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ABSTRACT

From the point of view of quality an assemoly system
can be viewed as consisting of two types of
processes, those that create detects (assembly) and
those that identify and remove defects (test). Thus
in a general simulation model of an assembly system
three types of blocks are required, assembly, test,
and merge (lumping defects together). This approach
was used to develop a simulation model of printed
circuit board (PCB) assembly, An analytical model
based on the same principles was developed in order
to partly verify and validate the simulation. The
paper also describes a comprehensive set of statist-
ically designed experiments which was carried out in
order to investigate the effect of various factors
on the yield and outgoing quality of the system.

INTRODUCTION

The modeling of the quality aspects of produetion
processes from a system perspective has receivea
relatively little attention in the past. In the
literature on the study of production quality
[1302](33[4], the most common approach is to con-
struct a simplified model of an isolated process and
to apply an optimization scheme to it so as to
minimize production cost. This approacen, although
valuable in improving individual process quality,
fails to take into account the interreiationsnip
among the basic elements in a production system such
as incoming inspection, assembly quality, test and
revork quality.

In many situations, even if all the individual
processes are performing satisractorily, it does not
imply that the overall quality of the product wiil
be good. If the product is complex enough, a small
number of defects occuring st each process may lead
to poor overall product quality. Theretore, a dif-
ferent approach must be employed to investigate how
processes such as assembly, test, inspection, rework
and repair, combined with the incoming quality of
component parts together determine the outgoing
quality and the overall yield,

The simulation model to be presented in this paper
is developed based on this idea. This model is con-
structed for a portion of an assemoly line in a car
radio manufacturing plant. From the point of view
of quality, an assembly system consists of two types
of processes: those that create defects (assemply)
and those that identify and remove defects (test).
A production system can thus be represented by the
flow of defects with only those components that are
defective specificaily accountea for. Under this
representation, it is assemblies of det'ects that are
the entities that flow through the system. There
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are some advantages in wusi.x this representation.
Firstly, 1less programming efttort and computataonal
time will be required. Secondly, as will be shown
later, the model can easily be extended to accountc
for non-serial production system, i.e. those in
which there are branching and merging.

This model also introduces the concept of test
effectiveness and test efficiency. At each assemply
process, various types of detects will be createa.
Each subsequent test will be designed to detect
some, but not necessarily all of them. Further, even
though a test may look for a specitic type of
defect, a defect may not be identitied and removed
due to the imperfection of the testing device, Thus
it is important to distinguish, for a given defect
type created at a particular assembly process,
between test effectiveness, the probapiiity that the
test looks for the defect, and test efficiency, the
probability ‘that the defect is found given the test
looks for it.

Extensive veritication and validation procedures
were employed for the model. This included both com-
paring analytical results for a simplitied system
with simulation results and comparing simulation
results with the experience of the plant for whicn
the simuletion model was developed.

One thing that has often been overiookea by simula-
tion practitioners is the experimentation with the
simulation model after it is devetoped, Only
through statistically designed experiments and sta-
tistical analysis of the results is one able to
extract the most intormation out of the simulation
model in the most economic way. In this study, sta-
tistically designed experiments were carried out
with the model to evaluate the impact of various
factors on the yield and outgoing quality. The com-
bination of simulation modelling and statistically
designed experiments provides an "objective"™ means
of evaluating the system in a2 more systematic way.

GENERAL QUALITY SIMULATICN APPROACH

An assembly can be simulated as an array of parame-
ters in which records for the quantity of each
defect type on that assembly are stored. As dif-
ferent processes are simulated, the quantity of each
defect type will either be increased or decresased,
an assembly process increases it, and a test process
decreases it. A major part of the simulation pro-
gram is to maintain the up-to-date status of all the
def'ects residing in an assemoly.
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The basic elements in a production system can be
simulated by three general blocks: assemply, test,
and merge., At a assembly block the generation of
defects in the product is simulated, at a test block
the removal of defects is simulated, while a merge
block may be necessary in order to combine defects
created by different processes. Assemply may
include such processes as soldering, component
insertion, transport or  painting, while test
includes test, inspection, or adjustment.

At an assembly block, it is possible to have 0 or 1
or 2 or ... defects created for each defect type.
The probability that one of these situations occurs
is characterized by binomial distribution with n,
the quantity of a component type, and p, the chance
that a component of that type becomes detective, as
parameters. Therefore, for a given set of n's and
p's, one can calculate the cumulative probabiiity
functions associated with each detect type. During
the simulation of an assemply, the number of detects
created for a particular type of defects is obtained
by generating a random number and comparing it to
the corresponding cumulative probability f{unction,
For example, if the probability for 0 defect is 0.7,
1 defect is 0.2, and 2 defects is 0.1 (while that
for others are 0), then the cumulative distripution
for 0, 1, and 2 is €.7, 0.9 and 1.0 respectively.
For a random number which is less than or equal to
0.7, 0 is assigned to the appropriate parameter,
otherwise, 1 is assigned if it is greater than 0.7
but less than or equal to 0.9, and 2 is assigned if
it 1is greater than 0.§% but is less than or equal to
1.C.

At a test block, a defect is first classitied as
whether it 1is detectable or not. If it is detect-
able, there is a certain probability that it will be
identified, otherwise, it will by-pass the test. 1In
the simulation model, this is simulated as having
two stages: In the first stage, a random number is
generated for each defect that exits on an assembly,
if the random number is greater than the correspond-
ing test effectiveness, a defect is non-detectable,
otherwise, it is detectable. All the non-detectable
defects will be removed from the appropriate
parameters and stored as a difterent set of parame-
ters., In the second stage, a random number is gen-
erated for each detectable detectv. If the random
number is greater than the corresponding test effi-
ciency, a defect is not identiiied, otherwise, it is
identitied and is eliminated from the record. The
total number of defects found will be recorded as a
separate parameter. A zero content of this parame-
ter at the end of the test indicates that the assem-
bly passed the test and simulation of the subsequent
operations will be executed, otherwise, the assembly
failed the test and the simulation of the retest
will be carried out. Retest of a failed assemply is
simulated by repeating the second stage of the test
procedure, Simulation of the first stage is not
needed since the non-detectable det'ects still remain
non-detectable. The flows at a test block is shown
in Fig. 1.

In a merge block, defect streams that are no 1longer
distinguished in the subsequent processes are "com-
bined" by transterring the defect records from one
stream to another. The set of parameters from which
records have been transferred elsewhere is available
for subsequent use.

> Stage 1 Stage 2

Y

Repair

S

Figure 1: All Possible Paths at a Test Station

QUALTTY SIMULATIGN MODEL OF PCB ASSEMBLY

The above approach has been applied to a printed
circuit board assembly. The specitic system consists
of component incoming inspection, machine insertion
of some components, transport, manual insertion of
the remaining components, wave soldering, wire crop-
ping, shorts/opens test, transport and oven drying,
and HP3060 test [Fig. 2]. The HP30tU test consists
of Y4 phases: shorts/opens test, which is almost
identical to the previous shorts/opens test, 1ist
component test, which tests a fraction of the com-
ponents, functional test, and 2nd component test,
which tests a fraction of the untested components
when the functional test is failed. Any board that
fails a2 test is sent to @ repair and rework area.
After the repair, it will be sent through the test
again.

A block diagram for the present system, expressed in
terms of the assembly, test, and merge blocks
described earlier, is shown in Fig.3. Several
aspects of the model are worth mentioning: (1) the
addition of inherent component defects to the assem-
bly is represented by a single assempLy block at the
beginning of the system. In reality, inherent com-
ponent defects are added onto the assembly at the
time defective components are inserted onto the
assembly. (2) Several processes such as inspection
and drying processes which have little or no influ-
ence on the quality of the subassemblies are not
included in the model. (3) The 3C60 test is simu-
lated as if it consists of only 3 stages:
shorts/opens, first component, second component. It
is assumed that if no defects are found on second
component test, the PCB would have passed the func-
tional test while if any detect is founa on the
second component test, the PCB would have failed the
functional test. (4) The repaired assempties that
failed the 3060 test are looped back to the point of
failure instead of to the beginning of the 30&0
test. This would not affect the simulation result
since the HP3C6C is assumed to have 100% test effi-
ciency.

Model Input and Cutput

Once the simulation model is developed, input data
must be obtained for the model., Values for test
effectiveness, test efficiency and defect probabil-
ity are required. It is also necessary to specity
the number of components of each type involved in
each process. Furthermore, the defect categories
must be selected since they dictate how the datz is
organized and used. For ease of data collection
and/or estimation, defect categories were selected

L
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Figure 2: Block Diagram of the Present System
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Figure 3: Block Diagram of the Present System Expressed
in terms of Assembly, Test, and Merge Blocks

vhich were based on the combination of component
type and process.

The components are classiftied into eleven types: (1)
capacitor, (2) resistor, (3) coil, (Y) diode, (5)
transistor, (6) varactor, (7) I. C., (8) filver, (9)
transformer, (10) jumper, (11) solder joint., Input
parameters for quantity of components involved at
each process and defect probabilities for each
defect type are tabulated at Table 1. Most of these
values are based on engineering judgement, the rest
are obtained from records.

The output of the model consists of statistical
tables showing the distribution of various detect
types gathered at three different points in the sys-
tem (1) after wire cropping, (2) prior to enterang
the 3060 test (3) at the end of the system. AL each
point, data is recorded on the total number of
defects on the PCER and the total number of defects
of each component type. At point (1) data is col-
lected on the number of detects due to each process.
Two summary statisties of particular interest are
the outgoing quality, i.e. the fraction of PCB's

leaving the system with at least one defect, and the
yield, the ratio of the number of PCB's leaving the
system having passed the 3060 test to the total
number tested. In addition, aggregate statistics on
the total number of defects entering the test, the
number of these defects which are detectzble and the
number of defects actually identitied are also
observed for the shorts/opens test and the FEP3ub
test respectively (see Table 2).

Assembly Block

[T]rest Block

[:]Merge Block

ERREEENERMRUNENRARRERR
* *
* System Statistics ¥
* *
EREXERERXAEEXRERRT RN
*

The yield of the shorts/opens test is £3.2%. The
outgoing quality after the shorts/opens test is
55.6%. Cut of the 354y detects entered the
shorts/opens test, 2991 defects are detectable, out
of which, 2813 defects were identified.

*
*

The yield of the 3060 test is T4,3%. The outgoing
quality after the 3060 test is 71.2%. Out of the
3277 defects entered the 3060 test, 1121 defects are

detectable, out of which, 1121
fied.

Table 2: Simulation

defects were identi-

Summary

Simulation Duration

In this model, an assembly is
time unit. To determine an

generated at every
adequate simulation

length, the yield and outgoing quality produced by
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Tabte 1. Input Parameters for the Simulation Model.
the simulation are observea at regulasr intervals.
Vhen these values ‘“stablized"™, the corresponding P, - Probability that a type m defect is founa in a
number of transactions generated is taken to be the component
adequate simulation length. For example, in this
model, it 1is observed that the yields and outgoing kd? ~Probability that there are i type m defects
quality "stablizea" when 2000 transactions are gen- produced at process k
erated. In order to account for the fluctuation
resulted from using different input parameters, kD? -Probability that a total of i type m defects
another 1000 transactions are added. Hence, the exist at process k
simulation length is taken to be 206U time units.
tz ~ Test effectiveness of type m defect for type k

Hodel Verification

Model verification is the process of testing whether
the model behaves as it is expected. This model is
verified by means of a simpliiiea analyticaLr model
in which the product consists of only one type of
component. Capacitors, which are assembled to the
board in almost every process, are chosen for this
purpose.

The simplified
three types of
assembly block
a particular

defect density

analytical model is also based
blocks,. assembly, merge and test.
calculates the detect density due
process, a test block calculates the
of the boards after passing the test
for each type of defect, while the merge block cal-
culates the "combined" defect density of the the
merged defect streams. The notations defined in
Table 3 are used in what follows.

(1) Assembly Block. As mentionecd earlier, an assem-
bly process is characterizea by two paramecers, the
number of components involvea in the operation, ana
the chance that a component will become defective.
The probability that i defects are created at pro-
cess m 1s then given by the binomial distribution,

i.e.
(nm 5 nm-i
i) Py (1"pm)

(2) The Test Block. Three steps are invoivea in a
test  block calculation: (a) calculation of the con-
ditional detectable detect density function given
the quantity of the detects that enter a test, (b)
calculation of the conditional identitlea defect
density function given the quantity of the detect-
able defects that enter a test, and (¢) calculation
of the unconditaonali defect density function for the
assemblies that leave a test. The calculation for
(a) is straight forward since the variable has bino-
mial distribution and is given by

s @

d? -
i

m

u.
1

u®, —Probability that i type m defects

test device

are detect-
able given j type m defects exist

€, -~ Test efficiency of tester k

-Probability that i defects are identitied
given j detectable defects exist for a given
test run at tester k

kTij

-Probability that a total of i defects have
been identified given j detectable defects

exist after the assembly has passed tester k

kRij

kS? -Probability that there are i type m defects

left on the assembly after the assembly passed
tester k
Table 3: Notation for the Simplified Analytical

Model

To calculate (b), the probability that i detects are
identitied from j detectabie detects for a single

test needs to be calculated first. This is given by
binomizl distribution, i.e.
) e (1o J-1
iy = (1) e (o)
A detect free assembly must pass the test the first

time it is being tested i.e. the probabitity that a
total of O défects are identitlea given C detectable
defect, Rcd is equal to 1. For a detective assem—
bly, if it passes the test the first time, ROk is
equal to r (where k is greater than zero) since
there is no retest involvea. However, normaily a
detective assemply will not pass the first time.
Every time when it is belng retestea after repair,
more of the detectable detects will be discovered.
Therefore the identitied detect density at the time
it passes differs from ri. and is shown to have a
recursive relation, k.
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i
kg = 20y - e
Finally, the defect density for type m defect after
test k is the uncondition probability
m o m m
KSi = § 21P5 Y15 1fa-n

(3) Merge block. Suppose that n detect streams are
merged into a single stream at process k, the defect
density after process k is given by

1-3y  A=Jgmdpeedpg

1
m m m n
D; = 2 Z o 2z d. d, ... d,
ki 173y 273, " 'n7gy

j.l:'l j2:1 jn='l

The simplified model has essentially the same struc-
ture as the original model except that this model
only consists of those assempiy or test processes
which affect the capacitor detect densivy (i.e. the
wave soldering and the cropping processes are miss—
ing). A merge block is added in front of the 3060
component tests because all detects created at the
different processes are no longer distinguishea by
the component tests.

The observed variables are ECAP, the expectea number
of capacitor detects atter wave soldering, ICAP, the
expected number of capacitor detects betore entering
306C test, and TCAP, the expected number of capaci-
tor defects leaving the system. The simulation
model has been run twice using ditterent random
number generator seeds in order to obtain an esti-
mate for the mean and variances for each variable.
A t test, which tests the null hypothesis that the
simulated mean is equal to the corresponding
expected value against the hypothesis that the simu-
lated mean and expected value are not equal, is
employed. The result is tabulated in Tabie 4. It is
observed that in all cases, the simulated result is
equal to the calculated result at 10% signiricant
level.

observed observations
variables analytical simulation result t value
result mean std. dev.
ECAP .5370 .5310 .C042 2.0203
ICAP .3716 3750 .0113 0,425
TCAP . 1354 « 1355 .ocut 0,202v

Table 4: <Simulation Result and Analytical Result
Comparision Summary

Model Validation

The validation of the present mooel has been largely
dependent on subjective judgement since no appropri-
ate real vorld data is avairlabie, The model has been
run using data suppliea by the plant personnel and
the results appears to be in sgreement with the
experience of plant personnel. For example, the 3040
test is thought to be able to identify aboutr 35% of
all the defects, The simulated result indicates that
about 38% of the defects are identitied.

Also the model has been run for a variety of condl-
tions and the results obtained are consistent with a

general understanding of the process. For example,
low test effectiveness will give a high test yield
but poor outgoing quality; 1009 test effectiveness
(and efficiency) will give an output whicn is
independent of input component detect rate; allocat-
ing most incoming inspection ettort to components
which are tested by the 3060 will give a higher test
yield.

User Interface

To fac: .itate the use of the model, wuser interrace
procedures programmea in Fortran have been developed
for both input and output. The input user intertace
enables a user with no knowledge of GPS> to run the
model and change the basic data on the number of
components and the frequency of defects createa st
each assembly process or the effectiveness and efti-
ciency of each test for each detect type. After all
changes are made, the user intertace program deter-
mines for each component type the cumulative proba-
bility distribution of number of defects created by
each process. The program then generates automatl-
cally the revised GPSS statements resulting from the
input data and inserts them in the GPS> moael.

The output user intertace enables the user to select
any tables in the standard GPSS output that are of
interest. A final report which consists of these
tables with appropriate headings added is generatea.

EXPERIMENTAL DESIGN

In order to identity the impact of various factors
on the outgoing quality and yield, three designed
experiments with each factor considered at 2 1levels
have been carried out with the model. The objective
of the first experiment is to identi:ry the factors
that signiticantly aftect the yield and outgoing
quality of the shorts/opens test ana the HPZuby test
respectively. Because the interactions are believea
to be not signiticant, a Resoiution II1 Plackert
Burman design [5] which studies (N-1) factors in N
runs (provided that N is a multiple of Y4) is wused.
The second experiment uses a fractional factorial
design developed especirally for the current system
since some two factor interactions are believea to
be significant., The design is developed in such a
way that those two factor interactions that are
thought to be signiticant do not confound with any
other main effects and with each other (please reter
to the appendix for the devesopment of this model).
The third experiment uses a full factorial design
[6] to investigate the interactions among the fac-
tors identitied as signiticant in the earlier exper-
iments.

The values of the 1low and high levels for the
selected 52 factors are tabulated in Table 5. For
assembly processes, the data have a range of 5 or 10
to 1 corresponding to pessimistic and optimistic
estimates of the defect rate, For the tests, the
data corresponds to a reasonabie levei ot eftective-
ness and no testing or minimally effective testing.

Incoming component det'ects, manual insertion
defects, second component defects, wave soldering
defects and cropping defects, totalling 32 factors
are studied in the Plackett Burman design, while the
20 cgmponent test eftectivenesses are studied in the
215' fractional factorial design especially
designed for this system. Four recorded response
variables for each run are: (1) YIL1 -~ the
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Incoming Manual Wave Wave Second First Second
Comp Insertion Soldering | Soldering Material Comp. Test Comp. Test
Defect Defect Handling Effectiveness | Effectiveness
Defect
Fac- Fac- Fac~- Fac- Fac- Fac- Fac~
Dfle.fECt tor +% - | tor + - {tor + -|tor + =~ {tor + -1 tor + - | tor + -
ype No. No. No. No. No. No. No.
Capacitor 1T .4 ,04] 11 .2 .02 23 .05 .01 33 8 40| 43 30 0
Resistor 2 .4 .04] 12 .2 .02 24 .05 .01 34 80 40] 44 100 60
Coil 3- .4 .04y 13 .4 A 25 .2 .05 3% 10 0| 45 5 0.
Diodes 4 .4 .04} 14 .4 .1 26 .2 .05] 36 40 0 46 5 0
Transistor 5 .5 .1 15 .4 .1 \NA 27 .2 .05 37 10 o] 47 5 0
Varactor 6 .4 .04} 16 .4 .1 y 28 .2 .05 38 60 30} 48 100 50
I.c. 7 .5 .1 17 .4 A 29 .2 05 39 10 0{ 49 0
Filter 8 .4 .04 18 .4 O 30 .2 .05 40 10 0} 50 0
Transformer} 9 .4 .04 19 1.0 .2 3t .2 .05] 41 10 0 51 5 0
Jumpers 10 .4 .05f 20 .4 .1 32 .2 .05Fp 42 100 0| 52 100 0
Joints < NlA » | 21 .1 .00 22 .1 .01 < NA 2
{+) high Tevel
(=) Tow Tevel
Table 5. Values of low and high levels for the J2 factors

that are studied in the experiments.

shorts/opens test yield, (2) 0GQ1 - the outgeing
quality of the board after the shorts/opens test,
(3) YIL2 - the HP3060 test yield, and (4) 0GQ2 - the
outgoing quality of the board atter the HP3U&C.

The design and the result of each experiment are
displayed in Table 6 and Table 7 respectiveiy. For
each response variaple, the main eftect for factor j
is estimated using the following equation

N

;1 Yi dij
where di' is the ith element of the jth column of
the design matrix, while Y. is the observation
corresponding to the ith simulation run and k is the
number of factors. The result of these two experi-
ment showed that 6 factors are signiticant. There~
fore, the third experiment is a 2° factorial design.
The design and the result of the third experiment is
shown 1in Table 8.

(321,32, 404 4K)
i

The results of each experiment are analyzed in two
steps: (1) Normal plots are used to help identity
the effects that appear to ditter from the random
error. Since linear combinations of random variable
are statistically tending to have a normai distribu-
tion [7], those estimates that have values which are
primarily due to the errors of observation should
have the appearance of events from a normal distri-
bution. This implies that it the values have true
value zero, then the ordered estimated eftects will,
when plotted against the quantile of a standard N(O,
o) distribution, tend to fall along a “"straight
line" which is determined by the points in the inner
quantiles. (2) Analysis of Variance (ANOVA) tech-
nique is used to compare the sum of squares of the

effects with the estimated variance. If the ratio
of the sum of square of the eftfects and the
estimated variance is larger than the tubulated F

statistics with the appropriate degrees of freedom,

the effect is signiticant, otherwise, it is not sig-
nificant. In the first experiment, Plackett Burman
design allows 35 factors to be studied in 36 runs.
Since oniy 32 factors, are investigaied, 3 degrees of
freedom are available for estimating the required
variance (or residual mean square) [5] in the ANCVA.
The second and the third experiment has no degrees
of freedom for the residual mean square, theretore
the estimated variances obtained in the first exper-
iment are used.

For the first experiment, the YIL1 normai plot indi-
cated that only the effects corresponding to the
incoming capacitor detect rate, the incoming resis-
tor defect rate, the wave soldering detect rate and
the cropping detect rate deviate from the straight
line constructed by the data belong to the inner
quantiles. Other normal plots showed that no
effects have a signiricant etrect on YiL2, 0GQ1 ad
CGQ2. This result is consistent with the result
obtained from the ANCVA (see Table 9 ). This find-
ing is not surprising since capacitors and resistors
made up approximately 70% of the compénents on the
PCB and there are roughly 500 solder joints on a
PCB. The processes and components which account for
the majority of defects would be expected to have
the dominant effect on yield because yield is deter-
mined by the number of det'ects found in the test,
This implies that when the incoming capacitor and
resistor detect rate, the cropping derect rate and
the wave soldering detect rate are changed from the
pessimistic level to the optimistic levelr, YIL1 ecan
be improved significantly; while YIL2, 0GG1 and 0GQ2
will not change significantly by changing any of the
factors.

For the second experiment, the YIL? and OGQ2 normal
plots indicated that the test effectivenesses for
capacitors in the first and second component test
appear to be significant; other normai plots showed
that no test ettectiveness artrects YIL1 ana OGQI.
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ExPERIMENTAL DESteN (]) ExPERIMENTAL RESULT

FacTor RV,

RuN 1234567891011121314151617 18192021 222324252627 2829 30 31 32 || Runy YIL 1 0681 YIL 2 0GQ2
1 O Lk T T SV 1] 70,9 37,1 62,3 62.9
2 L T T TR SRS S 2) 60,2 38.2 64,3 645
3 ettt -+ - 4+ - - 3| 58,5 38.5 64.5 64.2
[ t -t - mb et - 4+ -+ = 4| 63.6 38,7 63.0 66.9
5 TS T T S ) 5] 66,3 40.6 56.6 66.3
6 tt -tk =+ + - o+ - 6| 60.4 38,3 56.8 64,0
7 -ttt -t = - =+ + - + 7 55.7 38.7 Gq.l 65.8
8 e T 8, 84.8 41.0 6.6 63,9
q . T LK T T T S Y gl 8.7 38.2 64.7 624

10 - o — -+ - - -+ 10| 74,9 37.4 64,8 65,1

11 R L - - 11| 59.8 39.5 65.3 68.4

12 tt+ -ttt - + - - - 12( 60.2 38.2 64,3 64.5

13 IR R IR T T S 13} 58,9 35.9 63.3 63.1

14 +++Ft -t - - - 14 59.0 36.7 63.3 64,9

15 B T TSR S S S 15| 64.4 37.8 63.1 66.9

16 o+ + b FF o - -+ o+ ot - 4 16| 58.3 33.8 62,0 64.1

17 B kL R T 17| 59.4 38.5 62.4 68.7

18 Tt HF -t HEEE - - - 4+ 4+ 18| 67.8 38,3 65.1 63.7

19 e E kR T i o 191 63,5 38,7 65.1 64.9

20 c— bttt o+ - - -+ 20| 68.7 34.1 65.5 58.8

21 t--t+4++ -4+ + + + - - - 21 73.2 3.6 63.5 62.9
22 T o T T T S S e s 22| 64,2 40.5 66,4 64,0
23 O I S S S N T 2 23| 68.3 34.7 63.6 63.2

24 B T T T TSI SR S 241 68,6 39.9 64,9 67.6

25 T T N R 25-| 61.5 39.5 65.6 67.1

2 [ P T T | 26| 58.0 36.8 62.5 66.1

27 [ T 27 1 65.1 36.3 62.0 66.4

28 B T T e 28| 75,2 36.5 63.5 617

20 B I 29 74.5 35.9 53.5 63.9

30 et mm =+ =~ - 4+ + + 30( 63.9 37.2 65.9 60,3

31 O R T 3 31| 53.7 36.0 63,1 64.8

32 I AR 321 58.2 38.4 63,2 66.4

33 C ettt - - -+ - = 33| 67.3 39.9 62,8 69.2

3y o 34| 57.7 39.3 65.2 62.9

35 R e e e —m - 35 ) 63.6 38.2 63.9 61.4

- . - - - - o - 3 | 88.8 48.4 69.6 76,8

TaBLe 6. DESIGN AND RESULT OF EXPERIMENT 1.

ANOVA is pertormeu based on the variances estimated
in the first experiment. The result showed that the
changes in YIL2 resulting from the change in capaci-
tor test effectiveness of the first and second com-
ponent test are actually not significant when com-~
pared to the variance at 5% signiticant leveli. How-
ever, changing the capacitor test eftectiveness in
the first component test has a signiticant effect on
CGQ2 =at 5% level. The fact that no factor aftects
YIL1 and CGQ1 is expected since the 3060 test is
located after the point where YIL1 and CGQ1 are
observed. The results also indicate that as the
number of defects for each detect type becomes very
low the outgoing quality of the assembly may not be
improved much by a higher test eftectiveness., This
is reflected by the fact that among 20 factors for
the test eftectiveness, only those corresponding to
the capacitors are observea to be signiticant. Those
corresponding to the resistors are not signiticant
even though the number of resistors on the PCE is
also high and its detect rate is almost the same as
that of the capacitor at almost all processes. How-
ever the material handling defect rate for capaci-
tors after machine insertion is 4 times that of
resistors and the material handling def'ects are not
detectable by the shorts/opens test. This implies
that the number of capacitor defects entering 3C&0

test would be higher. Hence, a change in the test
effectiveness for capacitors from high to low levet
will have a higher impact on the outgoing quality.
Generalizing, in order to optimize the outgoing
quality, test effort must be alloczted in proportion
to the expected number of defects for each defect
type that enter the test, Therefore in this case,
the outgoing quality at the 3C(C test station can
further be improved by raising the capacitor test
effectiveness at the first component test to a level
higher than the current high level.

The result of the third experiment showed that all
of the interactions are not signiticant except that
corresponding to the ' cropping and wave soldering
defect rate, The interaction is found to have a
positive effect on YIL1. This means that when both
factors are set at their low level, the observea
YIL1 is higher than the one whien would have
obtained when there is no intersction between the
two factors [Fig. 4].

From the above experiments it is also observed that,
for a given test, the yield depends on both the
defects density entering the test and the test
effectiveness of the test, Theretore yield can
either be improved by reducing the number of defects
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Experimental Design (II) Experimental Result Experimental
(Set 1) Result (Set 2)
Fac-
forj1 2 3 4 12 14 13 24 23 34 123 124 154 234 1234 |YIL 0GQ1 YIL 06Q2 |YIL 06Q1 YIL 0GQ2
% =5 =7 =9 =8 =6 =10 =16 =27 =49 =38 =5{10){ 1 2 1 2
1 1+ + + 0+ o+ o+ O+ + + + + + 62.9 56,8 71.3 78.3]62.2 57.6 73.8 74.7
2 1+ + - o+ - - - - - - - 63.2 57.1 71.8 76.5}62.5 55.6 73.5 72.1
3+ + - 4+ o+ o+ + - - - + - - - 63.1 56.7 72.2 76.8|62.7 57.0 74.3 72.8
4 1+ + - « o+ - - < - 4+ . - + + + 63.1 56.8 72.4 75.8}62.8 56.4 74.6 71.3
5 4 - + + - + 4+ - - 4+ - - - - 63.6 55.9 71.3 76.6162.8 56.4 73.7 72.9
6 |+ - + - -« <~ + + - - 4 + - + 62.7 55.8 72.4 73.7}162.7 56.0 74.0 72.6
7 1+ - -+ - + 4+ - + - % - - + 62.9 56.9 71.8 76.9|62.0 57.6 73.9 73.8
8 I+ - - - - . + 4+ o+ + + - - 62.6 55.6 71.6 75.0(62.8 55.5 73.7 71.4
9 |- + + - - - + + - - + - 63.3 55.3 73.3 73.4|62.2 57.6 74.0 74.3
10 [~ + R o + - + 63.3 54.9 73.7 72.1|62.5 55.6 73.7 71.8
1T |- + ~ + - - + + -« - 4+ - - + 63.2 55.8 75.3 70.5[|62.4 56.5 73.8 71.4
12 |- + ~ = = + 4+ -« - + 4+ + - + - 63.2 54.6 75.4 69.0]63.2 55.9 74.2 71.9
13 [~ - + + + - - -« - + + - - - + 63.2 55.8 76.0 69.8]62.7 56.3 74.3 71.4
14 1- - -+t + - -+ + - |63.4 55,1 75.5 68.9(62.7 55.8 74,2 72.2
15 |- = - 4+ + = - -+ - - 63.0 55.9 73.0 73.9}62,0 57.5 73.8 73.9
16 |~ - - - + + + 0+ 4+ 4+ + - - + )62.8 55.6 73.7 73.0|62.8 55.5 73.4 71.8
Table 7. Design and Result of Experiment 2.
Experimentél Result (III)
2$5n Factor YIL 1 06 YIL 2 0GQ2 Factor YIL 1 0GQ1 YIL 2 0G6Q2
+ 1 52.9 56.8 71.5 76.3 33 56.1 55.7 70.8 76.4
+ 2 52.9 56.8 72.0 75.4 34 56.1 55.7 71.4 75.8
+ 3 52.4 55.7 74.0 71.4 35 55.2 56.3 73.1 72.1
+ 4 52.4 55.7 75.3 69.5 36 55.2 56.3 74.5 70.1
+ 5 57.8 56.0 71.3 75.8 37 62.2 56.2 71.5 75.9
+ 6 57.8 56.0 71.8 75.2 38 62.2 56.2 72.0 75.1
+ 7 58.2 55.5 73.9 72.0 39 62.4 55.9 73.5 72.4
+ 8 58.2 55.5 75.7 69.6 40 62.4 55.9 74.7 70.8
+ 9 58.0 55.4 70.8 77.2 41 62.5 56.7 71.4 76.8
+ 10 58.0 55.4 71.3 76.3 42 62.5 56.7 71.8 76.3
+ 1 58.3 55.4 72.8 72.9 43 63.1 56.7 73.4 73.0
+ 12 58.3 55.4 74.4 70.8 44 63.1 56.7 74.7 71.0
+ 13 66.8 57.2 72.3 76.6 45 74.2 57.6 72.7 76.6
+ 14 66.8 57.2 72.9 75.6 46 74.2 57.6 73.4 75.6
+ 15 66.9 56.0 75.6 69.8 47 73.6 58.0 76.1 72.6
+ 16 66.9 56.0 75.6 69.8 48 73.6 58.0 77.4 71.0
- 17 54.9 55.4 71.4 76.6 49 58.7 56.7 71.3 76.6
- 18 54.9 55.4 72.0 75.6 50 58.7 56.7 71.9 75.5
- 19 55.1 56.1 74.3 71.3 51 58.5 56.2 73.2 71.8
- 20 55.1 56.1 75.7 69.4 52 58.5 56.2 74.8 69.5
- 21 62.7 55.2 70.3 76.1 53 67.2 57.0 71.5 76.5
- 22 62.7 55.2 70.9 75.2 54 67.2 57.0 72.3 75.2
- 23 62.7 55.9 73.3 71.3 55 67.9 57.7 74.8 72.4
- 24 62.7 55.9 75.0 69.0 56 67.9 57.7 76.5 70.2
- 25 62.2 57.9 71.8 77.0 57 67.4 58.4 72.5 76.7
- 26 62.2 57.9 72.2 76.5 58 67.4 58.4 73.1 75.8
- 27 62.2 55.1 73.7 72.2 59 67.2 57.4 74.5 70.4
- 28 62.2 55.1 75.2 70.0 60 67.2 57.4 75.3 69.5
- 29 73.4 57.6 73.0 76.0 61 85.1 58.5 74.9 75.4
- 30 73.4 57.6 73.5 75.1 62 85.1 58.5 75.3 74.6
- 31 73.6 57.6 74.7 72.2 63 84.8 58.6 77.4 72.1
- 32 73.6 57.6 76.1 70.7 64 84.8 58.6 78.9 70.1

Table 8.

Result of Experiment 3.
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SOURCE OF MEAN SQUARE DEGREE OF F TEST
VARTATION YILI 06Q1 YIiLz 06Q2 FREEDOM YIL1 0GQ1 YIL2 06Q2
FACTOR 1 328.818 10,347 19.507 4,340 1 57.890 2.012 5.22 1.899
FACTOR 2 422.988 0.147 16.402 1.103 1 74.470 0.029 4.39 0.483
FACTOR 3 10.671 16.402 2.402 21.623 1 4.879 3.189 0.058 9.459
FACTOR 4 0.000 4,480 1.914 1.734 1 0.000 0.871 0.046 0.759
FACTOR 5 0.054 1.647 2.102 35.403 1 0.0095 0.320 0.051 15.487
FACTOR 6 3.484 5.062 0.022 0.380 1 0.613 0.984 0.00 0.166
FACTOR 7 4.000 0. 302 0.234 0.902 1 0.704 0.059 0.006 0.395
FACTOR 8 5.601 2.200 0.100 9.507 1 0.986 0.428 0.002 4.158
FACTOR 9 26.694 3.180 8.507 10.780 1 4.700 0.618 0.204 4.716
FACTOR 10 31.734 2.947 0.203 9.302 1 5.587 0.573 0.005 4,069
FACTOR 11 3.004 26.867 26.867 21.314 1 0.529 5.224 7.191 9.323
FACTOR 12 7.654 12.367 7.380 1.103 1 1.348 2.405 0.177 0.483
FACTOR 13 6.760 0.014 0.023 1.734 1 1.190 0.003 0.00 0.759
FACTOR 14 0.360 0.903 0.063 0.203 1 0.063 0.176 0.002 0.089
FACTOR 15 4.410 15.080 0.614 20.400 1 0.776 2.932 0.015 8.924
FACTOR 16 0.360 8.900 4.480 0.100 1 0.063 1.731 0.108 0.044
FACTOR 17 0.090 3.674 5.062 12.840 1 0.016 0.714 0.122 5.617
FACTOR 18 0.490 14.823 3.802 38.647 1 0.086 2.882 0.091 16.906
FACTOR 19 1.1 13.080 2.614 33.063 1 1.956 2.543 0.063 14.463
FACTOR 20 17.084 3.423 2.103 1.400 1 3.008 0.666 0.051 0.612
FACTOR 21 727.201 0.080 0.380 0.562 1 128.028 0.0156 0.009 0.246
FACTOR 22 745.290 15.080 0.902 0.062 1 131.213 2.932 0.022 0.027
FACTOR 23 6.084 0.514 10.563 0.467 1 1.071 0.700 0.253 0.204
FACTOR 24 2.890 0.234 16.134 7.747 1 0.509 0.045 0.387 3.389
FACTOR 25 8.604 10. 347 12.367 34.222 1 1.515 2.012 0.297 14.970
FACTOR 26 0.751 10.78 0.380 23.847 1 0.132 2.096 0.009 10.432
FACTOR 27 2.560 2.723 0.100 6.002 1 0.451 0.529 0.002 2.626
FACTOR 28 4,134 2.507 6.847 9.10C 1 0.728 0.487 0.164 3.98]
FACTOR 29 9.404 0.234 8.702 0.563 R 1.656 0.045 0.209 0.246
FACTOR 30 7.654 7.023 0.780 0.003 1 1.348 1.366 0.019 0.001
FACTOR 31 1.068 3.300 13.814 11.674 1 0.188 0.642 0.332 5.107
FACTOR 32 0.090 0.080 0.902 2.507 1 0.016 0.016 0.022 1.097
R. ERROR 5.680 5.143 3.736 2.286 3
2418.152 214.176 187.483 329.490 35
Table 9. ANOVA for Plackett Bauman Design.
A ab set at high level. The result showed that YIL1 is
response vield of improved from €4S to f47; CGC1 is improved from 579
' /no int ab when to 607; YIL2 is improved from TU9 to T77%; while CGQZ
\ ovit eraction is improved from 70% to 723%. lote that while YIL1 is
& 1 substantially improved, the other pertormance meas-
Ay /L ! aB ures are not much improved.
x//////* GENERALIZATICN OF THE NODEL
AB
Cne of the advantages of a simulation model that
only focuses on quality is that the model can be
N L > Factor A easily generalized to account for non-serial produc-
v l. © tion system i.e. a system which is construciea of
high ow merging and diverging branches. Since the qualivy
Figure #: An illustration of the Positive Two records for each process are stored at ditterent

Factor Interaction

entering a test
tive, Since the latter is not recommendea
solution to improving yield 1is thus to control
incoming quality and process quality. Otherwise,
better quality requires that one should sacritice
yield.

or by making the test less eftec-
the only

Based on the above findings, the simulation model, is
run with the incoming capacitors and resistors
def'ect rate, cropping and wave soldering detect rate
set at their low level; and with the capacivor test
eftectiveness at the first and second component test

parameters in a transaction, the order that defects
are assigned to the transaction at different blocks
in a simulation model is not very important. For
example, in the present system machine insertion
defects can be assigned after manual insertion, han-
dling defects can be assigned at the beginning of
the system and so on. The order of assignment will
not affect the statistics which are gavherea at the
end of wave soldering processes. This implies that
processes 1in parallel can be represented by blocks
in series and a merging and branching system can be
simulated by sequences of serial subsystems. This
generalization is not possible if' it is necessary to
take the transit time into account in a simulation
model,
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CONCLUSION

A system approach to the production quality enables
one to answer questions such as: Where to carry out
test and inspection? How much inspection and test?
¥Yhat defects should the test look for? Vhat incom-
ing quality should be required of component? Uhat
quality level should be sought of individual pro-
cess? Should quality be created in the product from
the beginning or should quality be inspected into
the product? Vith a good user interrace procedure
and statistically well designed experiments, a qual-
ity simulation model such as the one outlined in
this paper can serve as & powerful tool for the
users to gain insight about the system and to
explore the optimal process parameters of each pro-
cess as well as the structure of the system.
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APPENDIX

Factorial

215"1'I Fractional

Development of the
Design

In this experiment, 20 factors for component test
effectiveness are under investigation. Of these 20
factors, 1C are for HP3UbU first component test
eftectiveness and the other 10 are for HP3uou second
component test effectiveness., Since thé two com-
ponent tests detect the same detect type, the
interactions among these factors are first examined.

In the model, the first component test detects a
fraction of the components on each board while the
second component test detects a fraction of the
remaining components that are not addressed by the
first component test. Suppose that the effective~
ness of the first component test is 90% and the
second component test is 807 effective, then the
actual effectiveness of the second component test
will be 10%x80%=8%. If the first component test 1is
509, and the second component test effectiveness
remains at 80%, then the actual effectiveness of the
second component test becomes 50%x80%=40%. There~
fore the actual eftectiveness of the second com—
ponent test depends on the corresponding first com-
ponent test efttectiveness., According to the detini-
tion defined in the previous section, there are
"interactions" between the first component test and
the second component test procedures which detect
the same defect type.

The 20 factors can thus be paired in such a way that
the factors which detect the same type of defect
belong to a single pair. The problem 1is then to
develope a design which studies the main efrects as
well as the 1C interactions between the factors
within a pair. In the literature, such a design
does not exist, and it will be very time consuming
to develope this design manually., A compromise is
to construct a smaller design for half of the fac~
tors (i.e. five pairs of the factors) and pertorm
the experiment twice, By doing so, the construction
process for the required design will be greatly sim-
plified. No information willi be lost since the
interactions among pairs of factors are insigniti-
cant.

Suppose for the 5 pairs of factors that are +to be
studied in the same design, the factors that belong
to the first component test are numbered from 1 to 5
and those belong to the second component test are
numbered from 6 to 10 respectivety, then the
interactions that are of interest are 1€, 27, 38, 49
and 5(10). Since 15 _estimates are needed, theretfore
16 runs, i.e. a 2'°7!! fractionayr factorial design
is required.

Using the procedure to construct a 2K-p fractional
factorial design [6] a matﬁix of independent vari-
ables is constructed for a 27 full factorial design
first. The first 4 columns are designated to factor
1 to U respectively. The next 6 columns, which are
the 2 factor interactions among the first four fac-
tors, need to be associated with factor 5 to 10 in
such a way that the required interactions between
factors within a pair do not confouna with any of
the main effects. This can be done as follow:

(1) List the six 2 factor interactions of the first
four factors:

12, 13, 14, 23, 24, 34

(2) Add to each of these a thira factor that does
not interact with any of the factors in the
pair. These are the potential generators:

125 236 137 128 129 12(10)
135 246 147 148 139 13(10)
145 346 347 248 239 14(10)

235 23(10)
345 248(10)
34010)

(3) Among these generators, six are chosen such
that

(a) Each of the two factor interactions listed
in (1) cen only appear once in the genera-
tors.

(b) No two generators belong to the same
column in (2) can be chosen.
There are more than one feasible combinations,
1e one chosen is
I=125=236=147=248=13Y=34(10)

Therefore factor 5 is assigned to column 12,
factor 6 is assigned to column 23,... etc,.

(4) By multiplying the six generators witn each
other in pairs, triplets, etc., the 2° members
or "words" of the defining relation obtained
are:

(the generstors)

I=125=2139=147=236=248=34(10)

(pairs)
=235C=245T=135b=1458=12345( 10) =347y
=12€9=123489=149(10)=123407=1278=137(10)
=3468=246(10)=238(10)

(triplets)
=123U4579=5b69=345E9=2455(10) =34567=5Y§
=235T7(10)=12345€¢8=1456(1C)=1358(10)
=24670=23789=79(10)=14685=123469(1C)
=1289(10)=13678=1267(1C)=123478(10)
=68(10)

(4~tuples)
=145679=135789=1257(10)=245559=34564( 10)
=589(10)=235678=507(1C)=34578(10)
=12568(10)=6789=23679(10)=24785(10)
=13689(10)=14678(10)
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(5-tuples)
=1256789=135679(10)=145782(1C)
=235689(10)=24567¢(1C)=34€789(10)

(E-tuples)
=123456789(10)

(5) Find the two factor interactions which are
aliases of 123, 124, 134, 234, and 1234 by mul-
tiplying the effect with the defining relation.
Ignoring those aliases that contain more than
two factors, the result is:

effects
123 124 134 234 1234
35 45 g 46  5(10)
2 factor aliases 2% 2 37 38 89
16 1Y 1(10) 2(10) 67

Note that each of the required interactions is con-
founding with only one eftect, namely, 1€ with 123,
27 with 124, 49 with 134, 38 with 234 and 5(10) with
12234 respectively. Theretore interaction 1& 1is
assigned to column 123, interaction 27 is assigned
to column 124,..., etc.

In the first part of the experiment, factor 33 to 37
are associated with factor 1 to 5 anda factor 43 to
47 are associated with factor 6 to 10 in the design.
While in the second part of the experiment, factor
38 to 42 are associated with factor 1 to 5 and fac-
tor U8 to 52 are associated with factor 6 to 1C in
the design.
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