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Modeling, Scheduling, and Performance Evaluation for
Wafer Fabrication: A Queueing Colored Petri-Net and
GA-Based Approach
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Abstract—In this paper, we propose a modeling tool named Queueing
Colored Petri nets (QCPN) for performance evaluation and scheduling for
wafer fabrication. The main idea of this tool is to combine colored timed
Petri nets with the queueing systems, and it aims to make simulation over
the model more efficient. Due to the wide acceptance of priority rules in
the wafer manufacturing industry, we also proposed a mechanism to re-
alize priority rules in the QCPN models. Since it is known that no single
rule can dominate in any circumstance, we proposed a genetic algorithm
(GA) to search for the optimal combination of a number of priority rules
based on the status and performance measures of the fab. Our approach
can be considered as taking the advantage of the lot execution sequence
generated by priority rules to guide the search. This approach can reduce
the solution space and help us find the good solution more quickly. In ad-
dition, the QCPN-based GA scheduler can greatly reduce the computation
time so that this GA scheduler can meet the need for a rapidly changing
environment.

Note to Practitioners—Performance evaluation and scheduling are two
functions required by fab managers and engineers. This paper proposed
a tool which consists of a simulator and a scheduler. By connecting to the
Manufacturing Execution System (MES) and providing the scheduling
rules, we can see how the fab runs virtually with the simulator. General
information such as throughput and average cycle time and specific
information like lot activity history can be obtained. This can be used
for decision making, delivery prediction, bottleneck seeking, and testing
of newly developed heurisitcs. The implementation cost is only on data
communication between the MES and the simulator and the incorpo-
ration of rule modules. The scheduler, which takes the simulator as the
performance evaluation module, can generate the suitable scheduling
rule based on the current fab status, preference of performance criteria,
and rule candidates. There is almost no extra cost after the simulator is
connected to the MES. The scheduler can be easily made faster by common
parallelization techniques.

Index Terms—Genetic algorithms (GAs), Petri nets, queueing systems,
semiconductor manufacturing scheduling.

I. INTRODUCTION

In recent years, the semiconductor manufacturing industry has
grown rapidly and it has become one of the most competitive fields.
Due to equipment uncertainty, product diversity, process intricacy,
and ever-improving technologies, the semiconductor manufacturing is
perhaps the most complicated manufacturing process today. In such a
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competitive market, wafer fab managers must try hard to reduce the
cycle time, improve quality, and to lower production cost. In addition,
they have to respond quickly to orders and to make the orders meet
due dates. If they fail to do so, they will lose customers’ goodwill as
well as a long-term sales opportunity.

This paper addresses the problem of performance evaluation and
scheduling in the wafer manufacturing industry. If we want to meet the
requirements of customers, we have to precisely estimate the cycle time
of all orders as well as other performance measures, such as work-in-
process (WIP) and machine utilization first. Based on these measures,
the manager or fab engineers can control the operations and the man-
ufacturing times easily, and customers can know the status of their
goods. Thus, performance evaluation is an important and challenging
task.

Petri net has played an important role in the modeling field for a
long time. It has been developed into a powerful tool for modeling
discrete event systems, particularly for manufacturing systems. Many
extensions of Petri nets were introduced. For example, colored Petri
nets [2]-[4] and timed Petri nets were widely used in manufacturing
systems. In [2] and [4], the CTPN was used to model the furnace and
the whole wafer fabrication manufacturing system. Zhou et al. [5] re-
viewed applications of PNs in semiconductor manufacturing automa-
tion. Jeng et al. [6] reported a project of applying Petri net methodolo-
gies to detailed modeling, qualitative analysis, and performance evalu-
ation of the etching area in an integrated-circuit (IC) wafer fabrication
system. Due to the strong expressiveness, the CTPN is taken as the
basis for modeling the complex semiconductor manufacturing systems
in our approach.

Successful examples of combination of Petri nets and queueing sys-
tems can be found in the literature [7]-[11]. In [7], Balbo et al. con-
structed a model for concurrent execution and synchronization of tasks.
The part of blocking and forking was modeled by Petri nets and the part
of the server subsystem was simplified by solving its corresponding
queueing network model to get a flow-equivalent server. The focus of
this work and some other similar works is on the superiority of mod-
eling ability of the combination of Petri nets and queueing systems over
the Markov chain approach. Bause [8] proposed a formalism which
combines Petri nets and queueing networks. He emphasized the ease
of describing scheduling strategies (e.g., first in first out (FIFO) and
process sharing) with queueing networks. Becker et al. [9] also pro-
posed a modeling tool, Petri Nets including queueing networks (PNiQ),
which generalized the idea in [7] and gave a formal definition. This
tool was then extended in [10] and an application was shown in [11].
In these works, the idea of combination of Petri nets and queueing sys-
tems was demonstrated only with small systems except in [11]. How-
ever, even in [11], there was not a complete and clear model for de-
scribing a complex manufacturing system with a rule-based flow con-
troller. Moreover, there was no mention of applications like scheduling.
These two points will be addressed in this paper.

There were many papers on planning and scheduling in semicon-
ductor fabrication. Recent papers by Johri [12], Duenyas et al. [13],
and Uzsoy et al. [14], [15] highlighted the difficulties in planning
and scheduling of wafer fabrication facilities. A practical solution to
scheduling such a complex system is by using priority rules [16], [17],
[25]-[30] because of satisfactory performance, small computation
requirement, ease of implementation, and flexibility to incorporate
domain knowledge and experience. To enhance the performance of pri-
ority rules, in this paper, we propose a genetic-algorithm (GA)-based
framework to set a suitable combination of priority rules for different
types of products and equipment so as to explore the features of rules
according to performance criteria, equipment characteristics, and fab
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status. In this framework, the proposed QCPN model will serve as
a platform upon which efficient performance evaluation of chromo-
somes in GAs can be achieved. The GA is used since its performance
was proven by many applications on production scheduling [20]-[24].

The organization of this paper is described as follows. Section II is
about the proposed QCPN. It shows how we introduce the queueing
theory into the original CTPN and why the integration improves effi-
ciency. The model of equipment with QCPN is provided in Section III.
In Section IV, we describe how we realize priority rules in the QCPN
model for simulation and performance evaluation. Section V gives the
details of the proposed GA for searching a suitable combination of
priority rules. In Section VI, we demonstrate the application of using
the proposed mechanism and analyze the performance. Finally, conclu-
sions are given in Section VII.

II. QUEUEING COLORED PNs

In our method of combining PNs and queueing systems, we intro-
duced a special kind of transition named the queueing transition into
the CTPN to represent the role of the queueing system. The modeling
power of CTPN is exploited to elegantly model processing capability
and routing while the queueing system is used to simplify the model
and accelerate the execution. For the definitions of CTPN, readers are
directed to our previous work [26].

A. Queueing Transition

Queueing transitions are used to model the waiting/response time of
parts in a manufacturing system. An enabled queueing transition rep-
resents that some parts are in the service queue, and the firing repre-
sents that the part leaves. Each queueing transition is embedded with
a priority queueing model, and the firing time can be calculated by the
model. A token that enables the queueing transition will be assigned a
queueing time. After the time delay, this transition can be fired.

InFig. 1(a), acommon CTPN model for resource contention is given.
The token in the place resource is initially marked to represent that the
machine is idle at the beginning. When there are tokens in the place
buffer, one will fire the immediate transition enter and mark the place
service. The transition service_t is a timed transition. After the delay
time elapses, the machine releases the part, and the place resource is
marked again. Another token waiting in place buffer can fire through
the transition enter.

With the proposed QCPN, this resource contention subset is modeled
in Fig. 1(b). In this figure, the place resource in Fig. 1(a) is removed
and is replaced by a queueing transition enter. The time attribute of
the queueing transition represents the waiting time of a token in the
place buffer. As mentioned above, this time delay is calculated by the
embedded priority queueing model of the queueing transition.

The order in which tokens in the place buffer fire the transition enter
in Fig. 1(a) actually represents the processing sequence of parts on the
machine. In the industry, this sequence is typically determined by ap-
plying priority rules. It means that when the transition enter is enabled,
a priority value should be calculated for each token in buffer. It takes
computation time proportional to the number of tokens. The priority
values are calculated by rules based on the status of queued lots, and
the status changes with time. Thus, these priority values are dynamic in
time, and the calculation should be done each time the transition enter
is enabled. Suppose there are n parts in buffer and no new lot comes,
the time required for solving resource contention for these n lots is
net+(n—1)-t4--4+2-t=0(n) -t wheret is the time used to
calculate the priority value for a token.

However, the processing sequence in the model in Fig. 1(b) is de-
termined by the time delays of firings of the queueing transition enter.

(a)
. . I R
° /
buffer enter service sevice_t output
(b)
. ) .
° \_/
buffer service sevice_t output
Fig. 1. (a) Original resource contention. (b) QCPN resource contention.

The token with higher priority will have a shorter time delay and, thus,
will pass through the resource earlier than those with lower priority
and longer time delay. In other words, the condition that a lower-pri-
ority token is blocked from processing by the occupation of resource
by a higher-priority token is realized by the queueing time delay. The
queueing time delay of a token represents the sum of processing times
of tokens that block its processing.

For example, a token ¢ enters the place buffer and there is one token
j already in buffer. The resource is busy. Assume token ¢ has a lower
priority value than token j according to the adopted priority rule. With
the model in Fig. 1(a), token j is the next one to fire the transition enter
after the resource is released. The token ¢ must wait until the resource is
released again when token j fires the transition service_t. This is how
the processing sequence of lots is realized in the model in Fig. 1(a).
However, in the model in Fig. 1(b), the token ¢ will be given a time
delay to fire the transition enter when it enters the place buffer. This
time delay is an estimate of the sum of the time required for the resource
to finish the current in-process lot and the processing time of token j. In
this way, the processing sequence in which j is earlier than ¢ is realized
by firing the transition enter with the estimated time delay.

By using the embedded priority queueing model, the time delays can
be determined at the time when the token arrives at the place buffer,
and will not change thereafter. Accordingly, given n parts in buffer, the
time required for solving resource contention is only #(n) - t where ¢ is
the time used to calculate the time delay for a token. This reduction of
time complexity from #(n?) to #(n) is the main reason why simulation
over the QCPN model is much more efficient than that over the CTPN
model.

B. Firing Time of Queueing Transitions

As mentioned earlier, the firing time of the queueing transition rep-
resents the time taken by a part to wait for starting its processing on
a machine. To realize the priority rules, we classify parts into several
classes based on their priority values, and then adopt the G/G/1/priority
model to calculate the firing times of queueing transitions. The mean
waiting time of parts in class p (class 1 has the lowest priority, and there
are a total of P classes) can be approximated by incorporating an ad-
justment factor j into the M/G/1/priority model [1]

Ax2j,;
Y
(1=op)(1=0opt1)

W, = (1

where j; = (c2 ;+c2 ;)/(c2;+1).ch ; and c3 ; are the squares of vari-
ation coefficients of the interarrival and processing times of the parts
inclass¢andop, = Zf;p pis pi = M\iT;. The parameters 2 ; and cf.‘,v
can be obtained from the historical data of the wafer fab.
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Fig. 2. Conceptual architecture of the wafer fab model.

III. WAFER FAB MODEL
A. Wafer Fab Model Based on QCPN

A wafer fab can be considered as a job shop containing a large
number of machines. The number of machines differs widely and de-
pends on the size of the fab, and normally ranges from 50 to 500.
Wafers are grouped in lots, which travel together in a standard con-
tainer and are destined to become the same final product. Each lot
has an associated process flow that consists of precisely specified op-
erations to be executed in a prescribed sequence. Each process step
denotes the processing capability that the operation requires. We use
the proposed QCPN to model the whole wafer manufacturing system.
The wafer processing model developed here is a general model, and
will not be restricted to only some specific processes. When the infor-
mation of equipment and route is given, the wafer processing model
is automatically generated by the model generator. Different process
flows of different products can be performed based on this model. The
model includes the capability routing module, machine group module
and equipment module. Fig. 2 illustrates the conceptual architecture of
the proposed model, which shows the relationship among all of these
modules. With the limitation of space, only the equipment module is
given. Details of the complete model can be found in [27].

B. Equipment Module

The equipment module constructed by QCPN is illustrated in Fig. 3.
After the transition enter_j_k is fired, two tokens are generated. One
will be sent to the place waiting_j_k for normal operations, and the
other will be sent to the arrival rate update subnet, which will be de-
scribed later. After processing, the lot may enter the communication
place! out or fail_out and continue the next processing step.

The machine failure and periodical maintenance are not modeled ex-
plicitly here. Such occasional events are modeled as dummy lots that
directly arrive at the highest priority queue [1] in the priority queueing
model [e.g., The arrival rate of the event of machine failure is the re-
ciprocal of mean time between failure (MTBF), and the service time is
mean time to repair (MTTR)].

The notation used in Fig. 3 is described below.

ICommunication places are places common in more than one module.

processing_ok_j_k

Arrival Rate Update Subnet

waiting_t_j_k

assign_priority _j_k

rrocessing_fail_j_k

enter_e_j_k buffer_j k waiting_j_k processing_j_k

fail _out

Fig. 3. QCPN-based equipment module.

accumulating count

accumulate release out

arrivals

gatel gate2

buffer_ j k enter j_k waiting_j k waiting_t j k processing_j_k

Fig. 4. Arrival rate update subnet.

Assign_Priority_j_k: A token going through this transition will
change its corresponding color of priority value according to the
dispatching rule adopted. The output function of this transition varies
with time since the calculated priority value can dynamically change
with the online situation.

Buffer_j_k: A token in this place represents that the lot is currently
in the buffer of the kth machine and is ready to be processed.

Waiting_j_k: A token in this place represents a lot is waiting in the
queue of the machine.

Waiting_t j_k: The transition waiting_t_j _k is a queueing transi-
tion, and takes some time to fire. The time is calculated using the pri-
ority queueing model of the queueing transition, and it represents the
waiting time (in queue) of the lots.

Processing_j_k: A token in processing_j_k represents that the
corresponding lot is in process on the machine k in the jth machine
group. The token can enable the transitions process_ok_j k and
process_fail_j_k, and one of them is fired according to the rework
probability set in this place. The rework probability is greater than
zero only if the machine contains an inspection device.

Process_ok_j_k: The time delay (processing time) of this transition
depends on the current route and step of the lot (token). The firing of
process_ok_j_k represents that the lot has finished the current opera-
tion successfully and will be sent back to the capability routing module
through the communication place out.

Process_fail_j_k: The time delay (processing time) is determined
in the same way as process_ok_j_k does. When a token is passed to the
place fail_out, one token will be generated to indicate that the lot must
be reworked from the specific operation step.

For batch processing machines, we adopt the full-batch control
policy and use the same model as what we proposed in the previous
work [26].

C. Arrival Rate Update Subnet

Since the calculation of waiting time of lots heavily depends on their
arrival rates, we provide a mechanism to periodically update the arrival
rates of lots to each machine in order to obtain accurate results. We use
an additional subnet to achieve our goal, and it is illustrated in Fig. 4.
In the equipment module, a token firing the transition enter_j_k will
produce a token entering the arrival rate update subnet. In this subnet,
it accumulates the tokens (lots) arrived in a predefined time interval.
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After the number of tokens is obtained, the arrival rate can be calculated
by

A(arrival rate of an interval)
_ The number of token arrivals

Time interval

The detailed description of this subnet is given as follows.

Accumulate: The token arrived will be temporarily put into this
place.

Accumulating: The place accumulating is initially marked with one
token, and a token in this place represents that the tokens are being
accumulated. After the token here is removed, tokens in accumulate
are sent to the place arrivals.

Time_Interval: 1Itis atimed transition. The time associated with this
transition is a user-defined value. Firing this transition means that it is
time to update the rate.

Count: A token in this place represents that the tokens are being
counted. Because the token in the place count blocks the transition
gate2, the tokens from accumulate will not be sent to the place out di-
rectly. At this time, we can count the tokens in arrivals, which represent
the lots arrived during this time interval.

Release: 1tis atimed transition. The delay time associated with this
transition is very small. Firing this transition will indirectly move all of
the tokens in arrivals to the place out. A token will enter accumulating
and start the next accumulation.

Note that the selection of the value of the update time interval must
be done with care. If the chosen value is too small, the calculated
waiting time may be infinite due to the fact that the machine utiliza-
tion in this time interval is larger than one. On the other hand, if the
selected time interval is too long, the precision of the prediction result
will be affected. The appropriate time interval can be obtained by some
trials.

IV. PRIORITY CLASS ASSIGNING METHOD FOR
GENERAL PRIORITY RULES

In semiconductor manufacturing systems, the fab managers often
adopt priority rules to control the manufacturing processes. If there is
more than one lot waiting in the queue when the machine is available,
the priority rule calculates a priority value for each lot, and the lot with
the highest (or the lowest) value is processed next.

The queueing systems often assume that service requests are served
according to some simple rules such as FIFO. However, the priority
rules commonly used in the fab such as earliest due date (EDD) and
critical ratio (CR) are much more complicated and the exact solutions
of the queueing systems based on these rules have not been proposed
yet. Therefore, we propose a method to realize the priority rules in the
queueing system by adopting the multiclass priority queueing model
and developing a procedure to assign lots to different priority classes.

The simplest way to accomplish this assignment is as follows. First,
we sort the lots in the fab according to its priority calculated by the
dispatching rule. Then, we divide them into P priority classes. The
first (highest priority queue) class contains the first 1/ P portion of lots
with the highest priority values; the second class contains the next 1/ P
portion of the lots and so on. With the assigned priority class of each lot,
we can use the priority queueing model to calculate the waiting time
and model the processing sequences determined by the corresponding
rule. Thereafter, we can use the QCPN-based simulator to evaluate the
performance of the selected dispatching rule. Fig. 5 illustrates the idea
of the priority class assigning method.

Since the priority value of lots may vary from time to time, this
method must be executed periodically. That means we have to sort and
assign the lots to different classes periodically and, thus, adding com-
putation time to the simulation over the QCPN model. A more efficient

13
%)
W

Pri crm 1

Pr cnu

:> 8T

Priority 3

Machine

e O

Priority N

Priority

Lots .
Service queue

Fig. 5. Priority class assigning method.

way is to keep only the highest and lowest value of lot priorities. The
complexity of doing this is only O(V), where N is the number of lots.
It is faster than the original way with time complexity O(N - log N)
from sorting. After the highest and lowest priority values of lots in the
fab are found, we can assign the lot to different priority classes ac-
cording to the following equation:

P — Vinin - P
C= x P 1/Inax > > "/Inin
"V;nax — Vain —‘ ( =b= )

O = P(p > ‘/vulax)
C = 1(]7 < v:nin)

where P is the number of priority classes, Vimax and Viin are the
highest and lowest priority values, p is the priority value of the target
lot, and C' is the priority class to which this lot is assigned. Note that
the values of Vinax and Vinin need to be updated periodically.

In this section, we introduced how we realize the priority rules in the
QCPN model so that performance evaluation can be achieved by sim-
ulation over the model. With the ability to do performance evaluation,
the QCPN-based simulator also serves as the evaluation procedure in
the GA optimization process described in the next section.

V. WAFER FAB SCHEDULING

In a typical semiconductor wafer fab, there are many different prod-
ucts competing for limited resources. Each product flow can include
hundreds of processing steps. Because of the long sequences of op-
erations required for the wafers, most semiconductor manufacturing
companies suffer from a high WIP level and long cycle times. Hence,
it is important to develop a production scheduling system that can help
to minimize cycle time and WIP as well as to meet the due-date con-
straints.

For simplicity, the present work assumes that the stocker capacity
between machines is infinite, and the material handling system is not
taken into account. However, such assumption does not invalidate the
overall idea behind the present work. Instead, it allows us to concen-
trate on the ingenious integration of a rather concise QCPN and GA for
scheduling.

A. Overview of the GA

The GA is a class of algorithms that provides a computation model
for the biological evolutionary process following the principles of nat-
ural selection and survival of the fittest. By relating the artificial evo-
lutionary process and the solution-finding process, GA is taken as a
search algorithm or an optimization approach for decades. In the lit-
erature, GA was shown to be highly effective in searching large and
complex response surfaces even in the presence of difficulties such
as high dimensionality, multimodality, discontinuity, and noise. It is a
multipoint, random, guided, and parallel-in-nature algorithm, and these
properties contribute to the GAs’ recombinative power, ability to avoid
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local optima, unsupervised self-learning ability, and ease of paralleliza-
tion. With its general framework, GAs have been used pervasively for
solving many different kinds of scheduling problems, and its good per-
formance was well studied.

To develop a GA, there are four major components:

¢ chromosome representation of the solutions to be found, which
is an encoding mechanism;

¢ decoding mechanism to interpret chromosomes back to their cor-
responding solutions;

* evaluation function that rates the chromosomes/solutions in
terms of their fitness;

e genetic operators that alter the composition of solutions during a
reproduction process.

The details of these components are given in the following subsec-

tions.

B. Mixed Rules

The main purpose of the GA here is to find the appropriate lot re-
lease rule (for the fab), machine selecting rules (for each product), and
dispatching rules (for each machine group). To obtain more effective
dispatching rules, we try to mix multiple rules by a linear weighted
combination.

Before combining different rules, a normalization procedure should
be done since different rules may have different ranges of values. For
example, the priority values by the shortest remaining processing time
(SRPT) rule may range from zero to the expected cycle time of the lot;
the priority values by the EDD rule may range from the value of current
time to some time far later. If we transform these values into the same
range, the combination will be more reasonable.

Since the priority values of some rules change with time (e.g., CR
rule), we must periodically track the range of the priority values, and
maintain the highest and lowest priority values to do the transformation.
Note that in some rules, the smaller priority value represents the higher
priority, so we need to make the value negative. After the highest and
lowest values are calculated, the equation for transformation is

- "/;nin

c=_2r

Vinax — Vinin

where Vinax(Viin) is the largest (smallest) priority value, C' is the
transformed value, and p is the target priority (the value to be trans-
formed). Then, the priority values of all rules can be transformed into
values between 0 and 1.

C. Chromosome Representation

Our approach uses a priority rule-based representation of chromo-
somes in the GA. It is a kind of indirect representation approach. This
approach brings us a number of advantages, such as the simplicity of
the chromosome structure, simple GA operators, shorter computation
time, etc.

There are three types of genes in our chromosome g, g and
ga, which denotes lot release policy, machine selecting rule, and
dispatching rule, respectively. The contents of ¢; and ¢,, are the
indicators for which rules are applied while g4 = (a,b,c,d,¢) is a
five-tuple where a., b, ¢, d, and e represent the weights of SRPT, EDD,
CR, least slack (LS), and Penalty rules in the linear combination. The
weights range from zero to three.

Three lot release policies, including uniform (UNIF), constant WIP
(CONWIP), and workload regulation (WR) rules [16], are used as can-
didates. As for machine selecting rules, there are three machine se-
lecting rules including the lowest utilization (UTIL), shortest queue
length (SQL), and shortest expected processing time (SEPT). The defi-
nitions of these rules can be found in [27], and other rules can be easily
added because of the flexibility of GA.

<« # machine groups % <€ #products P
SeNa Seeal . S
[] ‘~‘::\‘,‘ Seaa ~— \" ‘ns.~ .~
Lot release rule | | Dispatching rule Machine selecting
UNIF (1) CR (0~3) Urf;]el
CONWIRQ) EDD (0-3) )
WR (3) SRPT (0~3) SQL @)
SLACK (0~3) SEPT(3)
Penalty (0~3)

Fig. 6. Chromosome representation.
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Fig. 7. Architecture of the scheduler.

The length of a chromosome is fixed and the structure of the chromo-
some is illustrated in Fig. 6. The first gene is the ¢; type, followed by
M gq-type genes and, finally, P ¢, -type genes where M is the number
of machine groups and P is the number of products.

D. Schedule Builder

Based on the QCPN model, the simulation of the system can be ad-
dressed by the change of marking in the net. All possible kinds of be-
haviors of the system can be completely tracked by the reachability
graph of the net. In other words, we can track the status of lots and ma-
chines from the QCPN model while the schedule is performed.

A schedule builder is dedicated to transforming a chromosome to a
feasible schedule so that we can evaluate it. A chromosome consists of
many genes, each of which indicates a (mixed) rule which is directly
related to the execution of the QCPN model. Once a conflict repre-
senting a decision of sequencing or machine selecting occurs in the
model, the corresponding (mixed) rule is invoked to resolve it. Thus,
given a QCPN model and a chromosome, the schedule builder can gen-
erate a feasible schedule guided by rules recorded in the chromosome.
Then, the performance measures like mean cycle time can be obtained
from the generated schedule, and a fitness function will be used to eval-
uate this chromosome based on those measures. The architecture of the
scheduler is shown in Fig. 7.
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E. Fitness Function

In common situations, we have multiple objective measures. One
popular method to combine them is the weighted-sum approach

fly=wi- file) +wz- fole) 4+ + wn - fulc)

where c is a chromosome (i.e., solution), f(c) is the fitness function,
fi(c) is the ith objective function, w; is a constant weight for fi(c),
and n is the number of the objective functions.

In this paper, we consider three criteria including mean cycle time,
throughput rates, and average penalties resulting from tardy jobs. The
associated weights are open to users. The reason for choosing these
three criteria is that they are the factors that fabs concern the most ac-
cording to previous experience. Theoretically, there is no limit to the
number of criteria when forming the fitness function. Three criteria are
sufficient to demonstrate the hereby proposed idea.

E. Reproduction

Classic operators including roulette wheel selection, one-point
crossover, and one-gene-substitution mutation operators are used. Let
N be the population size and r be the crossover rate; the fittest N
chromosomes among the N parents and N - r offspring will survive
to the next generation.

G. Cutoff Method by Machine Utilization

In the proposed method, each machine group can adopt a mixed dis-
patching rule. However, it is reasonable that the selected dispatching
rule of the bottleneck machine is more important than that of other
machines. Since the bottleneck machine is often determined by ma-
chine utilization, we use the utilization of each machine group to de-
termine its importance. Another reason for using machine utilization
as an index is that lower utilization represents a longer idle time. For
example, a machine group with a utilization of 50% represents that the
queue of this machine group is empty in half of the total system time.
Thus, we do not need to select among lots but just wait for the next
lot’s arrival.

The cutoff method simply means to “cutoff” the machine groups
with lower utilization in the chromosome. These machine groups will
use the same dispatching rule that is also obtained from the GA sched-
uler. The chromosome representation is illustrated in Fig. 8. Only the
machine groups with high utilization are separately listed in the chro-
mosome. Reducing the length of the chromosome by cutting off light-
loaded machines is expected to effectively reduce the search space of
the GA with little sacrifice of performance.

Selecting the appropriate cutoff level requires some experimental
procedures. With a higher cutoff level, the search space is smaller and,
hence, the convergence speed is fast, but may be accompanied with the
cost of losing some good solutions. The testing of different cutoff levels
is conducted in the experiments.

VI. EXPERIMENTS AND RESULTS

The model used in our experiments is built based on data from the
semiconductor manufacturing companies located in Hsin Chu Science-
Based Industrial Park. In this model, there are totally 477 machines in
43 machine groups. The number of machines in each machine group
may range from 3 to 45. There are two production lines in this model.
The first production line is a re-entrant line comprising 416 operations,
and the second production line comprises 322 operations.

In order to demonstrate the rework feature in production flows, we
randomly select some steps in these flows and set the rework proba-
bility. We also create some rework flows from some segments in these
production flows. After the lot finishes these steps, the lot may be sent

Machine groups with high utilization
have individual genes

| [
H | ———- +H | ---
| |
| [

Machine groups with low utilizationﬁ
share a common gene

Fig. 8. Chromosome representation after cutting off.

to the rework flow with the predefined rework probability. After a lot
finishes its process on the rework flow, it can rejoin the normal flow and
continue its production. Besides, we assume the re-entrance of opera-
tions on the same machine may have different processing times since
they have different recipes to be processed.

In this model, we also assume that some machine groups contain
batch-processing machines. We select the machine groups with long
processing times (e.g., > 3 h) since the operations on batching ma-
chines, such as oxidation, usually take several hours. The parameters,
such as MTBF, MTTR, and scheduled maintenance are also included
in this model. Scheduled maintenance means that the machine will be
stopped to be maintained after a fixed number of operations.

A. Implementation

For the purpose of performance evaluation and testing the proposed
method, we developed a tool named NTU Sim. This tool consists of
three parts. The first two parts are two simulators based on CTPN
and QCPN, respectively. Both simulators provide functions, such as
performance evaluation and decision support. In the experiments, the
CTPN-based simulator is taken to verify the accuracy and to show the
efficiency of the QCPN-based simulator. The difference between these
two simulators is that the CTPN-based simulator uses the equipment
module proposed in our previous work [26], in which resource con-
tention is modeled in the way as shown in Fig. 1(a) in Section II.

The third part of this tool is the GA scheduler. Before running the
scheduler, we have to fill in the parameters, such as the generation
size, population size, and the crossover rate, etc. Then, the importance
(weight) of each performance criterion also needs to be defined. After
all of these are done, we can use the scheduler to find out appropriate
scheduling policies and, of course, the corresponding high-quality
schedules.

B. Experiment Results

In this subsection, we make some experiments to evaluate the per-
formance of our simulator and scheduler. In these experiments, the fab
is not empty at the beginning. It means that there are lots already being
processed in the fab. We generate the information of these lots by taking
a snapshot of the simulation model in the steady-state. The period of
evaluation is 3000 h (about 4-5 months). The parameters of three re-
lease policies UNIF, CONWIP, and WR are set as 7.5 h, 150 lots, and
10 h, respectively. The values are set so as to keep the utilization rate
of the bottleneck machine around 90%. Our experiments are performed
on the mixed production lines, and the proportion of two types of lots
is 1:1. Finally, all of the experiments were done on the PC with a Pen-
tium II 450-MHz central processing unit (CPU), 128-MB random-ac-
cess memory (RAM), and the Windows NT system.

1) Accuracy of the QCPN-Based Simulator: In this experiment, we
arbitrarily chose three orders and compared their delivery dates ob-
tained from the QCPN-based simulator with the results from the CTPN-
based one. In order to verify the accuracy of the simulator on different
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Fig. 9. Mean cycle time by two simulators.

TABLE 1
COMPARISON OF QCPN-GA AND OTHER HEURISTICS

SRPT  EDD CR LS FCFS GA
Mean CT 482 500 595 507 565.5 483
Thr. Rate 147 146.5 1438 1469 1423 148.5
Penalty 0.98 0.41 1.9 0.16 1.74 0.15
TABLE II
RUNNING TIME OF CTPN-BASED AND QCPN-BASED GA
CTPN based GA (min) QCPN based GA (min)
Mean 20.75 2.98

dispatch rules, four rules SRPT, EDD, CR, and LS are chosen for com-
parison. The accuracy of prediction ranges from 90% to 98%, which is
quite satisfactory.

In Fig. 9, we show the mean cycle time obtained by two simula-
tors. The result represents that the performance measures based on the
QCPN model are very close to those based on the CTPN model. The
comparisons of other performance criteria show the same result. In
other words, the process flows in the fab are correctly modeled by the
proposed QCPN model.

2) Performance of the GA Scheduler: In this subsection, we first
compare the performance measures of our scheduler with other pri-
ority-based heuristic rules. The interval of order release is 7.5 h. The
due date of the orders is the order release time plus 640 h, and the
penalty is randomly generated from O to 10. The experimental results
are given in Table I. The GA parameters we use to search for a better
chromosome are listed as follows:

population size 10;
generation size 10;
crossover rate 0.7;

mutation probability 0.1;
weight of cycle time 3;
weight of throughput rate 1;
weight of penalty 3;

cutoff utilization level 50%.

Then, we compared the computation times of the GA running over
the CTPN-based and the QCPN-based simulators. We have run each
combination ten times. The results are listed in Table II.

On the other hand, in order to verify the effect of the cutoff method,
we did several experiments on different cutoff levels. The experiment
was repeated for 100 times on each cutoff level, and we calculated the
mean best fitness of these 100 trials. Fig. 10 shows the results.

From Table I, we showed that the proposed GA scheduler outper-
forms the benchmark priority rules in all criteria. Note that here we
assume the variation of performance of a chromosome due to the sto-
chastic nature (such as machine breakdown) inside the wafer fab itself
does not overwhelm the difference of performance among

cutoff level
Fig. 10. Mean best fitness values on different cutoff levels.

different chromosomes. Otherwise, some other mechanism will be re-
quired to precisely obtain the objective measures for each chromosome
under the large variation. In Table II, the scheduler, which uses the
QCPN-based simulator, shows great efficiency in comparing it to which
one uses the CTPN-based one. Since the evaluation stage, which in-
cludes simulation (Fig. 7), is the most time-consuming part in the GA
and the QCPN-based simulator runs faster than the CTPN-based one
(Section II-A), the QCPN-GA approach can provide solutions within
much shorter time. Fig. 10 shows that although the cutoff method can
raise the performance, we must take care in choosing the cutoff level.
In the beginning, performance is gradually improved by cutting off
more and more genes. It implies that disregarding the machine groups
with lower utilization is helpful to reduce the size of solution space
without deterioration to the solution quality. However, cutting off too
many genes (here, machine groups with utilization greater than 20%)
could eliminate good solutions from the solution space so that the per-
formance degrades.

In conclusion, the proposed QCPN-based simulator is efficient and
accurate, and the GA scheduler, which uses the proposed simulator as
the evaluation function, is the potential to set priority rules quickly,
automatically, and intelligently so that schedules with satisfactory per-
formance measures can be generated.

VII. CONCLUSION

Performance evaluation and scheduling are two important functions
in operational control of the manufacturing systems. In complex manu-
facturing systems, such as wafer fab, simulation and rule-based control
policy are the major means to achieve the above two functions. In this
paper, the QCPN is proposed to construct models of wafer fab and a
mechanism is proposed to realize any priority rules in the QCPN model.
The simulation time is much shorter by using the proposed model to re-
place the CTPN model. This speedup causes only small loss of preci-
sion. In other words, the proposed solution not only has the modeling
power of PN but also provides much quicker responses so that engi-
neers can complete their missions more efficiently.

Due to various conditions in the fab, engineers usually develop more
than one rule to direct process flows. The selection of a suitable rule
specific to the current condition is a challenging and burdensome task.
Here, we propose a GA-based scheduler, which is able to select the
appropriate rule or even to combine the existing ones to a better one
based on the users’ focused performance measures. The engineers only
need to define their preferences on different measures (if more than
one), and the rule is generated intelligently and automatically. In the
experiments, the proposed scheduler can generate better solutions than
any single rule. Moreover, by using our fast performance evaluation
tool, the scheduler takes only several minutes. This is quite satisfactory
to the users, and the time can be shortened easily since parallelization
of the GA is effortless.
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