PCB assembly problem

using the above strategy is as follows:

LB2 =P + (n+k-1y*(Turr+P) + ETt

Where
n = The number of component placements.
Turr = Turret indexing delay.
P = Either the pick-up or placement time.

ETt = ExyTT - Max x-y table delay that was added to ExyTT.

4.2.2 Two strategies based on TSP lower bounds

Before considering our next two strategies for obtaining improved lower
bounds on the assembly time of a PCB, it is important to note that if we ignore
feeder tray delay in the PCB assembly problem, then the problem becomes a
minimum cost Hamiltonian path problem, where the cost cjj from placement

location i=(xj,y;) to j=(xj,yj) is calculated as follows:
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Cjj = max ( lej_yi|,T|xj_xi|,Turr)+P,

where
P = Either the pick-up or placement time
Turr = Turret indexing delay.

Tla-b| = The x-y table time required to travel a distance of |a-b).

As this minimum cost Hamiltonian path problem can be converted to a TSP
using the method described in Section 1.6, we can use lower bounding techniques
from the TSP to determine a lower bound on the cost of the optimal Hamiltonian
path, which is < the optimal PCB assembly cost. Note the assembly time
corresponding to a Hamiltonian path must include the time to load the turret and
place the first component since these tirues are not included in the assembly time
obtained from a Hamiltnian path. This load time includes the pickup time for the
first component and the pickup time and the turret index delay for the k-1 other
components needed to finish loading the turret. Finally, we add the time required
to place the first component which includes the turret indexing delay and the
placement time. Thus, we can add

TurrLoadP = P+k*(Turr+P)

o our lower bound calculation.

The first TSP lower bounding technique that we consider is the one
obtained by finding a minimum cost spanning tree [L86], which was also
suggested in [LN89] but without any details. By calculating the minimum cost
spanning tree using cjj above, its cost plus TurrLoadP will give us a lower bound

on the assembly time of a PCB. We call this bound LB3.
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Note that since the cost of a minimum spanning tree is also a lower bound
for a minimum cost Hamiltonian path, we do not need to convert this to a TSP

problem to calculate LB3.

The second TSP lower bounding technique that we consider is the 1-trce
relaxation technique described by Held and Karp [HK70]. This method starts off
by finding a minimum cost spanning tree. [t then finds for each of the nodes that
have degree one the second closest node in the tree. The node with the largest cost
is then joined to its second closest node forming a unicyclic graph called a 1-tree.
The sum of the edge costs in this 1-tree is a lower bound on the length of a
minimum cost tour. Following this, costs involving nodes with degree>2 arc
penalized while costs involving nodes with degree=1 are rewarded. These costs arc
changed in such a way that the change does not affect the choice of the optimal
tour, only its value. The method is then repeated until all nodes have degree 2 or

the user stops the algorithm.

If HK is the lower bound calculation using the above method, then our
lower bound is HK plus the cost to load the turret. (Note that the time for the first
component placement is already included in the lower bound of the l-tree.)
Consequently, our lower bound is

LB4 = HK + TurrLoad
where

TurrLoad = P+(k-1)*(Turr+P).
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4.3 Results

In order to determine which of these lower bounding methods seems to
produce the best lower bounds for the assembly time of PCBs, we compare the
lower bounding methods on ten different PCBs. These lower bounds were
obtained assuming the machine specifications given in Section 2.4, except for the
x-y table movement rate. Here we assumed that the machine could only move
5mm during the turret indexing delay instead of 20mm. This was done to avoid
applying lower bounding techniques that cannot take advantage of calculating
extra x-y table time because the components are so densely packed that the x-y
table can always get to a different component placement during the turret indexing
delay. Consequently, slowing down the x-y table ensures that x-y table delays will
occur for a PCB allowing us to emphasize which lower bounding technique

described above works best. The results we obtained are as follows:

Board # # of LB1 (Min. | LB2 (Next LB3 LB4
components | machine closest (MST) (1-Tree)
cycle time) | component)
13689701 112 28.1s 300s 32.2s 33.2s
13738401 82 20.6 s 21.8s 24.0s 249 s
13813501 127 319s 32.8s 355s 36.7 s
13813601 146 36.6 s 38.3s 41.5s 43.1s
13742301 131 329s 349 s 38.0s 39.1s
136725R 1 43 109 s 12.2s 158 s 16.3s
13424701 177 444s 46.8 s 51.5s 53.7s
13501201 129 324s 34.1s 37.7s 38.6s
13588801 281 704 s 75.8 s 83.0s N/A
13424801 202 506s 529s 584s N/A
Table 4.1
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From this table, we can see that the 1-tree relaxation lower bound performs
the best. As described above, however, if a PCB has the property that the
components are densely packed and the x-y table is able to get to a diffcrent
component placement during the turret indexing delay then it is likely that the
lower bound will not be increased by considering extra table time. The minimum
amount of table time required from each component placement will likely occur
during the turret indexing delay. Only if the components on the PCB arc sparse or
the x-y table has very little time during the turret indexing delay to position itsclf
will the lower bound be likely to be increased by calculating extra x-y table time,

as in LB2, LB3, and LB4.

It is important to note that although many of the PCBs being produced arc
densely packed, the new high-speed pick-and-place machines currently being used
often have different head speeds at which the turret operates. For reasons described
in Section 5.2.1, these machines must place all the components at the fastest head
speed first and then all components at the next fastest speed and so on. For this
reason, the component placement sequence for each speced group is solved
individually creating the property of a sparse board. Consequently, the calculation
of extra table time on dense boards when using these types of high-speed machines

is still advantageous.

4.4 The lower bound gap

Having determined that the 1-tree relaxation lower bounding method
performs the best, we can now determine how good our heuristic solutions
performed in Chapter 3 by comparing them against the lower bounds we obtain by

using the 1-tree method. In this comparison, we only compare the assembly times
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we obtained for four different PCBs using our best two heuristics from Chapter 3
against the juwer bounds we obtained for the assembly time for each PCB using

the |-tree relaxation method.

Pairwise Exchange | Lower
Board # | Method (min. x-y | Bound % Gap
& feeder Mov.) (1-Tree)

13424701 54.82s 44,35 s 19 %

13501201 39.88 s 3235 19 %

13588801 85.08 70.35s 17 %

13424801 60.72 s 50.6 s 17 %
TABLE 4.1

Also reported in Table 4.1 is the % Gap, which represents how far the
heuristic solutions are from the lower bound as a percentage, which can be

calculated using the following formula:

% Cap = Heuristic Solution - LowerBound
P = Heuristic Solution

100

From the empirical results given above, we see that on average the lower
bound gap for the four boards is 18%. This means that the pairwise exchange
method that minimizes x-y table and feeder tray movement is on average within at
lcast 18% of the optimal solution when we assume the same machine
specifications we used for testing (see Section 2.4). Without this lower bounding
concept, we would have no way of determining how good our heuristic methods

are actually performing.

79



CHAPTER 5

Adapting the Pairwise Exchange Method
to the Mitel environment

One of the high-speed pick-and-place machines currently being used by
Mitel for high-volume PCB assembly is the Panasonic MVII{LL) NM2559B
machine. To solve the feeder tray set-up and component placement sequence
problem associated with the assembly of a PCB, Mitel uses a very sophisticated
software tool called Panatools, which is commercially distributed by Panasonic for

use on Panasonic high-speed pick-and-place machines.

Since the Panasonic MVII machine used at Mitel differs from our gencral
model of a high-speed pick-and-place machine in several ways, the methods
discussed in Chapter 3 cannot be applied directly to the Mitel environment. [n this
chapter, we discuss ways to adapt the best method from Chapter 3, the pairwise
exchange method, to the MVII machine. We also report on how this adapted

version of the pairwise exchange method faired against Panatools in assembly

time.
5.1 Differences between the MVII machine and our general model

There are three main differences between the MVII machine and our

general model of a high-speed pick-and-place machine described in Section 2.1.
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They are:
i) Multiple head speeds.
ii) Multiple component reel sizes and types, and dead space.

iii} Feeder tray restrictions.

5.1.1 Multiple head speeds

The MVII machine has eight different head speeds at which the turret can
operate. The fastest head speed is head speed 1 and the slowest is head speed 8.
Each component to be placed by the machine has a particular speed at which it
must be placed. This head speed that is associated with each component is

essentially determined by the component's size and shape (volume).

In order to understand why this high-speed pick-and-place machine and
many like it require different head speeds, we must realize that these machines are
used to place very small to very large components, and that they often use air
suction to pick-up and hold the component to be placed against the pick-and-place
head. When a small component is picked up, the turret can index one station very
quickly without having the component fly off. With larger components, however,
this air suction used to hold the component against the pick-and-place head is not
sufficient to allow the turret to index quickly. Consequently, the larger the
component, the slower the turret must index. The placement operation, which also
siows down with the head speed, is another reason that different head speeds are
required. If a larger component is placed at a fast head speed, that component will
have a fair amount of inertia. This inertia caused by the component weight could

possibly damage the component or the board itself on placement.
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5.1.2 Multiple component reel sizes, types and dead space

In our model of a high-speed pick-and-place machine, we never make any
distinction between the component reels for the different component types.
However, different components have different sizes and shapes. These different
component sizes are stuck to tapes of different widths. These different sized tapes
are then placed onto appropriately sized component reels. Since there arc different
sizes of tapes, a different sized component reel exists for each one. At Mitel, there

are six different sizes of component reels.

Besides the different sizes of tapes, it is important to mention that there arc
two types of tapes to which the components can be attached. The first is an
embossed tape, and the second is a paper tape. A different type of component reel
exists for each. If we now give the size and type of tape to which a component is
attached, we will be indicating how the component is being supplied, known as the

supply method.

With the property that the component reels have different sizes, we can no
longer assume that a component reel will fit into a single feeder tray slot, as we did
in our general case. In fact, the idea that a component reel is placed directly in a
feeder tray slot is not quite valid. In reality, the component reels are placed into
component feeders, and then it is these component feeders that are placed onto the
feeder tray. Since the MVII has six different sized component reels and two types

of feeder tapes, it requires twelve different component feeders.

In addition to having different sizes of component feeders and component

feeders for the different tape types, the MVII machine also has two different types
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of component feeders that it uses, which are known as single feeders and double

component feeders.

The single feeders have different sizes to hold the different sizes of
component reels. However, they all have one common property. This property is
that they are only able to hold one component reel. On the other hand, the double
component feeders are able to hold two component reels, one mounted on each
side of the double component feeder. The two component reels mounted on a
double component feeder will be equally spaced and will each have their own

feeder number.

It is obvious that double component feeders are the best possible feeders to
use on the MVII machine. Besides doubling your feeder tray capacity, the feeder
tray distance required to travel between two adjacent component reels on a double
component feeder is approximately half the distance required by the feeder tray to
travel to an adjacent component reel on single feeders. Thus, using double
component feeders reduces the amount of feeder tray travel distance and possibly
assembly time. However, double component feeders can only be used under
certain circumstances and have certain restrictions. First of all, only the component
reels in the smallest size class can be placed on a double component feeder.
Secondly, both sides of a double component feeder must have the same supply
method. Thirdly, a double component feeder that is being used on a feeder tray
must have component reels on both sides before another double component feeder
with the same supply method can be placed onto the feeder tray. Lastly, there is a
limited number of double component feeders which typically, at Mitel, do not
provide enough feeder tray capacity to accommodate all of the small-sized

components for a PCB.
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As a consequence of having different sizes and types of teeders, it is not
always possible to put two feeders directly beside one another, as in the gencral
model. It is sometimes necessary to leave dead space between adjacent feeders.
Dead space is the number of slots which must be left empty to permit two

particular feeders to be placed side-by-side.

By describing the different types and sizes of feeders, it is easy to visualize
that the different sized feeders and types can take up differcnt amounts of room on
the feeder tray. As a result, different dead space requirecments arc necessary
between the different sizes and types of feeders. For instance, a double component
feeder that is going to be placed to the left of another double component feeder
may require 1 slot between them. However, if the same sized single feeder is
placed to the left of the same sized double component feeder, two slots may be
required between them. The dead space requirements between all the different

pairs of feeders for the Mitel machine can be found in [Pan92a].

5.1.3 Feeder tray restrictions

The complexity of the feeder tray for the MVII machine made it necessary
to make a few adaptations to our implementation of the pairwise exchange method.
The MVII machine actually has two feeder trays, a left and a right, each with
exactly 75 slots. These feeder trays can be used in different modes. The mode that
is currently being used at Mitel is the connection mode, in which the two feeder
trays are connected to form one feeder tray with 150 slots. This method is used

whenever a feeder tray capacity of greater than 75 slots is required.
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One prcblem that arises in the connection mode is that a considerable
amount of space is lost where the two feeder tray are connected. As a result, our
implementation of the pairwisc exchange method must take into consideration the

amount of extra time required to jump from one feeder tray to another.

Another complication that arises from the feeder tray on the MVII machine
is that there are certain locations on the feeder tray that have reinlorcement ribs.
These reinforcement ribs create a certain amount of dead spacc on the feeder trays
that prevents some of the feeders from using certain slots close to these
reinforcement ribs. The exact slots that cannot be used by these feeders duc to the
reinforcement ribs are given in [Pan92a]. As a result, we again had to adapt our

implementation to ensure these new restrictions were not violated.

5.2 Adapting the Pairwise Exchange Method to the MVII machine

In order to apply the pairwise exchange method to PCBs being built on the
MVII, we must first investigate strategies for adapting this method to handle cach
of the previously mentioned differences between the MVII and our gencral

machine model.

5.2.1 Adapting to multiple operation speeds

The first adaptation we had to make to the pairwise exchange method was
caused by the MVII machine having eight different speeds for the turret instead of
just one. With these eight different speeds, the MVII machine must place all the
components at the fastest head speed first and then all the components at the next

fastest speed and so on in order to be as efficient as possible. To understand this,
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consider what happens when one of the components on the turret must rotate at a
slow head speed, while all the other components on the turret can rotale at a fast
head speed. In this scenario, the turret is forced to rotate at the slowest speed

required by any component on the turret.

By having to place the components at the fastest head speed first and then
the components at the slower head speeds, we had to adapt our methed to solve
cight separatc problems instead of one large problem. To do this, we group all the
component locations for each speed group, and then we group all the component
types required for each of these groups on the feeder tray in the order of fastest
speed group to slowest speed group. We can then apply the improved pairwise
exchange algorithm given in Chapter 3 to each of the eight different groups of
component locations and their corresponding group of component types on the
feeder tray. Following this, we will obtain a component insertion sequence for
cach speed group and an associated feeder tray set-up for that group. We then
combine these solutions by using the solution to the fastest speed group followed

by the next fastest speed group and so on.

There were, however, certain problems that arose with this adaptation of the
method. The first problem was that the solution to the component insertion
sequence and the feeder tray set-up for one group does not take into consideration
where we ended on the x-y table and the feeder tray in the preceding group. By not
taking this into consideration, the x-y table and feeder tray movement required
from the last component placement and pick-up of one group to the first
component placement and pick-up of the next group can both be extremely long,

causing increased assembly times.
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To address this problem, we include the last x-y and feeder tray position
used in the solution for the previous speed group as the starting location lor the
following speed group. By incorporating this information, the [lirst component
placement and pick-up will be based on where the feeder tray left off in the

previous speed group, which will reduce assembly times.

The second problem we had to address deals further with the feeder tray
movement. When the feeder tray completes its last component pick-up lor a
particular speed group, it has to move to the next group of component types which
immediately follows the previous group of component types. If, however, the
feeder tray has its last component pickup near the start of the feeder tray set-up for
that group of component types, then the feeder tray has to travel over all the feeder
slots assigned for that group of component types before getting to the next group.
To try to avoid this situation, which can cause increased assembly times, we can
incorporate into the assembly time used for the pairwise method the cost for the
feeder tray to travel to the last feeder tray slot for the particular group of
component types on which it is working. By doing this, solutions will be generated
that iake into consideration the amount of feeder tray movement that will be

required to get to the next group of component types.

In addition to the above problems, it is important to mention that certain
pick-and-place machines are not able to position the x-y table and the fecder tray
for the first component placement and pick-up during the overhead operations
required before the assembly of a PCB. If this is the case, then it iy important to
generate a solution for the initial speed group that takes into consideration the
location of where the x-y table and the feeder tray are starting off, known as the

home pasitions. By doing this, you can possibly avoid a long x-y table and fceder
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tray movement for the first component placement and pick-up. Sometimes the
home position for the x-y table is a PCB mark, which is a mark that is checked in

order to determine if the PCB is perfectly aligned before assembly.

The problem of a home position, however, is not an issue for the MVII
machine, since the x-y table and the feeder tray are able to position themselves for
the first component placement and pick-up during the overhead operations
required before the assembly of a PCB. Consequently, our implementation of the
pairwisc exchange method did not incorporate home positions for the x-y table and

feeder tray when generating a solution,

5.2.2 Adapting to multiple component reel sizes and types, and dead space

Due to differences in component reel sizes, types and the different dead
space requirements between adjacent feeders, the pairwise exchange algorithm can
no longer simply swap any chosen pair of component reels to try to obtain a better
feeder tray set-up. For instance, a 12mm component reel cannot be swapped from
its 12mm feeder onto a 16mm feeder. Nor can a 16mm feeder be swapped with the
12mm feeder due to the differences in space required between the adjacent

feeders. Consequently, we had to modify our concept of swapping.

In order to obtain the best possible feeder tray set-up, we have to try to
swap as many component types as possible on the feeder tray without violating any
of the feeder tray restrictions described so far. To do this, we must first consider
which component reels and feeders can be swapped without violating these
restrictions. Certainly, we know that any single feeder can be exchanged with

another single feeder if both feeders are of the same size. In addition to this, we
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can conclude from the table given in [Pan92a] which indicates the dead space
requirement between different feeders, that certain different sizes of single feeders
can be exchanged with cach other without violating the dead space requirements,
since they have the same dead space requirements when placed beside any of the

other sized feeders, i.e. they require the same number of slots between the different

sized feeders.

When we consider what can be swapped in and out of the double
component feeders, we must remember that both sides of the double component
feeder must have the same supply method. Keeping this in mind, we can swap any
sized component reel, whether it is on a single feeder or a double component
feeder, with the same sized component reel on a double component feeder if it has
the same tape type. To further increase the swaps that can occur, we also consider
swapping entire double component feeders that have the same size tape reels but

differing tape types.

Besides having to adapt our method to ensure that the correct amount of
dead space exists between any two adjacent feeders, we also want to gencrate an
initial feeder tray set-up which takes the least amount of feeder tray capacily so as
to reduce the amount of feeder tray movement. To do this, we realized from
looking at the dead space requirements given in [Pan92a] that by placing the
feeders within each speed group in increasing size, the amount of feeder tray
capacity required is reduced. The reason for this is that the design of the feeders
allow feeders of the same size to be more closely packed then two adjacent feeders
that are of different sizes. Thus, the mixing of feeder sizes in a feeder tray causes
extra feeder slots to be lost. As a result, we adapted our method to place all the

required feeders for a particular speed group in increasing order of size in the
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feeder tray. In addition, we should mention that we placed all the double

component feeders before all the single component feeders of the same size.

5.2.3 Adapting to feeder tray restrictions

Two differences in the MVII machine's feeder tray and the feeder tray for
our model are the middle connection of the feeder trays and the reinforcement ribs

that exist on the MVII machine's feeder tray.

To address the problem of the middle connection, we had to first determine
how tong it takes the feeder tray to jump between the two feeder trays. Since this
value was not indicated in any of the manuals for the MVII machine, we had to
cstimate this time using the method we describe in Section 5.4. After determining
this value, our implementation simply adds this additional amount of time to any

feeder jumps required between the two feeder trays.

In our implementation, we found two instances where we had to consider
reinforcement rib violations. The first was when we built the initial feeder tray set-
up. The second place, which was not so obvious at the time, was when certain
sized component feeders are swapped with certain other sized component feeders.
In some instances, two feeders cannot be swapped due to reinforcement rib

restrictions.

5.2.4 Overview of the adapted Pairwise Exchange Method for the MVII machine

1) For each speed group i=1,2,..,8, group together all the component placements

for that speed group. Let each component placement group be C;.
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2) Find an initial feeder tray set-up F by grouping all the component types
required for head speed one followed by al! the component types required for
head speed two and so on. For each group, place the required fceders in
increasing size. Let Fj be the section of the feeder tray holding the component

types for head speed i, i=1,..,8.

3) For each of the speed groups i=1,..,8 do the following:
a) Using the feeder tray section Fj and component group Cj, obtain a
component placement sequence S by using the method described in
Section 3.4.1 and our adaptations in Section 5.2.1. Let tj be the time
required to complete the assembly of all the component placements at

head speed i by using Fj, Sj and equation 2.1.

b) Using S;, perform pairwise exchanges of reels in Fj (as outlined in
Section 3.3.3 and by incorporating our adaptations in Sections 5.2.2 and
5.2.3), wherever such an exchange improves the assembly time required
to place the components in head speed i. Let the resulting feeder tray

set-up be placed back into Fj.

¢) Using Fj and C;, find a placement sequence S;” which minimizes
production time for that head speed. Again use the methods described in
Section 3.4.1 and our adaptations in Section 5.2.1. Let tj’ be this
production time. If tj’<t;, then let tj=t;’, ${=8j’, and go to Step 3b).

Otherwise stop.

91



43 Obtain the solutions to the feeder tray set-up and component placement
scquence by combining all the feeder groups Fj in the order i=1,..,8 and the

component placement sequences Sj in the same order.

5.3 Lower bound adaptations

The lower bound calculation LB1 given in Section 4.1 for our machine
model, which is based on the minimum amount of time required for the machine to
complete a pick-and-place cycle, is not valid for the MVII machine, since it has
multiple head speeds. There is a minimum pick-and-place cycle time for the MVII
machine for each of the eight head speeds. These minimum pick-and-place cycle
times are given in [Pan92b] and are referred to as the ract time for each head

speed.

To be able to calculate a lower bound for the assembly of a PCB, we must
now determine the number of pick-and-place cycles required at e2<h head speed.
For every head speed except the last one, the number of pick-and-place cycles
required is equal to the number of components that have to be placed at that head
speed. For the last head speed, however, we must realize that if we make the
number of pick-and-place cycles for this head speed equal to the number of
components to be placed at that head speed the turret will still be fully loaded with
components. To unload the remaining components from the turret, an additional k&

pick-and-place cycles are required at that head speed.

Besides the above information, only one other point must be considered
before we can give our lower bound calculation for the MVII machine. As in our

general case, the very first pick-and-place cycle does not require the minimum
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pick-and-place cycle. The reason is that the turret should be empty, and s a result,
the turret will not need to rotate before picking up the first component,
Consequently, the initial pick-and-place cycle is reduced to a simple pick-up

operation.

Given the above information, the lower bound calculation is obtained by
multiplying the number of components in each head speed by the minimum pick-
and-place cycle time for that head speed. The only exceptions are that the very first
pick-and-place cycle is reduced to a simple pick-up operation, and an addition &
pick-and-place cycles are required to unload the turret. Knowing this, a good lower

bound LB5 for our MVII machine can be calculated as follows:

8
LB5= P1+((N1-1D*T1) + Y (Ne* Tt} + (b * Ts)
i=2

Where :
P1 = Pick-up time at the first head speed (estimated as half the tact
time for that head speed)
N = The number of components to be placed at head speed i,
i=1,2,3,4,5,6,7,8.
Tt = The tact time required for head speed i, i=1,2,3,4,5,6,7.8.
% = The number of pick-and-place cycles required to unioad the

turret.

Finally. the lower bound LBS5 for the MVII machine can be improved in the
same way the lower bound LB1 was improved for our general machine. This
improvement is to include in the calculation of the lower bound the minimum
amount of x-y table delay that could not be completed during the turret delays for

the assembly of a PCB. (See Section 4.2.) However, several complications arise
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when calculating the extra table time (ETt) required for a particular PCB being

assembled on the MVII machine.

The first complication is that the MVII machine places all the components
one speed group at a time. As » result, the minimum x-y table distance required
from cach component must be calculated by only considering the other component
locations in the same speed group and not from all possible component placement
locations as described in Section 4.2. By doing this, we can obtain the extra table
time required for each speed group remembering that because we require a
Hamiltonian path in each speed group and not a tour, we have to throw out the

maximum delay we added to the extra table time for that specd group.

The second problem is that up to six of the components to be placed in each
speed group will be placed at a slower head speed than the speed group they are in.
The reason being is that the turret on the MVII machine can pick-up a component
in the next speed group while it still has six components from the previous speed
group to be placed. As a result, the remaining six placements in a speed group
could be placed at a number of different head speeds. To deal with this problem,
you could subtract from your extra table time the six largest delays that were added
from each speed group, or assume that the six largest minimum table movements
in each speed group are placed at the slower speed which can be deterrined. Note

that for the last speed group all the components will be placed at that head speed.

Although we did not implement this improvement, our new lower bound

calculation LB6 for our MVII machine is as follows:
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LB6=LBS+ETt
Where :

ETt = Extra table time, calculated as described above.

5.4 Estimating machine specification times

In order to implement the pairwise exchange method (or the MVII machine,
we had to first overcome the hurdle of obtaining certain operation rates for the
MVII machine. Some of these operation rates were available in the MVII manual
[Pan92b], however many of them were not. We also requested these operation
rates from Panasonic, who manufacture the MVIL They willingly gave us rates for
other older machines, but would not give us the rates for the MVII machine. As a
result, we had to determine some method for estimating the operation rates which

we required.

Our first proposal for obtaining these operation rates was o go to Mitel and
actually time the operations we nceded. This would requirc sciting up PCB
scenarios and running them on the MVII machine at Mitel to obtain the required
operation rates. With the eight different speeds, however, there were almost twenty
different operation rates we needed, each of which may require the running ol
several PCB scenarios on the MVII machine. This solution was unacceptable due
to the time we would have needed on the MVII machine, which is in very high
demand at Mitel. In addition to these problems, the high-speed of the machine

would have made it virtually impossible to obtain accurate operation rates.

Instead of timing operation rates on the MVII machine, we were able to

derive operation times by using the software package called Panatools mentioned
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carlier. This software package is able to generate solutions for the assembly of a
PCB. By giving Panatools contrived PCBs und particular feeder tray set-ups for
these PCBs, we were able to compare the simulated assembly times provided by
Panatools for the different PCBs and extract estimations of the operation rates we
required. Since Panatools was developed by Panasonic, we believe that the
operation rates obtained in this way should be fairly close to the actual operation
rates of the machine. We should mention, however, that a considerable amount of
time and effort was required to generate and run the different PCB scenarios that

would isolate the different operation rates.

5.5 Machine specifications

Before we can apply the methods we described earlier for minimizing the
assembly time on a particular machine, certain machine specifications are required
for that machine. These machine specifications include the number of pick-and-
place heads, the feeder tray capacity and the operation times for the pick-up of a
component, the placement of a component, the x-y table speed, the feeder tray

speed and the turret rotation speed.

On the MVII machine, there are twelve pick-and-place heads mounted on
the circumference of the turret. Since our general form of the machine assumed a
2k-headed turret, this makes k=6 for the MVII machine. In addition, the feeder
tray capacity of the MVII machine can reach 300 component types when the feeder
tray is in connection mode and only double component feeders are used. Since C
represents the feeder tray capacity of our general form of the machine, and we will
be using the connection mode and double component feeders, the MVII machine

has a value of C=300. However, if the feeder iray was in connection mode but no
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double component feeders could be used, then the maximum feeder tray capacity

would only be 150 which is equal to the number of feeder slots.

For the MVII machine, the operation times for the pick-up of a component,
the placement of a component and the turret rotation rate arc all combined into one
operation rate called the tact time. This tact time represents the time required for
the turret to index one station and then perform the pick-up and placement
operation which occur concurrently. Since the MVII has cight different head
speeds, there are eight different tact times that exist for this machine. These tact

times can be found in the Panasonic MVII Programming manual {Pan92b].

The only other machine specifications not yet discussed are the operation
rates for the x-y table and the feeder tray. As in our general form, the x-y table and
the feeder tray each travel at a constant speed. The feeder tray travels at onc
constant speed laterally while the x-y table can travel at one constant speed in both
the x and y direction simultaneously. These two operation rates, however, were not
given out in any of the manuals we could locate on the MVII machine.
Consequently, we had to actually estimate these times using the method described

in Section 5.4.

In order to caiculate the assembly time required by a high-speed machine
for a particular PCB, all the above operation rates are required. There is, however,
one problem that is generated when the pick-up, placement and turret rotation rate
is given as one tact time instead of individual rates. This problem is that we do not
know how long it takes the turret to index one station without the pick-up and
placement time included. This turret indexing time is the amount of free time that

the x-y table and the feeder tray have to position themselves without costing any
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assembly time since the turret, x-y table and feeder tray are all concurrent. Without
this information, we cannot determine the amount of extra time, if any. that will be
required by the x-y table and feeder tray to position themselves. As a result, we
had to estimate how many millimeters the x-y table could move and how many
slots the feeder tray could jump at each speed during the turret indexing delay to
aflow us to determine the extra x-y or feeder tray time required for a particular
component placement. To do this, we again used the approach described in Section

54.

5.6 Empirical results

After adaptling the pairwise exchange method with the necessary
modifications indicated above, we were able to obtain solutions for the component
insertion sequence and the feeder tray set-up for PCBs being assembled in the
Mite! environment on the MVII machine. To be able to compare how well our
adapted pairwise exchange method performs, we compared our simulated
assembly times for our solutions for ten different PCBs with Panatools simulated
assembly times for their solutions for the same ten boards. In addition to these
statistics, we included the lower bound for the assembly time of these ten boards
obtained by our new lower bound calculation LB5 and the lower bound calculation

obtained by Panatools. (See Table 5.1.)
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Simulated Assembly Times

Our Our Our | Panatools | Panatools | Panatools

Board # Lower | Assembly % Assembly | Lower %

Bound Time Gap Time Bound Gap
13424701 | 3837s 40.17s 4 % 42 s 38s 10 %
13501201 | 29.4ls 30.54s 4 % 325 30 s 6 %
13588801 | 59.28s 6l.14s 3% 63 s 59s 6 %
13424801 43.0s 45.24s 5% 46 s 43 s 7 %
13813501 29.0s 29.8 s 3% 3ls 295 6 %
13813601 32.8s 33.7s 3% 35s 33s 6 %
13742301 | 29.77s 30.83 s 3% 32s 30s 6 %
13527501 | 35.08s 36.26 s 3% 38s 35 8 %
13587901 | 42.45s 4346 2% 44 s 43 s 2%
13729001 38.6s 41.1s 6 % 44 s 40 s 0 %

Table 5.1

From the statistics above, we were very eathusiastic about the results we

obtained. First of all, the simulated assembly times for our solutions were slightly

better than the simulated assembly times the software package Panatools predicted

for its solutions. Secondly, our simulated assembly times were also fairly close to

the lower bounds obtained by us and Panatools. In fact, the percentage gap on

average between our simulated assembly times and our lower bounds is about 4%,

whereas the percentage gap on average for the Fanatools solutions is about 7%.

This indicates that our solutions are very close to optimal.
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It is also important to mention the amount of CPU time that was required to
obtain solutions for the above boards by our improved pairwise exchange
algorithm and the Panatools software. When using a 486 66 MHz machine, the
average amount of CPU time required by Panatools to obtain solutions for each of
the ten boards given in Table 5.1 was one minute and forty five seconds. Using our
improved pairwise cxchange method which is implemented in Turbo Pascal
Version 7.0, the average amount of CPU time required for the same ten boards was
six minutes and forty five seconds. However, in our implementation, we were not

concerned with reducing CPU time.

As well as comparing simulated times, we also wanted to compare the
actual build times obtained by using the Panatools and the pairwise exchange
solutions directly on the MVII machine at Mitel. Unfortunately, it was very
difficult for us to obtain time on the machine for testing because the MVII
machine is heavily used at Mitel and expensive to run. As a result, we were only
able to test our solutions on four boards. Moreover, we did not have time to
actually load the components on the feeder tray (which would take approximately
2.5 hours for each board), but instead ran the MVII in a simulated build mode. In
this mode, the machine goes through all the motions of building the PCB, however
no componenis are actually present. As the MVII machine does not report the
build time of a PCB while it is in simulated build mode, it was necessary for us to
usc a stopwatch for timing. It was very difficult to accurately judge when the build
time of a board started and stopped while on the machine, so we decided to time
the building of three consecutive boards for three of the PCBs and five consecutive
boards for the fourth PCB. We then divided each assembly time by the number of
PCBs assembled during that time to obtain the associated time for building one

board. These results are reported in Tables 5.2 and 5.3.
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Ideally, we wanted to obtain the assembly time required to build five
consecutive boards for each of the four PCBs. However, the first time we went to
Mitel to obtain these times on the MVII machine, we were only able to obtain the
times for one PCB (13588801.PCB) before Mitel required the machine. As a
result, during our second visit to Mitel to obtain the assembly times for the
remaining three PCBs, we only timed the building of three consecutive boards of

each to ensure we had enough time to get our results.

You will note that the actual build times given in Tables 5.2 and 5.3 are
higher than the predicted assembly times given in Table 5.1 for both pairwisc
exchange and Panatools. The reason is that, because we limed the building of a
certain number of consecutive boards, the actual build times we obtained include
the PC board exchange time, which is the time required for the PCB being

assembled to be removed and a new board to be loaded.

Actual machine build times
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Board # Our Solutions Panatools Solutions
Time for | Calculated | Time for | Calculated
three time for three time for
boards | one board | boards | one board
13424701 2:22s 4735 2:20 8 46.7 s
13501201 1:51s 37s 1:48 s 36s
13424801 2:40s 533s 2:355s 51.7s
Table 5.2




Board # Our Solutions Panatools Solutions
Time for | Calculated | Time for | Calculated
five time for five time for
boards | one board | boards | one board
13588801 5:59s 718s 5:52s 704 s
Table 5.3

From the reported results in Tables 5.2 and 5.3, we can see that the actual
assemble times for our solutions on the MVII machine are approximately one
second slower per board than the solutions Panatools generates. From our
simulated assembly times, however, our solutions should have had better assemble
times than the Panatools solutions. This then indicates that the operation rates we
had estimated for the MVII machine may not have been accurate enough, or our
simulation of the MVII machine is not entirely accurate. In either case, our
heuristic algorithm is obtaining its solutions based on this information and could
possibly perform better with exact operation rates and more information about the

machine.

Although our actual machine build times did not beat those of Panatools,
we were extremely pleased with how well we did compared to the solutions
generated by this very expensive software package. This is especially true when
we consider that our algorithm could perform even better with more detailed and

accurate information on the MVII machine.
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5.7 Using the Pairwise Exchange Algorithm for a set of PCBs requiring one

common feeder tray set-up

Currently at Mitel, the MVII machine is being used to assemble a high
volume of three to five different PCBs. Each week Mitel decides on a weckly and
daily quota for each type of PCB based on demand. For the MVII machine to
assemble these boards as quickly as possible, we would have to produce an
optimal feeder tray set-up for each of the different boards. With this approach,
however, when the quota for one type of PCB is reached for the day, the entire
feeder tray set-up on the MVII machine would need to be taken off and the feeder
tray set-up for the next type of PCB would need to be placed on. This tear down
and set-up of the feeder tray is of importance when we consider the fact that the
time required to change a feeder is approximately three minutes. If the feeder tray
has to be set-up for a PCB requiring fifty different component types, then two and
a half hours is required to set-up the feeder tray. Assuming three different types of
PCBs with fifty component types each must be produced every day, Mitel would

require up to seven and a half hours of feeder tray set-up time per day.

In order to avoid so much down time on the MVII machine due to feeder
tray set-ups, Mitel uses Panatools to generate one feeder tray set-up for the
different PCBs that the MVII machine has to produce during the week. Obviously,
the best feeder tray set-up for the different boards would be to place the optimal
feeder tray set-up for one board on the feeder tray followed by the optimal feeder
tray set-up for the next type of PCB to be assemble.d and so on. Unfortunately, the
feeder tray does not have enough space for this, and thus, it is necessary (o share a

common feeder tray set-up for the different PCB assemblies. Consequently, we
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will be avoiding the down time due to feeder tray set-ups at the expense of taking

slightly longer to assemble each board.

With this in mind, we wanted to consider how we could adapt our modified
pairwise exchange method to solve the problem of finding a common feeder tray
set-up for a set of PCBs, rather than just one. In {LN89], they discuss briefly how
the pairwise exchange method could be adapted to this type of situation. Us:ng this
general idea, we give a detailed method on how to adapt our modified pairwise
exchange algorithm to address this new problem. Letting J1, J2 , ....., Jn represent

the set of PCBs to be produced, an overview of the modified method is as follows.

1) Find an initial feeder tray set-up F using the same method described in
Section 5.2.4 Step 2) for the adapted pairwisc exchange method, however
apply the method to the component set obtained by taking the union of the

components inJ1,J2 , ....., Jp.

2) Using F, find a component placement sequence for each PCB using the
methods described in Section 5.2.4 Step 3a) and Step 4 for the adapted
pairwise exchange method. Let S; be the component sequence for PCB Jj,
i=1,2, ..., n. Also, let t be the time required to complete the production

schedule using F and $1,S9,...,Sp, which is calculated using the following:

Assembly time required to complete a production

n
schedule = Y, WiAi, (Equation 5.1)
i=1

fori=1,2,..,n,
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where,
Wi is the number of PCB Jj that must be produced,

and Aj is the assembly time required to assemble PCB J;.

3) Using S1, S2, ... » Sp. perform pairwise exchanges of reels in F (as outlined in
Section 5.2.4 Step 3b)), wherever such an exchange improves the assembly
time required to complete the production schedule, calculated using equation

5.1. Let the final resulting feeder tray set-up be placed back into F.

4) Using F, find a new placement sequence for each of the different PCBs that
minimizes the assembly time for that PCB. Let S/, ..., Sp” be the new
placement sequences and t’ be the new assembly time required to complete the
production schedule. If t’<t, then let t=t’, $1=S1’, ..., Sp=Sp” and go to Step3.

Otherwise, stop.
Although we did not have an opportunity to implement and test the above

method, we believe that it would perform well, based on the performance of the

adapted pairwise exchange method described in Section 5.2
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CHAPTER 6

Conclusion and future research

6.1 Conclusion

In this thesis, we have addressed the two main problems associated with
high-speed pick-and-place machines. These two problems are how to determine a
good component placement sequence and feeder tray set-up for a particular PCB.
Without good solutions to these two problems, the efficiency of these high-speed

pick-and-place machines is greatly reduced.

We considered different combinatorial optimization methods that currently
exist for obtaining good solutions to these two problems. From these different
methods, we chose two of the more sophisticated and most promising methods to
implement and compare on a general form of a high-speed pick-and-place
machine. These methods were the place-by-type method [AS92] and the pairwise
exchange method [LN89]. We adapted each of these methods to our general
machine model, and implemented them. We also suggested several improvements

for each of the methods.

From our empirical results, we found that the pairwise exchange method
generally produces better results than does the place-by-type methed, in fact on
average it outperformed the place-by-type method by 2%. Through lower
bounding procedures, we were also able to establish that the pairwise exchange
method solutions were, on average, within 18% of the optimal on our test

problems. We then adapted this pairwise exchange method with our improvements
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to a very specific machine. This machine was the MVII(LL) NM-2559B high-
speed pick-and-place machine which is currently being used at the Mitel

Corporation.

By adapting the pairwise exchange method to the Mitel environment, we
were able to compare the solutions we obtained for four different PCBs for the
MVII machine against the solutions Mitel would have generated for the same
PCBs by using a very sophisticated and costly program called Panatools. By
running our solutions and the solutions generated by Panatools for the four
different PCBs on the MVII machine, we found that the assembly times for our

solutions were very close to those produced by Panatools (within, on average, 2%).

We were extremely pleased with how well our adapted pairwise exchange
method performed at Mitel compared to Panatools. This is especially true when we

consider the fact that our results could possibly be improved with more detailed

information on the MVII machine.

6.2 Future research

In general, we feel that more testing of the different methods for the PCB
assembly problem is needed. We have studied and compared heuristic methods
that are based on combinatorial optimization techniques. It would be interesting to
see how methods based on different techniques, such as non-linear integer
programming, would compare to the methods we have studied. We feel, however,
that such methods would be very difficult to adapt to specific environments, such

as Mitel.
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In Section 5.7, we describe an algorithm that adapts our modified pairwise
exchange method to solve the problem of finding a common feeder tray set-up for
a set of PCBs. We are also interested in implementing and testing our algorithm
against the solutions currently being generated by Panatools in the Mitel
environment. Although Panatools is able to solve the problem of finding a
common feeder tray set-up for a set of PCBs, the people at Mitel believe that
Panatools places the most emphasis or weight on the first PCB of the set, and
ignores the weighting of the rest of the set. Our algorithm, however, places a
weight on each PCB based on the number of boards that have to be produced. With
this mere accurate weighting of the set of PCBs and the success of our adapted
pairwise exchange method, we believe that our algorithm for finding a common
feeder tray set-up for a set of PCBs will do well, and perhaps outperform

Panatools.

Finally, we would like to investigate adapting some of our improvements
for lower bounds for our general model to the Mitel environment. Although the
cight different head speeds on the MVII machine complicate this task, we believe
that these methods could be incorporated. From our research, the first speed group
incorporates between 80-90% of all the component placements for a PCB.
Keeping this in mind, we propose applying our improvements for lower bounds

only on this speed group on the MVII machine.
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