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In a wafer fabrication Fab, the “integrated delivery”, which integrates the automated material handling
system (AMHS) with processing tools to automate the material flow, is difficult to implement due to the
system complexity and uncertainty. The previous dispatching studies in semiconductor manufacturing
have mainly focused on the tool dispatching. Few studies have been done for analyzing combinatorial
dispatching rules including lot dispatching, batch dispatching and automated guided vehicle (AGV) dis-
patching. To handle this problem, a GA (genetic algorithm) based simulation optimization methodology,
which consists of the on-line scheduler and the off-line scheduler, is presented in this paper. The on-line
scheduler is used to monitor and implement optimal combinatorial dispatching rules to the semicon-
ductor wafer fabrication system. The off-line scheduler is employed to search for optimal combinatorial
dispatching rules. In this study, the response surface methodology is adopted to optimize the GA param-
eters. Finally, an experimental bay of wafer fabrication Fab is constructed and numerical experiments
show that the proposed approach can significantly improve the performance of the “integrated delivery
system” compared with the traditional single dispatching rule approach.
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1. Introduction and literature review

Semiconductor manufacturing is one of the most sophisticated
manufacturing processes with characteristics of large processing
steps, re-entrant material flows, and batching processing. In the
past decades, the dispatching decision problems of processing tools
and material handling in wafer fabrication are usually investi-
gated separately due to the modeling complexity. However, an
effective dispatching mechanism which properly integrates tools
dispatching with AMHS dispatching is becoming a more widely
used strategy to achieve high performances in semiconductor wafer
fabrication systems.

Most approaches to the semiconductor manufacturing sched-
uling problem can be classified into four categories: heuristic rules,
mathematical programming techniques (such as branch and bound,
Lagrangian relaxation and queuing network model), neighborhood
search methods (such as Tabu search, genetic algorithm and fil-
tered beam search) and artificial intelligence techniques (such as
artificial neural networks and expert/knowledge-based systems)

[1].
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In recent years, many studies have focused on the dispatch-
ing rules for scheduling semiconductor wafer fabrication systems.
Heuristic rules and mathematical programming techniques are
widely used for this problem. Yang and Chang formulate a multi-
objective model for IC (Integrated Circuit) sort and test [2]. In their
study, Lagrangian relaxation is used to look for an approximate
Pareto boundary and a new algorithm is designed to solve the
dual problem. Li et al. propose a dispatching rule to improve on-
time delivery without decreasing throughput and increasing cycle
time [3]. Wu et al. develop a line balance-starvation avoidance (LB-
SA) algorithm based on a proposed simplification model of the
processing route for a Fab with machine-dedication features [4].
Monch and Driebel also propose a heuristic rule, named modified
shifting bottleneck heuristic, for wafer fabrication Fab [5]. Among
these approaches, dispatching rules, by far, are the most commonly
used tools for shop floor control. The reason behind this is that
they are simple to implement, quick in reacting to the changes
encountered on the shop floor, easy to understand and require a
low computational load [6].

Pierce and Yurtsever present a value-based concept. They
mainly concentrate on generating profits [7]. Based on that, Hsieh
and Hou develop a production-flow-value-based job dispatching
rule (PFV) by the theory of constraints (TOC) for wafer fabrication
[8]. The TOC and profitability costs estimation of a WIP-wafer lot
are derived to prioritized jobs based on their profitability. Although
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dispatching rules are usually sub-optimal and myopic, over the
years, researchers have successfully introduced advanced rules that
are capable of improving multiple performance measures simulta-
neously [6]. Dabbas and Fowler develop a composite dispatching
rule for each station, which combines multiple dispatching rules,
including local and global rules, into a single rule [9]. It is designed
to simultaneously maximize the on-time delivery and minimize the
variance of lateness and cycle time by using a linear combination
withrelative weights. Bahaji and Kuhl also propose a composite dis-
patching rule and prove it to be robust for the average and variance
of flow time, as well as due-date adherence measures [ 10]. Another
new weighted composite rule suggested by Yang et al. also take into
consideration the general advantage of the earliest due date (EDD)
and shortest processing time (SPT) rules, with the weights deter-
mined from the historical data [11]. However, those rules above are
designed for lots in single processing stations and may not perform
the best for different scenarios.

Overhead monorail systems are widely used in wafer manu-
facturing systems due to their efficiency in lean designs, gentle
handling of wafers and efficient use of overhead space [12]. It
has been demonstrated that they can significantly improve the
inventory storage and material handling system reliability [13].
Christopher et al. indicate that both processing tool and vehicle
dispatching rules and their interaction have a significant impact on
Fab performance if the AMHS is not extremely over or under uti-
lized. It also has been shown that the combination of dispatching
rules is highly dependent on the specific Fab [14].

In order to solve the scheduling problem that integrates
processing tools and vehicles, Lin et al. propose a hybrid push/pull
dispatching rule, including the procedures for vehicle selecting
lot (VSL) and lot selecting vehicle (LSV), to improve the photo-
bay performance [15]. Min and Yih propose a combined simulation
and neural network approach in which simulation is used to col-
lect data related with the system status, performance and change
in dispatching rules, and then its results are fed into a neural
network to obtain related knowledge [16]. Tyan et al. propose a
state-dependent policy for achieving better system performance
[17]. However, these methods are not capable of handling complex
stochastic semiconductor manufacturing environments.

Through a survey on the use of discrete event simulation for
manufacturing system design and operation, Smith shows that
simulation has proven to be an extremely useful analysis tool
for developing dispatching rules [18]. Um et al. gives a simula-
tion design and analysis of a flexible manufacturing system with
an automated guided vehicle system (AGVs) [19]. Hung and Chen
explore a simulation-based dispatching rule and a queue prediction
dispatching rule for searching better dispatching rules to reduce
flow times, while maintaining a high machine utilization [20].
Kim and Jeong present a simulation-based real-time scheduling
methodology which considers both simulation models and deci-
sion time points for reselecting new rules [21]. Sivakumar also
develops adiscrete event simulation-based on-line multi-objective
scheduling approach, which includes the use of a linear optimiza-
tion algorithm and automatic simulation model generation, in a
complex manufacturing environment [22]. Kim et al. present a
simulation-based real-time scheduling (SBRTS) methodology in
which lot scheduling rules and batch scheduling rules are selected
from candidate rules based on information obtained from the simu-
lation [23].Jelong et al. present a hybrid approach that combined GA
with the simulation [24]. However, only single performance indi-
cator, namely the maximum completion time for the last job, is
optimized in their study.

The contribution of this paper is twofold. First, it mainly con-
centrates on the “combinatorial dispatching” which has rarely been
studied. Different from previous study on single performance indi-
cator or weighted composite dispatching rules, a representative

Pareto optimal solution subset is explored to handle multiple objec-
tives. A GA-simulation procedure is applied to obtain this solution
subset. This methodology could provide users the opportunities
to select appropriate solutions according to their preferences. Sec-
ond, a GA parameters optimization process is developed to handle
complex environments. This process can improve the performance
results by optimizing GA parameters even with the dramatically
changing environments.

The remainder of this paper is organized as follows. In Sec-
tion 2, the proposed methodology is given. Related dispatching
rules, GA parameters optimization by response surface method-
ology and simulator parameters optimization will be presented
in this section. Sections 3 and 4 describe GA controller and the
simulation model in details, respectively. In Section 5, numerical
experiments used to show that the proposed methodology can effi-
ciently improve the overall system performance. Finally, Section 6
concludes the paper.

2. The GA based simulation optimization methodology

The proposed methodology that integrates processing tools and
the AMHS is applied to real-time multiple-objective scheduling
problems in semiconductor wafer fabrication systems. It mainly
consists of two parts: the on-line real-time scheduler and the off-
line scheduler, as illustrated in Fig. 1. The on-line scheduler is
mainly employed to monitor and convey the information between
users, semiconductor wafer fabrication system and off-line sched-
uler. It interacts with the off-line scheduler in ways of initializing
the off-line scheduler and accepting the combinatorial dispatch-
ing rules optimized by the off-line scheduler. Then it applies the
accepted combinatorial dispatching rules to the real system. Addi-
tionally, it can also be used to determine the points of time when
new rules are reselected.

Kim and Jeong [21] provide three types of points of time for
reselecting dispatching rules: the beginning of each planning hori-
zon, the time when a major system disturbance occurs and the
time when the differences between actual and estimated perfor-
mance values exceed a pre-determined limit. They also categorize
the system disturbances into two levels: major disturbances and
minor disturbances. Major disturbances include arrivals of urgent
jobs and major machine breakdowns that require a long repair time
or for which the repair time cannot be estimated. On the other hand,
the machine breakdowns for which the repair time is estimated to
be short are considered as minor disturbances. In this paper, this
method is adopted to determine the points of time when rules are
reselected.

The off-line scheduler consists of four modules: GA parameters
optimization module, simulation parameters optimization module,
GA controller and the simulation model. The former two modules
are used to search for better GA parameters (such as population
size, crossover rate, mutation rate and stopping criterion) and sim-
ulation parameters (simulation length and number of replications),
respectively. They are often conducted independently of the GA
controller after receiving trigger signals from users or the on-line
scheduler. The triggering signals mainly come from the system
environment changes (such as material plan change and processing
tool breakdown) or user requests.

GA controller and the simulation model are the most important
modules of the off-line scheduler. Iterative runs of GA controller
and the simulation model compose the iterative GA-simulation
procedure which aims at finding the optimal combinatorial dis-
patching rules. The procedure is as follows. First, the GA controller
produces different chromosome individuals which encode specific
code numbers and meanwhile the simulation model selects the
corresponding dispatching rules according to the code numbers.
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Fig. 1. GA based simulation optimization methodology.

Second, the simulation model will run for a period of time to esti-
mate the performance results and pass them to the GA controller.
Then, the GA controller will evaluate the fitness of each individual.
Finally, the GA controller produces new individuals in terms of the
fitness until the stopping criterion is satisfied. Individuals with bet-
ter fitness represent better combinatorial dispatching rules. In this
study, four performance indicators are considered to evaluate the
fitness including WIP level, average cycle time, average delay and
average hot lot delay. These fitness criteria are closely related to the
throughput, satisfaction level of customers and capability for deal-
ing with urgent jobs. The dispatching rules for single processing
tools, batch processing tools and the AGVs are discussed below.

2.1. Dispatching rules: lot dispatching, batch dispatching and
AGV dispatching

Effective dispatching mechanism is a widely used strategy to
achieve high performance due to low computational requirements,
ease of implementation and intuitive appeal. Chen and Cochran
investigate the manufacturing rules for production planning in
terms of multiple performance metrics and provide their effec-
tiveness based on different factory conditions [25]. In practice, a
good mechanism to dynamically select good rules is required. In

this study, three categories of dispatching rules are discussed: lot
dispatching, batch dispatching and AGV dispatching.

The commonly used lot dispatching rules include both single-
attribute rules and multi-attribute rules. The single-attribute rules
consists of first in first out (FIFO), time in system (TIS), EDD, SPT,
shortest remaining processing time (SRPT) and others, while the
multi-attribute rules include critical ratio (CR), slack (SL), pro-
cess time/time in system (PT/TIS), etc. Considering the potential
for offering a better solution to the problem, ten candidate rules,
including FIFO, Pri-FIFO, SPT, Pri-SPT, SRPT, Pri-SRPT, EDD, CR,
Pri-CR and SL, are selected as lot dispatching rules in this study.
Here, the prefix “Pri-" is used to indicate a corresponding prior-
itized dispatching rule for hot lots. For example, Pri-FIFO means
that the hot lots should be processed prior to normal lots firstly
and meanwhile both the prioritized lots and the normal lots are
dispatched by FIFO. The rules without the prefix “Pri-" indicate
that both prioritized lots and normal lots are handled equiva-
lently.

About the batch dispatching, four kinds of rules are taken as
candidates in this study including minimum batch size rule (MBS),
modified minimum batch rule (MMBS), modified dynamic batch-
ing heuristic (MDBH) and process urgency classification heuristic
(PUCH) [26]. In addition, four kinds of AGV dispatching rules are
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chosen: first come first serve (FCFS), first encounter first serve
(FEFS), shortest travel time first (SATTF) and EDD.

2.2. GA parameters optimization by response surface
methodology

The results from GA are often sensitive to the search parame-
ters like population size, number of generations, crossover rate and
mutation rate. Therefore, a proper combination of these parame-
ters often makes sense when computational time is limited. In this
paper, a set of designed experiments are performed by the response
surface methodology to obtain these proper GA parameters.

Both the first-order and the second-order models are widely
used in response surface methodology to obtain an optimal
response. This methodology can be adopted even when little infor-
mation is known about the relationship between explanatory
variables and response variables. Considering that the response
of the first-order model is a linear function of explanatory vari-
ables and it may show a significant lack of fit on estimating the GA
parameters, the second-order model including interaction terms is
selected in this study. Pongcharoen et al. indicate that the second-
order model can efficiently explore the effect of different levels
of GA parameters [27]. It has been shown that three factors affect
the performance mostly: P/G (population/generation), C (crossover
rate), M (mutation rate). In this paper, these three factors are used
to construct the response surface. The steps of the response surface
method are given in the following:

Step 1: Select appropriately three levels for each of the three fac-
tors while satisfying the constraint P; x G; =P, x G, =P3 x G3 to
make sure the computation time is fixed.

Step 2: Conduct 27 (27 =33) experimental treatments from the
combination of the three levels of the three factors, respectively.
Step 3: Implement the regression analysis according to the results
obtained in Step 2 and the regression model given in Eq. (1). Keep
the factors with the value P < 0.05, which are statistically signif-
icant with a 95% level of confidence, and meanwhile ignore the
factors with the value P>0.05 to obtain the objective prediction
function (the resulting response surface).

Yi = Bo + B1X1 + Paxao + B3x3 + Bax? + Bsx3 + Bex3 + PrxiXz
+ Bgx2X3 + BoX1x3 + PBroX1X2X3 (1)

where B19X1X2X3 is the interaction term, X1 = P/G, X, =C, x3=M, B;
is the coefficient of the ith regression term, and ¥; is the mean of
n replications.

Step 4: Optimize the objective with new optimal GA parameters.

2.3. Simulation parameters optimization

Simulation length and number of replications are main param-
eters affecting the accuracy and efficiency of the simulation.
Generally, a longer-time simulation run gives more reliable
estimates of system performances. However, in a dynamic manu-
facturing environment, a long simulation run may not be applicable
due to frequently reselecting combinatorial dispatching rules.
Considering that simulation is a time-consuming process, simu-
lation length is mainly determined according to both time cost and
the time intervals of reselecting dispatching rules.

Due to random variations in a discrete-event simulator, a large
number of replications are needed to obtain reliable results. How-
ever, the simulation optimization is often time-consuming. In order
to effectively to estimate the performance results in an acceptable
time level, an adequate confidence level is required. Given an ini-
tial number of replications, Ny, and the corresponding half-width
of the 95% confidence interval, Hy, a simple and commonly used

way to estimate the required numbers of replications is given by
Kelton et al. [28], which is as follows:

Hp\?

N = No ( ﬁ> )
where N and H are the required number of replications and the
desired half-width, respectively. Taking the sample variance into
consideration, Banks et al. provide another more precise way
showed below [29].

-~
*

100ty _y g /250
HrequiredX(N)

where Hiequired 1S the confidence interval of a specified precision

and N* is the estimated number of replications. Hoad et al. test
this method and show that it is stable only for larger value of N
[30]. So they set a threshold for N* and propose a heuristic frame-
work for automated selection of the number of replications. The
same heuristic framework is adopted in this paper to determine
the number of replications.

The simulation parameter optimization module performs the
function of determining the simulation length based on the time
intervals of reselecting dispatching rules. It is also employed to
determine the number of replications.

(3)

3. GA controller and the GA-simulation procedure

Some performance indicators, like throughout, WIP, cycle time,
variance of cycle time, delay time and resource utilization rate, play
important roles in evaluating various aspects of the semiconductor
wafer fabrication system. To avoid evaluating the system perform-
ances partially, four commonly used performances, including WIP,
average cycle time, average delay and average hot lot delay, are
adopted in this study.

Konak et al. indicate that there are three general approaches
for multi-objective optimization [31]. The first one is to combine
the individual objective functions into a single combinatorial func-
tion, such as utility theory and weighted sum method. The second
one is to move all but one objective to the constraint set. The
third one is to determine an entire Pareto optimal solution set
or a representative subset. The first approach requires decision-
makers to select appropriate weights and the second one need
users to establish the constraint values. In practice, it could be very
difficult to precisely and accurately select these weights and val-
ues. And different weights or values can sometimes lead to quite
different solutions. To overcome the weakness, in this paper, a
third approach that evaluates the fitness of chromosomes with
different random combinatorial weights in different generations
is adopted in the proposed GA controller to find a Pareto optimal
solution subset. This approach is similar to a specific MOGA method
[32]. Compared with the former two approaches, it can be used to
increase the diversity of the population, which is helpful to improve
the results.

The iterative GA-simulation procedure is a random search
technique. The GA controller is applied to search for better
combinatorial dispatching rules by making the initial population
evolves toward a population that is expected to contain the best
solution while the simulation is used to estimate the objective
performances. In this paper, the GA controller also plays an impor-
tant role in initializing, controlling, modifying and running the
simulation model. Once a simulation run is finished, the objective
parameter values are recorded by the GA controller and analyzed
during the fitness evaluation process. A merit of this infrastructure
comes from the mutual independence of the GA controller and the
simulation model. A new alternative GA-simulation procedure can
be easily obtained by modifying the simulation model or the GA
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Fig. 2. The GA controller.

controller, respectively. At the same time, new parameters for the
GA controller can also be selected while keeping the simulation
model unchanged. The main processes of the GA-simulation
procedure are shown in Fig. 2.

3.1. Population initialization and gene coding

A chromosome is represented as follows: X=(x1, X2,..., Xm),
where m equals to the total numbers of processing tools and AGVs.
Each gene in a chromosome, x;, represents a specific dispatching
rule from the relative candidate rules that are illustrated in Section
2.1. The first generation of population is initialized by randomly
generating genes for each chromosome. In this paper, a gene will
have an integer value ranging from 1 to 10 representing lot dis-
patching rules. Batch dispatching rules and AGV dispatching rules
will be represented by codes ranging from I to IV and codes ranging

from @ to , respectively. The candidate dispatching rules and
the corresponding codes are shown in Table 1.

In real time environment, it is reasonable for processing tools to
apply different dispatching rules. However, it is not easy to fulfill
different AGV dispatching rules for all vehicles. Therefore, in this
paper, all AGVs are set to fulfill the same dispatching rule, which
means only one gene is occupied by the AGV dispatching rules in
an individual chromosome.

3.2. Fitness evaluation

A fitness evaluation method is developed to obtain a Pareto
optimal solution subset for the multi-objective optimization. The
procedure of this method is given in the following.

Step 1: In order to deal with the unit difference between the four
objectives, an appropriate assignment of fitness value for each
objective is implemented. Take the CT as an example, the fitness

Table 1
The candidate dispatching rules.

Lot dispatching rules Batch dispatching AGV dispatching

rules rules

No. Rules No. Rules No. Rules
1 FIFO I MBS @ FCFS
2 Pri-FIFO Il MMBS @ FEFS
3 SPT 11 MDBH ® SATTF
4 Pri-SPT v PUCH @ EDD
5 SRPT
6 Pri-SRPT
7 EDD
8 CR
9 Pri-CR

10 SL

can be assigned as f=(Tmax — T¢)/(Tmax — Tinin)» Where Tmax, Tmin
are the estimated maximum and minimum value of CT in real
time environment, respectively. T, is the performance result esti-
mated by the simulation model. Fitness values for the other three
objectives are assigned in a similar way.
Step 2: Assign a fitness value to each chromosome by performing
the following steps:
Step 2.1: Generate a new series of random numbers u; in [0,1] for
each objective k, k=1, 2,.. ., K (in this study, K=4).
Step 2.2: Compute the random weight of each objective k as w =
k
(/)i e
Step 2.3: Compute the fitness of chromosomej as Fj; = Zfﬂ Wifij»
j=1,2,...,J. Where J is the number of chromosomes in one gener-
ation and fy; represents the fitness of objective k for chromosome
J
Step 3: Find the maximum and minimum value of F in this gen-
eration, namely, Fmax and Fpjp.
Step 4: Check if there is any chromosome in this generation that
is non-dominated by each other and any chromosome in set S,
whichis the set used to store non-dominated chromosomes found
during the search so far. If so, update S by adding this chromosome
and removing the corresponding dominated one.

Note that the set S is the desired Pareto optimal solution sub-
set. As combinatorial weights are random for each generation, it is
possible for the GA controller to search any solution space of the
problem, which increases the population diversity.

3.3. Selection

The basic idea of selection is that the stronger individual with
larger fitness should be selected with a larger probability. A most
common used method is the roulette-wheel principle given in Eq.
(4).

F:
: (4)

P =
ZleF"

where ] is the number of chromosomes. P; represents the probabil-
ity that the jth chromosome will be selected and F; represents the
fitness of the jth chromosome.

Considering that the elitism mechanism improves perform-
ances according to Konak et al., an integrated strategy of the
roulette-wheel principle and the elite strategy is adopted in this
paper [31]. The specific method of the elite strategy in this study
is to randomly remove one chromosome from the new generation
and meanwhile to add one from set S after the mutation process.
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3.4. Crossover operation and Mutation operation

The crossover operation is applied to the selected chromosomes
with a probability of crossover rate. A three-point crossover strat-
egy is adopted in this paper (see Fig. 3). The crossover operation is
used to guide the direction in searching for better solutions because
the short good ranges are much easier to preserve and therefore
it is easy to reproduce a growing number of better solutions. The
following step is the mutation operation. Each gene in the chromo-
some will randomly be assigned to another dispatching rule with
the probability of mutationrate (see Fig. 3). Because of the mutation
operation, any solution space of the problem could be randomly
reached from any other solution.

4. The simulation model

The simulation model evaluates the individual chromosome by
measuring the system performance in terms of WIP level, average
cycle time, average delay and average hot lot delay. It simulates
the operating processes of the integrated delivery system over a
specified period of time.

In the simulation, each lot is represented as an entity with vari-
ous attributes that reflects the specified information on the entity.

For example, the time that a lot staying in the system can be
reflected by the attribute “time in system”. AGVs and processing
tools are viewed as resources which require special time to trans-
fer or process entities. System variables, such as NQ (Number of
Queues), NQOU (NQ of upstream processing tools), NQOD (NQ of
downstream processing tools), reflect the related information of
the resources. The rules of selecting entities to process or transfer
are based on entity attributes and system variables. For example,
EDD for lot dispatching rules is implemented in the way of selecting
the entity that contains the lowest value of attribute “due date” first.

The flows of lots and information, which motivate the imple-
mentation of the simulation model, are shown in Fig. 4. First, lots,
represented by entities in the simulation model, are transferred to
the current processing station i by AGVs and moved to the queues
of the single processing tool or the batch processing tool. Mean-
while, related attributes are initialized and stored. Second, the idle
processing tools select one or more lots to process based on the
dispatching rules and the corresponding attributes or variable val-
ues. Whenever a process is finished, both attributes for the lots
that have not been selected and the system variables are required
to be updated. Then, the processing tool can select another one or
more lots to conduct the next processing. The course of transfer is
similar to that of processing. Lots waiting for transfer are selected
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Fig. 4. The structure of simulation model at processing station i the simulation model with two hierarchical levels.

by idle AGVs. Attributes and variables need to be updated if one
lot is selected. Simultaneously, the corresponding attributes for the
selected lot are required to be removed from the current processing
station to the next processing station.

5. Numerical experiments

In this section, a numerical experiment is designed for a
bay system consisting of 4 types of lots (including a hot lot),
16 processing tools (including 2 batch tools) and the AMHS
(see Fig. 5). Most parameters (such as processing times and
vehicle speed) are same as those from SEMATECH’s phase Il
report [33]. Due to the existence of crossover turntables in the
AMHS of semiconductor wafer fabrication systems, the struc-
ture of AMHS becomes more complicated. Take the studied bay
as example, there are three possible ways to convey lots from
U2 to L4: U2 — U8 — stock — L4, U2 — U6 — T4 — stock — L4 and
U2 — U3 — T2 — stock — L4, respectively. In the experiments, a
discrete-event simulation software, Arena, is selected as the
simulation tool for its strength of automatically selecting shortest-
distance ways.

5.1. The stopping criterion

Different from other methods, simulation is much more
time-consuming. Considering the simulation time is generally
determined by number of populations in one generation and num-
ber of generations, a proper selection of these two parameters is
required to make a trade-off between “accuracy” and “efficiency”.
The next simulation experiment shows how to select these two
parameters properly. The results are shown in Fig. 6, in which the
number of chromosomes of each generation is set as 12. Each Y-
value represents an objective value for a chromosome with best
fitness in current generation. It can be seen that three stages existin
the whole evolutionary life. The initial generation to about the 15th
generation concludes the first stage. In this stage, the whole pop-
ulation evolves to the optimal direction with a fast speed. Stage 2
ranges from the 16th generation to about the 35th generation. This
stage plays an important role on searching non-dominated solu-
tions. So the Pareto optimal subset is gradually explored during
this stage. The remaining generations conclude the last stage. This
stage only generates few new non-dominated points and most of
best points in this stage can simultaneously be found in stage 1 or 2.
Therefore, it can be shorten or removed to save time. In this study,
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the total number of chromosomes generated by the GA controller
is fixed at 12 x 40=480.

5.2. Evaluation criteria for the Pareto optimal solutions subset

As stated in Section 2.2, P/G, C and M are the GA parameters
that affect the performance most. They are all considered at three
different levels to construct the response surface. With the total
number of chromosomes of 480, the factors and levels used in
this experiment are shown in Table 2. Since multiple performance
objectives are considered, the quality of Pareto optimal solution
subsets, generated by different composite parameters, needs to be
assessed by quality metrics. These metrics can generally be cate-
gorized into unary performance metrics and binary performance
metrics.

(Min)z5

24
2 |

19
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16
15 -
0 10 20 30

—+—avgDelay

(I.ot)280

260
240
220
200
180
160
140
120
100
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Table 2
Experimental factors.
Factors Levels
1 2 3
P/G 12:40 16:30 20:24
C 0.4 0.6 0.8
M 0.05 0.15 0.25

The first type of unary performance metric, concerning about
assessing the number of Pareto optimal solutions or the range of
objective values, includes ratio of non-dominated individuals (RNI)
[34], error ratio (ER) [35], overall non-dominated vector generation
and ratio (ONVG) [35], Pareto dominance indicator (NR) [36], num-
ber of distinct choices (NDC,,) [37], overall Pareto spread (0S) [37],
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Fig. 6. The results of the GA-simulation procedure.
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etc. The second type of unary performance metric, which focuses
on measuring the closeness of the estimated solution set to the
true Pareto front, includes generational distance (GD) [35], maxi-
mum Pareto front error (MPFE) [35], uniform distribution (UD) [34],
hypervolume difference (HD) [38], etc. The binary performance
metrics, which are based on unary quality indicators or are direct
comparison metrics, include e-indicator I; [39], enclosing hyper-
cube indicator [39], D-metric (coverage different metrics) [38], etc.

Wu and Azarm present five metrics that reflect various aspects
of the estimated set, namely, HD, OS, AC (Accuracy of the Observed
Pareto Frontier), number of distinct choices and cluster [37]. In
this experiment, a measure R which combines metric OS and AC is
adopted to qualify each subset. The measure R, transforming each
subset into one real number, is described by Eq. (5).

_ 0S , AG
~ OSavg ' ACayg

R; vt=1,2,...,T (5)
where R; represents the R value of the tth set. T is the total num-
ber of subsets generated by different combinatorial GA parameters.
OSavg and ACqyg are the average OS and AC values among all subsets,
respectively.

To compute the OS and AC values, estimates of the ideal and
maximal points, which are generally referred to as good and bad
points, respectively, are required. In this experiment, the good point
can be estimated as:

P8 = {(Og5ogvo§a Oﬁ)

I npe
0f =min minO;;;, Vi=1,2,3,4
t=1 k=1 7

(6)

where Oy ; represents the ith objective value of the kth solution
of the tth set and np; is the number of points (or solutions) in the
tth set. Similarly, the bad point can be assigned with maximum
objective values among all solutions.

For computational convenience, all of the objective values are
scaled by using Eq. (7) so that the scaled good point becomes Pg =
(0, 0, 0, 0) and the scaled bad point becomes P? = (1,1, 1, 1).

O;ri—0O
O[‘,kl: t”;’l : t_1a25 7Tv k:]729"'5npt;
0 -0
i=1,2,3,4 (7)

The metric OS quantifies how widely an estimated set spreads
over the objective space. The OS value of the tth set is designed as
follows:

4 npe Pt
| |1._l maxO¢  ; — MinO;  ;
k=1 77 k=1 T

H?:l ’O? - Oﬂ

0S: =

np; e
math ki— lTlll‘lOt k.i
k=1 77 k=1 77

vt=1,2,...,T (8)

Il

i=1

The metric AC indicates how good an estimated set is. It can be
explained by the concept “impreciseness”. If there exist additional
Pareto solutions that are undetected, then such solutions could not
belong to either the dominant region (S4,) or the inferior region
(Sin)- The impreciseness of the approximation comes from the fact
that not all the points can be simultaneously on the Pareto frontier.
Fig. 7 gives an example of the dominant region and inferior region
of a set with four points and two objective values. The AC value of
the tth set is obtained as follows:

1

A= ——— —————
£ T = Sgo(6) = Sin(0)

Vt=1,2,...,T (9)

f,

Inferior
Region

N Region

Fig. 7. The dominant and inferior region of a set t={Py, P, P3, P4}.

Meanwhile, the dominant region of the tth set can be estimated
by Eq. (10). The inferior region can also be estimated in a similar
way.

npe npe—r+1  npe—(r—I+1)+1 npy 4
ro____
Su()= D4 1Y S11 [1—minot,k,.j}
j=1
r=1 k=1 kj=kj_q+1 kr=kr—1 i=1
vt=1,2,...,T (10)

5.3. GA parameters optimization

Since measure R has been defined, it can be used to optimize the
GA parameters by the response surface method according to Eq. (1).
The treatment results and the corresponding regression results are
shown in Tables 3 and 4, respectively.

Factors with the value P<0.05 are statistically sig-
nificant with a 95% level of confidence. It can be seen
that C, (2 and M? are the significant terms. None of the
other higher order interactions is significant. So the objec-
tive prediction function is: R=1.127+3.257C—2.789C?
—5.129M?=2.078-2.789 x (C—0.58)2-5.129M2. The model
suggests that the R value can be maximized with smallest level
of M, namely 0.05, and with C equaling to 0.58. Fig. 8 shows
that average R measure value can be improved when C is close
to 0.58.

average R
2.1
2.05
2
1.95
1.9
1.85

1.8
0.3 0.4 0.5 0.6 0.7 0.8

c

Fig. 8. Average R values versus different C.
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Table 3
Simulation results for the experimental design.
No. P/G C M Ravg o
1 12:40 04 0.05 1.9933 0.0113
2 12:40 04 0.15 2.0325 0.0094
3 12:40 0.4 0.25 1.9664 0.0087
4 12:40 0.6 0.05 2.0529 0.0143
5 12:40 0.6 0.15 2.1542 0.0082
6 12:40 0.6 0.25 2.181 0.012
7 12:40 0.8 0.05 1.9157 0.0068
8 12:40 0.8 0.15 1.9801 0.0113
9 12:40 0.8 0.25 1.9376 0.0149
10 16:30 0.4 0.05 1.9474 0.0118
11 16:30 04 0.15 2.0856 0.0087
12 16:30 04 0.25 2.0698 0.0111
13 16:30 0.6 0.05 2.0685 0.0163
14 16:30 0.6 0.15 2.071 0.0086
15 16:30 0.6 0.25 2.0144 0.0112
16 16:30 0.8 0.05 1.8549 0.0131
17 16:30 0.8 0.15 1.9237 0.0079
18 16:30 0.8 0.25 1.8892 0.0132
19 20:24 04 0.05 1.9831 0.0124
20 20:24 0.4 0.15 2.102 0.0175
21 20:24 04 0.25 2.0716 0.013
22 20:24 0.6 0.05 1.9895 0.0112
23 20:24 0.6 0.15 2.0838 0.0084
24 20:24 0.6 0.25 2.0549 0.0119
25 20:24 0.8 0.05 1.8323 0.0054
26 20:24 0.8 0.15 1.8756 0.0073
27 20:24 0.8 0.25 1.8713 0.0104
Table 4
Regression analysis.
Predictor Coefficient Std. Error T P
(Constant) 1.127 214 5.275 0.000
P/G -.158 .365 -0.434 0.670
C 3.257 .526 6.191 0.000
M 1.158 1.032 1.121 0.279
(P|G)? 216 220 0.983 0.340
c -2.789 384 —-7.261 0.000
M? -5.129 1.537 —3.338 0.004
(PIG)x C -.324 425 -0.762 0.457
CxM .809 1.485 0.544 0.594
(PIG)xM 1.504 1.548 0.972 0.346
(PIG)x CxM -2.121 2.489 —0.852 0.407

5.4. Effectiveness of the proposed methodology

Six scenarios are used to conduct an experiment for compar-

ing the proposed GA based simulation optimization methodology
with the single dispatching rules methods that are widely used
in practice. The experimental results are given in Table 5, which
indicate that the proposed methodology can significantly improve
the overall performances of the semiconductor wafer fabrication
system.

Another experiment is conducted to compare the proposed
methodology with Jelong’s hybrid approach [24]. Since this hybrid
approach is used to solve single-objective problems, weighted sum
method is adopted to combine the individual objective functions

Table 5

Average improvement of the proposed methodology.
Scenario CT WIP Delay Hot lot delay
(dispatching rules) improvement improvement improvement improvement

(%) (%) (%) (%)

FIFO-MBS-FCFS 17.7 24.7 22.7 88
EDD-MMBS-SATTF  18.1 35.6 16.4 30
SPT-MDBH-FEFS 20.2 171 339 62
SRPT-MMBS-FEFS 15.9 243 27.8 55
CR-MDBH-FCFS 17.8 19.5 9.2 29
SL-MBS-EDD 16.4 11.7 20 39

into a single combinatorial function. A Pareto subset can be con-
structed by replicating this hybrid approach with different random
composite weights and by selecting non-dominated solutions. The
experiment shows that the performance of the hybrid approach is
close to that of the proposed methodology if the number of replica-
tions is nearly 120. The hybrid approach can just improve the final
result a little bit, namely less than 2%, if the number reaches 300.
However, the running time is almost 300 times than the proposed
methodology. Therefore, the proposed methodology is applicable
in practices.

In this study, it takes about 1.5 h to implement a GA-simulation
procedure on a personal computer with Core2, 2.4 GHz processor
and 2 GB RAM when the replication number of simulation is set as
10 times. Considering that most of the processing times for each
lot at each station are above 30 min, the proposed methodology
can be considered to be adequate to solve practical problems. How-
ever, it may consume much more time when implementing the GA
parameters optimization module because atleast 27 GA-simulation
procedures are required. So servers with better processors and
RAM or parallel computers, which can simultaneously been used
to execute GA-simulation procedures with different composite
parameters, are needed to speed up the implementation.

6. Conclusions

This paper proposes a GA based simulation optimization
methodology to solve a real-time multi-objective dispatching
decision problem for the “integrated delivery” in a 300-mm semi-
conductor wafer fabrication Fab. The methodology, consisting of
the on-line scheduler and the off-line scheduler, can optimize the
combinatorial dispatching rules including lot dispatching, batch
dispatching and AGV dispatching. Four modules (GA parameters
optimization module, simulation parameters optimization mod-
ule, GA controller and simulation model) compose of the off-line
scheduler. They are used to optimize the parameters for search-
ing better combinatorial dispatching rules. A numerical experiment
is designed to verify if the GA parameters optimization module
is able to improve the performances and another experiment is
designed to compare the proposed methodology with the widely
used single dispatching rule and weighted sum method. It has been
seen that the proposed methodology outperforms single dispatch-
ing rule in overall performance indicators and can save much more
time compared with weighted sum method. In order to deal with
the multi-objective problems, a representative Pareto optimal solu-
tion subset is required. Since it may be hard for users to determine
a solution from the subset, a good mechanism for finding a satis-
fied subset or selecting appropriate solutions for users will be the
future research direction.
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