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Abstract

In this project, we will develop a hybrid
decomposed queucing network model based on
actual operating data from one particular
foundry fab for rapid analysis of several
performance measures. System analyzer module
provides the analysis of arrival pattern and
service pattern for each tool group and overall
equipment effectiveness (OEE) analysis for
each tool. System predictor module provides the
forecast of important performance measures,
such as products cycle time, lots remaining
cycle time, tool utilization, queueing length, tool
moves, stage moves. In the hybrid decomposed
queueing network model, every tool group is
modeled as a single queue. The empirical data
of lot arrivals and services are utilized as the
input of the queues. Any two queues are



assumed to be independent of each other. By
utilizing this decomposition concept in the
hybrid decomposed queueing network model,
there is no limitation on the number of tool
groups as well as product families and hence
priority queue model can be utilized. Besides, a
modularized two-tier system, QFAB, will be
designed to implement the hybrid decomposed
queueing network model proposed in this
project.

A systematic analysis of arrival pattern
and service pattern for tool groups is proposed.
An approach to compute the effective tool
number for tool groups will be also addressed.
Based on the analysis, the supervisors can gain
more insights and choose the proper queueing
models.

Keywords: Hybrid Qeueuing Model, IC
Foundry, Cycle Time Estimation, Overall
Equipment Efficiency
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In recent years, semiconductor
-manufacturing industry grows at astonishing
speed. According to the survey by Dataquest [1]
in 1995, the total production value of global
semiconductor industry will continue to grow
rapidly with 13.8% compound annual growth
rate. It predicts that the total production value
of global semiconductor industry will be up to
110 billion U.S. doilars before year 2000. In
Asia, it will keep growing at even higher
growth rate, 36.0% and will achieve 11.8
billion dollars in year 2000. In the upcoming
years, we can see that the strong demand for IC
products will continually force the industry to
develop with more vigor.

The semiconductor foundry industry in

Taiwan is known for the high manufacturing
and service quality. Nowadays, Taiwan has
been one of the important semiconductor
manufacturing country. After the foundation of
UMC, as the first manufacturer of integrated
circuits in Taiwan in 1980, there are about 20
semiconductor foundry fabs founded, such as
TSMC, WINBOND, MOSEL-VITELIC,
MACRONIX, TI-ACER, etc. Because of the
contribution of these companies, the economy
of Taiwan has achieved substantial

advancement.

One of the most important distinctions
between pure foundry fabs and R&D fabs is
that the former has to meet the requirements of
customers. Accordingly, how to precisely
handle the manufacturing time (or cycle time,
flow time) of all products (or orders) as well as
other performance measures, such as average
work in process at tool groups, throughput, and
tool group utilization, becomes an important
and challenging task for managers and
engineers. The importance is described as
follows:
® Once the fab engineers can precisely

control the manufacturing times and fab
operation conditions, such as fab capacity,
yield rates, the sales can decide which
orders to be taken and assign proper

due-dates.
® Once the orders (or products) are released

to the fab, the engineers have to confirm if
all the orders can be completed on time. It
should be noticed that on-time delivery
performance is one of the most important
indices for an IC foundry.

® Cycle times of products are highly
correlated with other performance
measures, such as work in process,



throughput rate, yield rate, etc. These

performance measures not only affect the

level of service, but also determine the
quality, cost and profits.

In order to accomplish the above task, a
detailed hybrid decomposed queueing network
model for semiconductor foundries is proposed.
Though the use of queueing models for
performance evaluation of semiconductor
manufacturing systems is not new, our models
differs from others in the broader sense. The
model can be utilized in more complex
foundry fabs and can be extended to more
general queueing models, including G/G/c
priority queues [4].

The procedure of orders receiving can be
found that due-date of products is assigned
after repeated negotiation among sales,
customers and production department. As to
the due date assignment issues, there are two
kinds of due dates: the external due date (EDD})
and the internal due date (IDD) [3]. Since the
determination of EDD, assigned by the sales
department, usually ignores the shop floor
conditions, EDD tends to have higher
prediction error. The main goal of this project
focuses on models to predict performance, in
particular the cycle time, as well as to gain
insight into the factors influencing
performance of the shop floor. Cycle time is
the time elapsed from a wafer starting being
processed in a fab to finishing entire operation
sequence [5]. After that, the wafer is ready for
final probe, dicing, and packaging. Once the
cycle time can be accurately forecast, the due
date of orders can be properly assigned. Since
the cycle time prediction is based on our
gueueing model considering the shop floor
conditions, the procedure belongs to IDD.

A tool-model {6] based queueing model is
consttucted for a  rather  complex
semiconductor foundry. Comparing to other
methods proposed by many other researchers
that are applied or verified in a highly
simplified fab or computer simulation, our
model aims at a “real” foundry fab. The
forecast results are compared with actual
observed fab data.

In the project, we do not attempt to
propose a new exact solution or approximation
for specific queueing models, such as the
solution of M/G/¢c or G/G/c queues. Instead,
we intend to develop a procedure of
performance  estimation with  available
queueing models in the literature. Only the
process and inspection tools are considered.
Other types of machines, such as material
handling system and storage system are not
modeled here.

The model
concerned with deseribing individual processes,
and the physical and chemical principles that
determine how and why a process operates.
The information needed is the nature of the
disturbances that influence time and quality,
and particularly its frequency, duration, and
pattern of occurrence.

Scheduling problems, such as lots release
policy and lots dispatching policy, are not
considered in this project. Since we adopt
queueing theory as the underlying approach,
only the steady state (or mean) values of the
performance measures can be obtained.

e

The development procedures can be
summarized as follow. First, the hybrid
decomposed queueing model concept is

developed here is not



proposed. Second, a classification of typical
tool types in a fab is made for the model. Then,
the relevant queueing models are derived. At
last, the hybrid decomposed queueing network
model procedure is addressed.
1. Hybrid Decomposed Queueing Network
Model and Model Assumptions

A semiconductor foundry in abstraction is
a set r={,.,c} of distinct tool groups among
which lots can be moved from one tool group
to another. These lots are mainly controlled by
a central transportation center between areas
and by operators between tool groups. Lots
belonging to a set @={,..,F}of different
product families are released into the foundry.
Each lot has a prescribed sequence of tool
groups or tools it will visit before completion.

Typically, a semiconductor foundry can
be viewed as a multiple-class open queueing
network. Each tool group is modeled as a node
in the network. Unlike the traditional open
queueing network models in the literature, the
determination of traffic equations is bypassed,
and the empirical data of lot arrivals is used as
the input for each node. The reasons to do so
are: first, traditional queueing network analysis
is often accompanied with the calculation of
traffic equations or a normalizing constant. As
the number of tool groups or product families
increases, this approach becomes infeasible.
Second, in the literature, the queue discipline
of all queueing network models is “first come
and first serve”. Unfortunately, almost all
foundry fabs apply “priority policy” as a
dispatching rule. In this model, the nodes are
treated as stochastically independent and are
approximated using a GLI/G/c queue having a
renewal arrival process independent of service
times that are independently and identically

distributed within a general distribution.
Specifically speaking, the models for each of
the tool groups found in a fab are constructed
individually. Apparently, this approach is
indeed an approximation. The independence
can be regarded as a generalization of the
product-form solution that
Markovian networks. Fig. I shows the concept
of the hybrid decomposed queueing model.
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Fig. 1 Illustration of hybrid decomposed

queueing network model
2. Classification of Tool Types
The tool classification criterion is

according to the operation characteristics.
Once the mean and variance of processing time
are derived, combined with the first two
moments of the interarrival times, we can
determine the specific performance measures
for each tool group using the queueing
formulas.

According to the number of wafers being
process simultaneously, the tools can be
roughly categorized into
batch-un tools. In our
single-run tools consist of single-wafer,

single-run  and
classification,

conveyor, inspection, and multi-chamber tools.
Batch-run tools consist of normal batch-run
and multi-stage tools.

All of the operation information or
probability distribution described in the
following section can be obtained from
empirical data in the foundry.



3. Derivation of Queueing Models

The typical queueing formulas utilized
bere involve calculating the mean queueing
delay (mean waiting time) or mean queue size
in terms of the first two moments (mean and
variance) -of interarrival times and process
times. Once one particular performance
measure is obtained, the others can be
calculated using the Little’s formula. In our
model, non-available events and normal
product priority were taken into consideration.
Here we assumed that non-available events are
the highest priority “customer” and there are k
priority classes for normal products in the
foundry.

Before the discussion of the queueing
model, we describe each type of non-available
event that can affect the tool utilization. Then,
the subsequent subsections will discuss two
categories of queueing models: Single-run and
batch-run tools.

3.1 Non-Available Events

In the foundry, a tool can remain in
several possible status. The status can be
roughly classified into two types: available
status and non-available status. When a tool is
in one of the available status, it is or has the
potential to process lots. On the other hand,
when a tool is in one of the non-available
status, such as PM, breakdown and etc., it
cannot proceed any normal operation.

In our model, the non-available events are
modeled as non-preemptive priority lots that
arrive to each tool group according to renewal
processes with known distributions.

3.2 Single-Run Tools
Single-run tools are the majority in the

fabs. A great portion of tools falls into this type.

For single-run tools, we derive two different

queuneing models: M/G/c/Priority  and
G/G/c/Priority. It should be noted that all of the
models used are priority queues in order to
capture the traits of operations in a real
foundry.

M/G/c/Priority queues

In many real job shop systems it has been
observed that the Poisson process is an
adequate representation of the arrival process.
Exponential distributions may not be good
representations of the processing times.
Therefore, the M/G/c model becomes valuable
in modeling the shop floor applications.

In this case, we still assume that both lots
and non-available events armrive following
Poisson processes but the assumption that the
processing time of all lots is exponentially
distributed is removed.

There is no exact explicit solution for the
M/G/c/Priority model when c is greater than
unity. Consequently, the mean waiting time at
tool group g, for Poisson arrivals, is

o 20 Ta s FSA T 20,
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where p g is the utilization of tool group
g, including non-available events. Note that Eq.
(1) is exact for the case ¢=1.

Other performance measures can be
obtained by Little’s formulas.

GI/G/c/Priority queues

Queueing theory was studied thoroughly
throughout the 1950s, but many problems still
remains unsolved, especially the related
research about GU/G/c queues. There exist
several approximations for the mean queueing
delay (or waiting time) of GI/G/c queues, but
up to now there is no specific formula suitable
for all kinds of circumstances and there is no
specific  approximation absolutely more



accurate than the others.

For the GI/G/c/Priority queueing system,
the mean waiting time is approximated by
incorporated an adjustment factor ¢ into Eq.
(1). The mean waiting time at tool group g is

given by
" _ Pgm ) E:-n j'l«'l E[S:J ldt.l +Z"“’| “a‘:.ﬂE[S:.ﬂ] #z.-
" C: 2(1— o,_f_,)(I-a’li) (2)

where él'-l = (C:.:.t +cll..r.l ]f(c:” +1) ’ the quantitl&ﬁ

2 2
“st and Sws+ represent the squares of the

variation coefficients (SVC) of the interarrivals
and processing times of the lots with priority k

at tool group g respectively. Note

that,m =l?

L g
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and ¢! , represent the squares of the

variation coefficients (SVC} of the MTBF and
MTTR. of non-available events at tool group g
respectively.

Other performance measures can be
obtained using the Little’s formula.
3.3 Batch-Run Tools

Batch-run tools process in batch. This
type of tool group can be modeled as a bulk
service queueing system. Here, we will discuss
two kinds of bulk service queues:
M/M[K)/c/FCFS and G/G[K]/c/FCFS. The
derivation for the mean waiting time of a lot at
tool group g is then determined using
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where cg is the tool number of tool group g,

r,=Au s g€l ,Tis the set of tool groups, and

V is the single real root, lying in the interval
0, ¢k, /r,)» of the following equation

f("")=-r!-F"‘"']-[l+:f-]V“' +1=0

&y [

where Kg is the maximum batch size. The
Secant root-finding method can solve the
above equation.

The mean waiting time is then determined
using

P,V
Y @

G/GK/cg/FCFS queucing systems mimic
the well-known approximation for the GI/G/c
queues as
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where ¢ andc?, are the squares of the

variation coefficients of tool group g; gel'. V
is the same as the one in Eq. (5).

In this project, we use FCFS queuecing
models rather than priority models for
batch-run tools. is twofold:
batch-run tool processes and batch operations
are time-consuming. Hence, the operator is apt
to make the batch size per operation as large as
possible. Consequently, the priority of lots

The reason

does not have much influence. The queueing
model G/GK/cg/Priority is too complicated to
provide any explicit form solution. In order to

take into consideration the non-available

events of batch-run tool groups, - ; /4, in Eq.
(4) should be adjusted as , =z .gm5) where

§, is the adjusted processing time of tool

group g, which incorporates the duration of



non-available events. Adjusted processing time

§, is defined by

§, = S, +X, (6)
where Sg is the processing time of normal lots

and X+ is defined as

(#uft) cwen,
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The first two moments of 5 are then

determined using
EIS,1= E[S, ]+ £1X,]

EIS?]= EIS;}+ EIX} ]+ 215, 8(X, ]
The SVC for the adjusted process time,

c2_, used toreplace 2, inEq. (5),is
o HS-FS,]
.5 EZ[S‘] (8)

4. Modeling Procedure

Queueing Model for Each Tool Group

The distributions of interarrival times and
processing times for each tool group are
determined. As a result, we can chose the most
appropriate queueing model prepared in
Section 3 for each tool group.

However, there is still one problem that
remains unsolved. As mentioned earlier, the
overlapping phenomenon between tool groups
is heavy. Therefore, the nominal tool number
of a tool group cannot be used as the number
of servers in service facility while utilizing the
queueing formulas.

Here, we propose an approach to tackle
this problem by making a modification on the

number of tools for each tool group. The
modified number of tools for tool group g is
called the effective tool number and is denoted

by ¢ in contrast to the nominal tool number,

g, Assume that the tool group operation is

stationary during a short time span.
Let random variable Wq,g denote the
waiting time of a lot at tool group g,

£, (2, 1,c2,¢) is the function of mean waiting

time for the tool group g, and n is the sample
size. Denote the tool set vector as ¢=(g,,...,c;)-

The optimal tool set vector, or effective tool
number vector, ¢’ is then determined using

mm[ﬂf.(l o, 62 c)-Ehow, ,,,/.4} )

given r(ya, e p,.cl, forgel and n observed

waiting times Wq,I for each tool group.

Note that Eq. (9) turns out to be a
first-order linear equation with one set of
independent variables, ¢, after substituting the
given values. Hence, the existence and
uniqueness of the solution of ¢ is guaranteed.
The solution of Eq. (9) is the optimal value c*
and it serves as the number of tools for each
tool group in our queueing models.

Once the effective tool number for each
tool group is obtained, the performance
measures for each tool group as well as the
performance measure for the entire system can
be calculated.

Mean Cycle Time of Products

From our previous analysis, the mean
waiting time and mean processing time are
calculated for each tool group. This
information, together with the routing flow
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information for each product family, allows us
to compute the estimates for the average cycle
time for each product family.

Suppose that we wish to calculate the
average cycle time for product family reo.
Let N/ ={,2,.,N} denote the set of nominal
operations for product family f. Then the cycle
time of product family f with priority i, CTf,(i),
is approximately determined using

CT/ ~ 3 W) +Syrrin)

neN’

(10)

where the mean waiting time and mean
processing time are the same as before.

Al SRR

Fig. 2 shows the actual and predicted cycle
time of the products. Note that the average
cycle time of PROD_A is computed as the
average of the cycle time of LOT _1, LOT_2,
LOT_3,LOT 4, and LOT_5 and so forth. The
forecasting time instant is on Nov. 18§, 1998.
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Fig. 2 Actual and predicted cycle time of six
different products.
The meanings of the curves in Fig. 2 are
®  ACTUAL CT: Actual cycle time of
product
® QFAB_Adaptive_CT: Predicted cycle
time of products by QFAB_Adaptive model

® QFAB_GGcl _CT: Predicted cycle time of
products by QFAB_GGc model 1

® QFAB GGc2 CT: Predicted cycle time of
products by QFAB_GGc model 2

® QFAB_MGc_CT: Predicted cycle time of
products by QFAB_MGc model

® QFAB MMc CT: Predicted cycle time of
products by QFAB_MMc model

® FOX_CT: Predicted cycle time of
products by FOX model

Fig. 3 shows the comparison error of several
models, including QFAB and FOX. The cycle
time forecast error of the product family
fedb= {1,...,F } is computed by

Estimated CycleTime’ — Actuad Cycle Time” m(ll)

Actual Cycle Time’ !

Oyele Thne Error”

—4—OFAB._Adaptive_ERR
—8—QF AB_OG<1_ERR
—i— QFAB_GG2_ERR
=34~ OFAR_MGe_ERR
=M QFAB_Mbc_ERR
—8— FOX_EAR,

Fig. 3 Comparison of forecast errors of several
models

In Fig. 2 and Fig. 3, six types of models are
used. They are QFAB_Adaptive, QFAB_GGc
model 1, QFAB_GGc model 2, QFAB_MGec,
QFAB_MMc, and FOX. Different from other
approaches, QFAB_Adaptive model constructs
individual sub-model for each tool group,
based on the analyzed information, such as
arrival pattern and service pattern. For example,
if tool group 1 has Poisson arrival and no
evidence indicates that it has exponential
process time distribution, it will be modeled as
M/G/c priority queue. If both the distribution



of armival and service pattem can not be proven
as exponential ones, the tool group will be
modeled as a G/G/c priority queue. However,
all the tool groups are modeled as G/G/c model
1, G/G/c model 2, M/G/c, and M/M/c priority
queues in QFAB G/G/c model 1,
QFAB _G/G/c model 2, QFAB_M/G/c, and
QFAB M/M/c, respectively. The cycle time
estimation of lots for some specific product is
conducted at release time of the lots, and
forecast error is computed by Eq. (11) after the
lots complete all the operation steps. From Fig.
3 and our analysis, a number of important
points are observed as follows.

® The accuracy of QFAB_Adaptive model
is better than others for most product families.
@  The error of FOX is approximately 18%.
The accuracy is better than QFAB_GGc model
2 and QFAB_MMc, but is worse than the other
two models.

® The cycle time estimation of
QFAB_Adaptive model is between the one of
QFAB_GGc model 1 and QFAB_MGe. In fact,
the results of QFAB GGc model 1, and
QFAB_MGc are the upper bound and lower
bound of QFAB_Adaptive, respectively.

@ Due to high SVC of interarrival times of
some tool groups, the cycle time estimation of
QFAB_GGc modle 1 is usually greater than
the one of QFAB_MGc model. Remember that
the former is equal to the latter multiplied by a
factor.

® It is not surprised that QFAB_MMc
model has the lowest cycle time estimation.

® The cycle time estimation of QFAB_GGc
model 2 is underestimated.

® Compared with the aggregated cycle time,
the forecast error of waiting time for each tool
group is rather large. One of the possible

reasons is that discrepancies in waiting time
estimation tend to cancel each other out when
the aggregated cycle time is calculated.

While we cannot report any explicit
comparison of cycle times for proprietary
reasons, it is observed that the forecast error of
QFAB_Adaptive model fall within 15% for a
majority portion of products. Note that the
values computed in Fig. 2 are average or
expected ones for all priority classes of lots.
Specific analysis of SH lots will be given in
the subsequent paragraph.
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Fig. 4 Tool group moves comparison between
actual data (A TOOLG_MOVE) and predicted
data (P_TOOLG_MOVE) for 1998-11-21. The
prediction is conducted on 1998-11-20. Overall
prediction error is 6.2%.

Tool Group Move

Fig. 4 shows the actual and predicted
moves for all tool groups on Nov. 21, 1998,
The forecast result is quite satisfactory. We
define the forecast error of tool moves and
stage moves as

(12)

Fuorecasted Error (%)
_Fmrd Total Moves = Actual Total Moves x

“Actuad Total Maves 100%

The forecast error of total moves is about
-6.2%. The result is shown in Fig. 5 The
forecast error of total stage moves is -3.6%.
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Stage Move (per day)

Fig. 5.18 Stage moves comparison between
actual data (A_STAGE_MOVE) and predicted
data (P_STAGE_MOVE) for 1998-11-21. The
prediction is conducted on 1998-11-20. Overall
prediction error is 3.6%.
Tool Group Utilization

Due to the phenomenon of tool groups
overlapping, the actual utilization toward a
specific tool group is not easy to identify. For
example, if Tool Group A contains three
distinct tools, Tool A, Tool B, and Tool C, with
actual utilization p A, p B, p C,
respectively. The utilization of Tool Group A
cannot be estimated as the average of p A, p
B,and pC, because some portion of p A, p
B,and p C may belong to other tool groups.

However, the utilization of tool groups
can be estimated by QFAB The illustration of
forecast result is shown in
Fig.6.

UTILZATION
SEEZCSREOEER

Fig. 6 Nllustration of the estimation of tool group

10
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Abstract

A virtual unit, tool group, is used to represent the
group of tools in semiconductor foundry. Hence, a tool
may belong to several tool groups because it may be
handle several kinds of recipes. The coupling relation
between the tools and the tool groups is a complex
many-to-many relation. This paper aims to decide the
tool-dispatching rule in tool capacity allocation. The term,
“priority-based”, is two-fold. One is to prioritize the lots in
the fab, the other is to prioritize the tools in the correlated
tool groups. The priority-based algorithm is used to
cstimate the tool utilization, bottleneck, tool-sharing in the
tool groups, throughput of the tool groups and WIP (Work
In Process} in a specific day. The proposed algorithm is
apptied to a real foundry fab and the resvlts show that
maximum fuzzy candidative ratio is better than other rules.
Besides, a demonstration shows that the supervisor can
find the bottleneck tools by the proposed algorithm and
release the bottleneck by adding the right tools.

Key words: tool capacity allocation, neural network, cycle
time estimation, priority
1. Introduction

The main purpose of this paper is focused to the
optimization of daily tool capacity allocation. Once the
tool capacity is available, the supervisors are eager to find
the best configuration of on-time delivery and tool
capacity allocations. The question arises from the coupling
effects between tools and tool groups, Tools, which can
handle the same recipe, will backup each other. The term,
“tool group”, is a group of backup tools. Usually, a tool
group has more than one tool. Besides, a tool may process
more than one recipe. It may belong to more than one tool
group. Therefore, the coupling relation between the tools
and the tool groups is a many-to-many relstion. For
convenient management, the route of a lot is not listed ool
by tool. Instead, it is listed tool-group by tool-group. Any
available tool in the too! group can serve the processing
lots in this tool group. As a result, the supervisor wants to
know the division of tool capacities for its tool groups.
The tool capacity allocation is to decide the capacities of
cach tool for its ool group. In Fig. {, the tools,
“CETMO03", “CMTMC1”, and “CETMO02" are all enlisted
in two tool groups, respectively. Then, the tool capacity
allocation should optimize the teol utilization and on-time
delivery of lots constrained with given tool capacities.

Wu er al. [9] proposed the Target Setting System
(TSS} to calculate the daily tarpet of each stage, a set of
sequential operations. Chang ef ol [1] proposed a
formulation for optimizing long-term production and
machine allocation for semiconductor manufacturing
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facilities. This paper shows a new approach to aliocate the
short-term capacities of tools for tool groups.

Fig. | The coupling effect between tools and tool groups

2. System Overview
2.1 Oun-time dellvery performance in long-term
planning

Assigning the release policy, allocating tools'
capacities, and deciding a best lot-dispatching rule are the
main decisions in the foundry fab.The order release plan
depends on the due date of the lots and capacities of the
fab and correlates with the WIP control level. A good
order release plan can help to achieve the goals. However,
the production control department gives the release policy.
It is the first assumption in this paper. The dispatching rule
adjusts the processing priorities for all lots in order to
shorten the mean and variance of the cycle time and then
fulfill the due-date [7]. In order to achieve on-time
delivery, the least slack policy is usually used as a
lot-dispatching policy [8] in the semiconductor foundry.
Hence, the least slack policy is used as the lot-dispatching
rule in this paper. This is the second assumption in the
paper.
Suppose that the lot i amrives to the fab with o dve
date denoted as * f3). The estimated remaining cycle time
for the lot i obtained by the estimator is denoted as
ERCT{i}, i.c., the slack s(i) of the lot i can be defined as

s() =+ fi)-¢- ERCT(}) 0
The quantity* ¥3) - ¢ - ERCT() denotes the relative
urgency of the lot i, therefore, the slack value, sfi), can tell
how much time a lot has been ahead or behind its
committed due date. If an idle tool has to decide which lot
it should serve next, s{i} is reasonable to select the lot with
the smallest s(i); i.e., the most urgent lot. As the degree of
urgency is determined, on-time delivery performance can
be improved by adjusting lots' priorities based on least
slack policy.

The cycle time estimation [2, 3, 4, 5,] is the great
topic in semiconductor industry. Yu et a/. [L1] shows three
different algorithms to predict the product cycle time and
lot remaining cycle time. The neural network approach
shows good forecasting ability and short computation time.



Besides, it also provides the estimated cycle time of lots
for least slack policy. After comparison, the on-line
lcaming system {10] will be used to forecast the operation
time and the estimated cycle time for lot in this paper.
2.2  Tool capacity allocation In short-term planning
The term “priority-based” is two-fold. One is to
priositize the lots in the fab by applying lot-dispatching
rule, and the other is to prioritize the tools in the correlated
tool groups by applying tool-dispatching rule.

Lot wheott: wer! e | wew
recpaind im ool geowp N Taal geowp 1

Fig. 2 The relation of lot-dispatching rule and

tool-dispatching rule

In the first phase, each lot in the fab is assigned a
priotity class to identify its emergency and importance.
The priority assignment of lots is based on least slack
policy as mentioned in section 2.1. A lot with higher
priority value is always selected first for processing. The
priority classes used in this paper includs Super Hot lot
(SH), Hot lot (H), Rush lot (R), Normal lot (), and Slow
lot (S}.

Given tools capacities, PM schedule, and release
schedule, the capacity consumption of tools is assigned
according to lots’ priority classes. SH lots will be
allocated first, then H lot and so on, The time horizon for
the tool capacity allocation is one day. The estimaied
operation steps of a lot are based on the on-line learning
system and will be further described in section 5.2. The
first block in Fig. 3 shows the required time slot that the
lot K completes operation 31. The time includes the

waiting time and the processing time. The total flow in Fig.

3 denotes that if the tools of the fab are not finite capacity,
then the lot can go through from operation 31 to 42 in the

Fig. 3 The estimated steps of lot K, L in a specified day
However, the Jot with the highest priority class can
consume the capacities first. If the estimated throughput of
the tool-group N in that day is 300 wafers, 24 (the number
of wafers of lot K) is reserved for the lot K. If there is no
more capacity in & tool group, the lot will be blecked from
that tool group As a result, the lower the priotity class the
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lot has, the higher opportunity it is blocked due 1o the
priority-based tool capacity allocation.

Which available tool in the tool group will be
chosen to process the mext lot is the second phase of
prioritization. The tools in a specified tool group are
assigned a priority value to indicate the service sequence
of the tools. That is the tooi-dispatching rule will be
discussed in section 4. After reserving the tool capacity for
lots, the blocked lots flag the bottleneck tools and tool
groups. The shop floor manager can use this useful
information to adjust the PM schedule or add tools to
solve the bottleneck. After rearranging the tool capacity
configuration, the manager should re-run the teol capacity
allocation again until 2 balance among tool capacity, tool
utilization and on-time delivery is achieved.

The symbols used are described below.

L) the lot i, Lij £ » L is the set of all Jots.

NL(i) the quantities of the lot 1.

s(i) the slack value of the lot i

W) the waiting time of the lot i.

P(i) the processing tirme of the lot i

CT(i) the cycle time of the lot i.

ERCT(i) the estimated remaining cycle time of the lot i,

(i) the step that the Jot i will go through in one day.

T(@  thetooln, tmye 7 T is the set of all tools.

TG(m)y the tool group m, TG(m)e 7'G. TG i3 the set of all
tocl groups.

NT(n) the number of tool groups that the tool n is enlisted.

NTG{m) the number of tools in the tool group in.

TGT{n) the set of the tool groups that tool n is enlisted.

TTG(m) the set of the tools in tool group m.

CT(n){t) the capacities of the tool n at day t.

erwft)  theutilization of the tool n at day t.

UCry(t) the upper bound of the capacities of the tool n atday t.

ECr(t) the estimated capacities of the tool n at dey t.

RCry;  the remaining capacities of the tool n.

Ng(m}  the mumber of blocked lots in the tool group m.

BR{n} the bottleneck responsibility of the tool n.

Mover, the maves of the tool n.

Movergthe moves of the tool group m.

3. Tool-Dispatching Rules

The coupling effect arises from the many-to-many
telation between tools and tool groups. Duc to the
coupling effect, it is difficult to allocate the capacity of a
tool to its tool groups. When a lot will consume the
capacity of a tool group, the system should decide which
tool in the tool group can serve the lot, ie., the
tool-dispatching rule in the tool groups. There are six
types of tool-dispatching rules considered in this paper.
31 Maximum Remaining Capacity (MRC)

MRC means the tool with the maximum remaining
capacity is chosen to serve the lot in the tool group m and
can be expressed by

7' =arg max{RC, .} VT(n)e Ty VRG>0 D)

3.2 Maximum Remalning Capacity Ratlo (MRCR)
Remaining Capacity Ratio of tool n at time ¢

{RCRyy (1)) is defined as RCypuftV ECyq)ft) and RCy,(t)
ranges from ¢ to 1. MRCR can be expressed by



7" = argmax{RCR,, } YT(n)€ Tyypn,s VRCy, >0 (3)
T

3.3 Maximum Dedicative Ratio (MDR)

Dedicative Ratio of tool n at time t (DRyy) is
defined as 1/Nyg,. The less number of the tool groups a
tool is enlisted (larger DRyy), the more capacity the tool
can contribute to each tool group. MDR can be expressed
by

" =argmax{DR, ,} YT(r)e Typruyy YRC;y>0
T

3.4 Any Avisilable Capacity (AAC)
AAC can be expressed by
T" = Random(T(n)y VT (n}e Trgn,, YRG,, >0 (5)
3.5 Sequence Available Capacity (SAC)
SAC can be expressed by
T =SegencdT(n)) VT(n)€ Tygpy» VRG>0 (6
3.6 Maximum Fuzzy Candldative Ratio (MFCR)
In the first three approaches, MRC, MRCR, MDR
are all the attributes to choose the candidate tool. As a
result, the combined approach is usually used to include
all these effects. Then the following relation can be found,

T =arg maxfr- RCy,,, + B RCR,,,, +¥- DRy, ) @

VT (n)€ Tigy» YRCy,, >0, a+p+7=1
The settings of « 3 = «are usually subjective or by trial
and error. However, furzy inference is suitable for
consider multiple attributes with reasoning.
In the fuzzy system, there are two inputs and one
output. Inputs are only chosen as RCry and DRy,
. because RCrypy and RCRyyy are similar. The output is the
fuzzy candidative ratio (FCR). MFCR. means the tool with
the maximum fuzzy candidative ratio is chosen to serve
the lot in the tool group m and can be expressed by

T" =arg max{FCR,,,} VT(1)€ Trgro,, ¥RCry>0 (8
¥
The fuzzy inference system contains the following

propertics,
®  Linguistic variables {remaining capacity (RC).
dedicative ratio (DR), candidative ratio (CR})}.
&  URC)=[0, « 3, UDR)=[0,1], U(CR)=[0,1]
®  Membership functions of RC, DR, CR are shown in
Fig. 4, 5, 6, respectively
®  Fuzzy rules are shown in Table. 1.
®  The Mamdani fuzzy inference is adopted and uses
product and max for T-norm and T-connorm
operators, respectively, and Centricd of area (COA)
is used as the defuzzification strategy.
The detailed descriptions of all procedures are
described in next section.
Table 1 Fuzzy Rules
Dedicative Remsxining capacity
Ratic
Too |Small | Lecge
Soull
Too Low | Worst | Worse | Worss
Low | Worst [Worse | Good

Medivn |Worse| Bad | Good
High Bad | Better | Betier

LB
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4. Priority-Based Tool Capacity Allocation

This paper discusses tool capacity allocation in
short-term planning, while the on-time delivery in
long-term planning follows the description given in
section 2.1. This paper makes the following assumptions.
(1) Releasc schedule and PM schedule are inputs of the
system. (2) The lot-dispatching rule is least slack policy.
{3) Step is adopted as the basic unit for describing the
process flow. (4) All lots are assigned a priority class
according to the least slack policy. (5) The proportion of
five priority classes is fixed.
4.1 Procedures

Priority-based tool capacity allocation is a decision
support system for the shop floor management. It runs
daily in the beginning of a day in order to forecast the
bottleneck of tool groups and tcols in advance. The
procedures of priority-based tool capacity allocation can
be listed as follows.
(1) Keep running on-line leaming system, (2) Obtain the
PM (Preventive Maintenance} and release schedules, (3)
Obtain the WIP information, (4) Adjust the priorities of
lots, (5) Obtain the capacities of the tools, (6) Allocate the
capacities of the tools, (7} Find the bottleneck tools and
tool groups, (8) Take action to solve the bottleneck tools
and tool groups and repeat procedures (1) to (8).
4.2 Runolang on-line learning system

Readers can reference [10] if interested in the
on-line learning system.
4.2.1. Support for the tool capacity allocation

When the server program of on-line learning system
keeps running, the information of the number of steps that
the lot will go through in a day can be cbtained by

S = {arg m{i(m +P)>1 day}} —k ©)
r =kl
where k is the current step, and s is the step that the lot i
will arrive one day later.
4.2.2. Suppert for Jeast slack policy
The ERCT of the Iot i can be obtained by

ERCT()= 3., + P) (10)
-

where m is the current step and N is the total steps of the
ot i
4.3 Obtaining the PM {Preventive Maintenance) and
the release schedules

The PM and release schedules in this paper are
obtained from the automation department.
44 Obtaining the WIP information

In this paper, the WIP information is just the
snapshot of the lots in the fab. Therefore, the WIP
information is retrieved from the shop floor. It provides
the information of lots’ current location, curmrent step,
quantities, angd priority class, ete.
4.5 Adjusting the priorities of lots

The least slack policy is used to prioritize all lots
daily in the fab before executing the tool capacity
allocation procedure. The proportion of each priority class



is fixed as 5% lots for SH, 15% for H, 30% for R, 45% for
N, and 5% for S. The determination of the proportion is
based on the research in (2] and the engineers’ experiences
from the real fab. The estimated remaining cycle time and
the slack value of wach lot can be calcnlated from Eq. (10)
and Egq. (1), respectively. If the slack s(i) > 0, it means that
the lot commits its due date on time; otherwise, the lot will
be delayed. The smaller the slack value of the lot has, the
higher the priority class of the lot will be re-assigned.

The steps to re-assign the priority class of each lot
are listed below.
Step 1: Caleulate the slack values of all lots in the fab,
Step 2: Highlight some important lots by the managers,
Step 3: Sort the Jots in terms of the larger slack value and
importance,
Step 4: Reassign the priority class according to the
proportion, (SH, H, R, N, §) = (5%, 15%, 30%, 45%, 5%).
4.6 Obtalining the capacities of the tools

The capacity of a tool is number of wafers that the
tool can process in a day regardless the recipes. In general,
the capacity of a tool depends on the PM schedule of the
tool, the frequency of the setup change, recipes and the
idle time of the tool. It is difficult to estimate the actual
capacity of the tool due to the unpredicted interrupt and
the idle time of the tool. The method for estimating the
capacities of the toals in this paper is the dynamic moving
average of the past seven days. Let ACr,yfi} be the actual
capacity of the tool n at day ¢, and eq,y(1) be the utilization
of the tool n at day t. The upper bound of the capacity of
the tool n at day t, L'Cry,(?), can be obtained by

]

UG, )=z, vIgmer (D
eron?)
then the estimated capacity, ECrs)(1), can be obtained by
hd
X UCrt = 1) (12)
EC",](!}=MT- Qpyys YF(n)e T
o _ 2dhours - PM_time period

Fim = 24
where o, is the portion of available time for

processing.
4.7 Allocating the capacities of the tools

‘The main purpose of this section is to decide the
amount of the tool capacities for each tool group. For
example, the upper bound capacity of the tool n is 300
wafers and the tool o is enlisted in two tool groups. After
running the capacity allocation module, the system will
reserve 100-wafer processing capacity for the tool group 1,
150-wafer capacity for the tool group 2, and 50-wafer
capacity is not used.

The capacity allocation algorithm is given below.
Step I: Load all necessary data
The WIP information, the release schedule, the capacities
of the tools, the mapping table of the tools and the tool
groups are loaded into the system.
Step 2: Sort the lots by their priarity class
Apply the method mentioned in section 4.5,
Fori=11oL {L: the number of all lots in the fab plus new
released lots}
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Step 3: Calculate the steps that lot i will go through in the
day
Applying eq (9).
Fork =1 to 5(i)
Step 4: Find the next tool group (NTG)
Looking up the route of Tot i. Let NTG = TG{m).
Step 5: Find the candidate tool in the tool group
Applying one tool-dispatching rule to find the candidate
tool.
If the remaining capacity of T , RCp+ > the number
of the fot i, Ny (i}, then reserve the capacity for the lot
jand RC.=RC.-N,(i)
else the lot is blocked in this tool group due to Jack
of the capacity, Exit the following steps of allocating
End for-foop
End for-loop
End of the procedure
The results of this procedure are the WIP
information for one day later, reserved capacity of the tool
for each tool group, the bottleneck tools, and the
bottleneck tool groups.
4.9 Finding the bottleneck tools and tool groups
The bottleneck tools and bottleneck tool groups can
be easily found from the capacity allocation algorithm. Let
Np{m} = the number of blocked lots in the tool group m. It
tells that Ng{m) Jots are blocked and can not continue their
routes due to the lack of capacity of the tool group m. If
Na(m) is too large, this tool group is called a bottleneck
tool group.
A bottleneck tool group results in the blockage of all
the tools enlisted in this tool group. The bottieneck
responsibility (BR) of the tool n is defined by

LT
BR(ry= S 28 1o TG entisting T(n) 3)
be?G Ve
where Ng(k) is the number of blocked lots in the tool
group k;N rg, is the number of tool groups that the tool nis
enlisted; Nrgq is the number of tools that the tool group k
enlists; Ny(k)/Nreqy means the bottleneck responsibility of
the ool m in the tool group k. Similarly, if BR¢n} is too
Jarge, the tool n is called the bottleneck tool.
4.9 Action and re-allocation

The shop floor manager should take action to solve
the bottleneck issue based on the information provided
above. The action depends on the extra available resources,
the experience of the managers, the PM schedule of the
tools and the on-time delivery performance. Although it is
not easy to make decision, the manager can adjust the
capacities of the tools with the aid of the above results.
Which tool should be added or which tool' s PM schedule
can be changed in order to solve the bottleneck can rely
upon the list of the bottleneck tools and tool groups.

After adjusting the capacities and the usage of the
tools, re-mun the procedures (5) to (7) in 4.1 until the
balance between the tool utilization and bottleneck is
achigved



5. Results

The data used in this paper is retrieved from a real
fab. The on-line learning system uses the on-line data
from the real fab in real time. The time horizon of the data
set is from 1998/11/1 to 1998/12/30 and the testing was
performed on 1998/12/31. The system is exccuted at 8:00
AM, After running the system, the followings can be
obtained for the manager.
51 WIP information

The total WIP distribution of all tool groups is
shown in Fig. 7. The estimated total WIP for one day later
i5 20313 wafers.

5.2 Toel group moves

If the tool group move of the tool group m is
Movepc(m}, it means that there are Movey(im) wafers
flowed through the tool group m, i.e. the throughput of the
tool group. The tool group move is defined as when a lot
completes an operation, the iot contributes moves to this
ool group. The moves that added to this tool group are
equal to the number of the wafer of the lot. For example, if
a lot with 24 wafers has been processed by the tool group

m, then 24 tool group moves are added to the tool group m.

Thus, we have
N
Movey(m) = zNL(i) (14)

ELim)

where N is the number of tools in Fmy; Nuf@ is the
quantity of L(i}; F(m)is the set of lots which are processed
in the TG{m); L is the set of all lots. Note that Fin) is the
subset of L. The estimated total tool group moves in
“1998-12-31" are 54597 wafers as shown in Fig. 8. The
move of the tool group 33 is as high as 2850 wafer moves.
53 Tool moves

Similar to the tool group moves, the estimated tool
moves in the tool n, Mover(n), is the number of wafers
that are processed in the tool o, We have

Move, ()= SN, ) (15)

Ml
where E(n}is the sct of lots which are processed in T(h}.
Fig. 9 shows not only the allocated capacity but also the
utilization of the tools, From Eq. (11}, the utilization of the
tool m is defined as
ACT(.I}("")

UCr,(#)

where ACrp(1) is the allocated capacity of the tool n at
dayt.
5.4 Bottleneck analysis

Only the tool groups, which block the lots, are listed
in Fig. 10. It can be found that the tool groups 3 and 7 are
critical to the system. Over 10 lots are blocked in these
two tool groups and they are called the bottleneck tool
groups. In order to resclve the bottleneck tool groups 3
and 7, three and two new toals, for example, are added to
the tool groups 3 and 7, respectively. The result shows that
the bottleneck tool group 3 is no more the bottleneck tool
group, while the number of the blocked lots of the tool

ere ()= (16)
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group 7 is reduced from 15 lots to 6. Note that it is only a
reference for the manager. The bottleneck responsibility of
tools is shown in Fig. 11. The manager can identify the
high-utilization tools and decide whether the PM schedule
of the tool can be adjusted or not.

5.5 Tool-dispatching rule analysis

The six tool-dispatching rules described in section 4
are compared. Number of blocked lots, number of
blocking tool groups, moves and WIP are the performance
index to evaluate the rules. Fig. 12 shows the blocked lots
after one day later. Fig. 13 shows the number of tool
groups that block the lots. Fig. 14 shows the total moves in
1998/12/31. Fig. 15 shows the WIP one day later. In the
above figures, it is obvious that MFCR is better than
others, especially in “Blocked Lots” and *Moves”. As a
result, MFCR is used as the tool-dispatching rule.

6. Conclusion

This paper proposes a new approach to allocate the
capacities of the tools for their tool groups. Besides, the
maximum fuzzy candidative ratio is proved better than
other tool-dispatching rules. Besides, the priority-based
algorithm is used to estimate the tool utilization,
bottleneck, tool sharing in the tool groups, throughput of
the tool groups and WIP in a specific day.

With the support of the on-line leaming system,
which provides the cycle time information of lots, the
computation time is small for simulating one-day tool
capacity allocation. In addition, the accurate estimation of
the remaining lot cycle time assures the correctness of the
too! capacity allocation procedure. Based on the approach
proposed in this paper, the shop floor manager can solve
the bottleneck tools and reschedule the PM schedule of the
tools.
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Abstract

Based on the structure of Cerebellar Model
Articulation Controllers (CMAC), this paper proposes a
self-organizing fuzzy CMAC, the Model-based Fuzzy

CMAC (MFCMACL), for the motion control of soccer robots.

The objective is to control the soccer robots to track the
planned trajectories in the unknown and dynamic
environment of a robot soccer game. MFCMAC uses
fuzzification at its input to increase its input resolution and
effectively compress the input data. In addition, it performs
an on-line model-identification, then uses the result to
calculate the required modification for the output of
MFCMAC, and adjusts its weights to obtain the desired
solution. MFCMAC was applied to the control of a mobile
robot to track the planned trajectories. In  several
experiments of tracking various trajectories, MFCMAC is
significantly superior to the treditional PID controller.

Keywords: CMAC, Fuzzy CMAC, Fuzzy control,
Learning, Soccer robots
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Albus proposed Cerebellar Model Articulation
Controller (CMAC) to mimic the structure and functions of
the human cercbellum [1). CMAC possesses the following
advantages over other neural network models: fast recall
process, quick leaming law, and rapid convergence speed.
Based on the structure of CMAC, this paper proposes a self-
organizing fizzy CMAC, the Model-based Fuzzy CMAC
{MFCMAC), for the motion control of soccer robots. A
soccer robot system, which requires precise and fast
controller response, is a good test bed for reat time control.
The objective is to control the soccer robots to track the
planned ftrajectories in the unkmown and dynamic
environment of & robot soccer game. The characteristics of

**Graduate student

fast learning and convergence make CMAC a real-time
controller. However, CMAC suffers from limitation in its
input resolution. For practical applications, CMAC uses
some method to reduce the required memory space. This
causes some troubles in the learning process of CMAC, and
hence reduces its performance. The proposed MFCMAC
uses fuzzification at its input to increase its input resolution
and effectively compress the input data. This can naturally
reduce the required memory space and the troubles in the
learning process. The learning law of traditional CMAC is
supervised. This is not suitable for the soccer robot control
and other applications where the desired output of CMAC is
unknown. Therefore, it is necessary to extend the learning
law of CMAC to unsupervised learning. To fulfill this
requirement, the proposed MFCMAC performs an on-line
model-identification, then uses the result to calculate the
required modification for the output of MFCMAC, and
adjusts its weights to obtain the desired solution. MFCMAC
will be applied to the control of a mobile robot to track the
planned trajectories. The simulations and experiments will
be conducted to justify the performance of MFCMAC. Tt
will be shown that MFCMAC is significantly superior to the
traditional PID controller.

trooh32iefel h2S mRéal (o

The leaming law of CMAC is presented as follows.
Assume that the output of CMAC is f{x) when the input is x.
For each training pair {x’, ¥), the amount the output of the
CMAC should be modified at each training-instant is:

5= By -1x)} (1)

where f is the leaming rate and 0 < § < 1. According to Eq.
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(1}, the weights for output i/ should be modified by the
following equation:

wy(kt)=ay () + &le, j=1,2,...,¢ @)

where @y is the /® activated weight for the * output, & is
the /" component of & and a scalar representing the amount
that the /* output should be modified, and k is a positive
integer representing the &® training cycle. The leamning law
of CMAC can be further understood from Fig.1

CMAC Learning

A
cMAC [

ISﬁ/C

error signal

nput Output £(x)

Fig.1 The block diagram of the CMAC learning

Considering Eqns. (1} ~ (2), it is evident that the leamning
law of CMAC are simple arithmetic operations and can be
implemented in real-time. As to the convergence property of
CMAC, Wong proved that CMAC learning always
converges [2]. This fact can be stated by the following
theorem:

an

. a2

2

an

AN

a2

a3;

Input P Layer g Association Layer
Layer [ A

Thearem 1 [2]: Given a set of training samples composed of
input-output pairs from R*—> R™ CMAC always learns
the training set with arbitrary acenracy if the input space is

discretized such that no two training input samples excite

the same set of association cellgy 3

yroomsppuda 1 (o
Structure of Fuzzy CMAC

The structure of fuzzy CMAC is shown in Fig.2. The
example of fuzzy CMAC in Fig.2 has 2 inputs, 1 outputs,
and 3 active elements, From Fig.2, it is apparent that a fuzzy
CMAC also contains five layers. The functions and
operations of the five layers are described in the subsequent
section. They are different from those in CMAC.

There are also four mappings in a fuzzy CMAC. They
are different from those in CMAC, The four mappings are
formulated by the following four equations:

¢ L— § E)
Oe Sr— Ar @
e Ar— Py (5)
Qe Pr— O (6}

) ¥
a2 I
T a
: z
a3
1_Fa
Post
Association Layer Qutpul Layer
P O

Fig.2 The structure of fuzzy CMAC with 2 inputs, ! outputs, and 3 active elements
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where I, S;, A, Py, and Oy represent the input layer, sensor
layer, association layer, post association layer, and output
layer, respectively. Unlike the sensor layer S in a CMAC,
the sensor layer S;in a fuzzy CMAC has a number of fuzzy
sets arranged on each input dimension so that every input
will activate ¢ fuzzy sets.

Recall Process of Fuzzy CMAC

The recall process of the proposed fuzzy CMAC
consists of four mappings. Using the fuzzy CMAC in Fig. 2
as an example, the four mappings are introduced as follows.

(1} }—8g This is the mapping from the input layer to the
sensor layer, Assume the input x is an n-
dimension vector: X = {dy, da, ..., dy), there are n
sensors in the sensor layer to sense n inputs. The
mapping performs the following two steps:

Step 1: For each &, =1, 2, ..., n, activate ¢ fuzzy
sets Fy, 1, 2, ..., c. Due to the
arrangement of fuzzy sets in Fig2, at
most ¢ fuzzy sets are activated. Each
activated fuzzy set Fy is represented by a
memory element in the sensor layer and
the membership grade a; to which the
input belongs.

Step 2. Find the corresponding membership
grades a3 j=1,2,...,c.

(2} S=Ay This is the mapping from the sensor layet to the
aggociation layer. By concatenating the
corresponding activated elements of the sensors
in the input layer, ¢ elements in the association
layer are activated [2]. The firing strength a, =1,
2, ..., ¢, of the i* activated memory element is
calculated by the following min-operator:

s Gt} M

a;=min(ay, ap, ..

(3) Ar—~P¢ This is the mapping from the association layer to
the post association layer. The proposed fuzzy
CMAC uses the same hash-coding technique to
reduce the required memory elements. The e
clements activated in the association layer
activate ¢ clements for each output in the post
association laver. The contents of the post
association layer are fuzzy sets. For the # output,

e fuzzy sets W, j=1, 2, ..., ¢, in the post
association layer will be activated. The firing
strength of Uyis g/ =1,2,..., ¢

(4) Pr— 0Oy This is the mapping from the post association
layer to the output layer. If the fazzy sets in the
post association layer are all fuzzy singleton [3]
and the values with full membership are
represented by | W 4, the value o; of the i* output
can be given by the following equation:

EDW AL A @
I

Otherwise, the value o; of the ©® output should
be calculated by centroid method of
defuzzification given by the following equation:

0= 4,(a)l¥, | ®

=l

where Afay) is the area of the fuzzy set W, cut
by the membership grade a,, as shown in Fig.3.

i Afa)

0 3
|yl

Fig.d Thearea of a fuzzy set cut by the firing strength 4,

Learning Law of Fuzzy CMAC

The leamning law of the proposed fuzzy CMAC is
presented as follows. Assume that the output of CMAC is
f(x) when the input is x. For cach training pair (', ¥, the
amount of the output of the CMAC is modified at each
training-instant is:
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8r=F(y - ) (10}

where B is the leamning rate and 0 € 8 < 1. According to Eq.
(10), the fuzzy sets Wy, j=1, 2, ..., ¢, for output i is
modified by the following equation:

5
W, (k+ 1) |=| ¥, (k) |+ 2L2L0 i=12 ..,
a,
=1

(12

where &, is the /* component of §and a scalar representing
the amount the /* output should be modified; k is a positive
integer representing the A training cycle.

Advantages of Fuzzy CMAC

From the description of the mapping ¢ It —S;, it is
apparent that fuzzy CMAC does not need quantization
operation. This feature not only increases the input
resolution of the fuzzy CMAC but also reduces the
computation time of one recall cycle by eliminating the
compntation load for quantization operation. A tfraditional
CAMC increases its resolution by increasing the number of
memory clements. This approach not only increases the
computation load for recall process but also raises the
difficulty of leaming convergence. A fuxzy CMAC,
however, increases its resolution due to its nature. This
approach is more reasonable than traditional CMACs and
does not require extra memory elements. As a fozzy CMAC
increases its resolution naturally, it needs less memory
clements for keeping the performance than the tradition
CMAC. Therefore, a fuzzy CMAC can save storage memory,
speed up the recall process, and reduce the collision problem.

Hash-coding is not the only way to reduce the number
of the required memory elements, The clustering technique
can be applied to the input space to reduce the number of
fuzzy sets required to cover the input data, For an » inputs
case, if the number of furzy sets for each input dimension
can be reduced by a ratio of 2, the number of the required
memory elements is reduced by a ratio of 2°. If this
reduction-ratio is not enough, two or higher dimensional
clustering can be applied and the reduction-ratio will be
even more large. This fact is summarized in the following
theorem.

Theorem I: The reduction-ratio for the number of the
required memory  elements  increases

exponentially with the increase of the number of
the cluster dimension.

broo(n},2  ifelo meppuc{a 1 (o dio2ol IRAIL2 efpfel o
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It is interesting to compare the proposed fuzzy CMAC
with the Linguistically Approached Self-Organizing fuzzy
logic Controller (LASOC) proposed in [4, 5].

Using an input vector as an address, a fuzzy CMAC
produces an output vector in response to the input vector in
a look-up table fashion. Similarly, LASOC has a rule table
and uses an input vector ta find the activated rules from the
rule table to compute an output vector. Therefore, fuzzy
CMAC and LASOC use similar ways to find an output
vector from an input vector, Furthermore, the fuzzy sets in
the post association layer of a fuzzy CMAC correspond to
the fuzzy sets in the rule table of its corresponding LASOC.
As to the fuzzificaiton and defuzzification of a fuzzy CMAC,
they are the same as those of its corresponding LASQC.

There are several points where a fuzzy CMAC is
different from its corresponding LASOQC., First, the leamning
law of the proposed fuzzy CMAC is supervised leaming,
whereas the corresponding LASOC is unsupervised learning.
Second, the structure of the proposed fuzzy CMAC is
suitable for MIMO applications, while the corresponding
LASOC is not. Third, the structure of the proposed fuzzy
CMAC is appropriate for parallel implementation, while the
corresponding LASOC is not. Finally, the proposed fuzzy
CMAC has the collision problem, while the LASOC does
not have,

Based on the different points discussed above, it is
straightforward to think that fuzzy CMAC and LASOC can
mutually reinforce. The structure of fuzzy CMAC can be
used to implement LASOC in MIMO applications andfor
parsllel processing. On the other hand, fuzzy CMAC can use
the learning law of LASOC to carry out the unsupervised
learning. In the subsequent section, this paper applies the
learning law of LASOC to implement model-based
unsupervised leaming.

Otool 3R-AI2 efpfelomspp uda | (Ho

The recall process of the proposed Model-based fuzzy
CMAC (MFCMAC) is the same as that described in Fig.2

The unsupervised learning law of MFCMAC is
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presented as follows. The bleck diagram of the leaming law
of MFCMAC is shown in Fig.4. In unsupervised learning,
only the input to MFCMAC and the desired output of the
plant are known, whereas the desired output of MFCMAC is
not known. Therefore, the error signal e is formed by the
desired output vector y and the plant output vector y”;

e=y-y (12)

The error signal vector e is sent to the performance
evaluator in Fig.4 to evaluate the current performance of the
plant. The performance evaluator computes a performance
index vector Ao from e by the following equation:

Ao =P(e) ={(1-L)e + LT Ae] (13)

where £ is a weighting factor to represent the relative
importance between ¢ and Ae, ¥ is the learning rate, and T is
the sampling period. The Model Identifier in Fig.4 receives
the input and output data of the plant and on-line identifies
the model matrix M of the plant. Through the identified
model matrix M, the performance index vector Ao is then
transformed into the amount Aw the output of MFCMAC
should be modified. This transformation is carried out by the
following equation:

Au=M"40 (14)

Having Au, the fuzzy sets in the post association layer of
MFCMAC can then be modified by the following equation:

A
1w, (& + 1) =1, (k) |+ T80
a

F=l

=112 .. .,c

Pl

(15)

where Wy and g; have the same meanings as those defined
previously, and Au; is a scalar and the i component of Aw.
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The simulation is based on the soccer robot for FIRA
MIROSOT games. Each tcam has three member robots and

each robot is a bi-wheeled mobile robot conformed to cubic
7.5 cm volume limit. These robots are controlled by visual
servoing, which feedbacks the robots’ positions and
orientation, and the computer calculates the desired velocity
of the wheels and transmits the commands to the robots via
radio. Maneuverability is essential for this application, thus,
fast and precise control of the robot is the goal of applying
this control scheme to the soccer robot motion control,

The simulation programs were written in Visual C++
and implemented on a Pentium HI 450 PC. For displaying
the 3-D characteristics in the simulations, OpenGL is
adopted as the API for graphics hardware,

Tracking

Tracking the planned curves is the fundamental skill
of mobile robots. Based on this fundamental skill, most
advanced skills can easily be implemented. This paper
conirols the angular velocitics of the two wheels of 2 mobile
robot to make it to track the planned curves. Assume thzat the
relative distance and angle of the current desired position to
the mobile robot are Dist; and Ang,, the difference and
summation of Ang, are Diffdrgs and SumAng, tespectively,
and the angular velocities of the right and left wheels are
AnglVel, and AngVel, respectively. The PID contral law can
then be implemented by the following equations:

AnglVel = K, x Disty - K, x Angy - Ky x Diffdng,, - K, x
SumAng,

Aggl’ef =K, x Disty + K, x Ang, + K; x DiffAng, + K,
x SumAng,

where k,, &k, kg and k; are the constant gains to emphasize
the importance of their corresponding terms. These gains 4.,
kg, ky, and k; are set as 3, 0.2, 0.15, and 0.1. The PID control
law is applied to control a soccer robot to track a sine curve.
The root-mean-squared error in position caused by the PID
controller is 0.077129 m. This error is mainly due to the
time delay in tracking the (&_i curve. The proposed
MFCMAC is then combined with the FID controller to
control the robot to track the same curve. After 5 runs of
training, the result is shown in Fig. 5

The root-mean-squared error in position caused by the
proposed controller is 0.030665 m. The error due to the time
delay is reduced significantly by MFCMAC. This result
demonstrates the fast learning and convergence capacities of
MFCMAC.
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Fig.4 The learning law of MECMAC

Fig. 5 Combine MFCMAC and the PID control law
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A self-organizing fuzzy CMAC, the Model-based
Fuzzy CMAC (MFCMAC), is proposed in this paper for the
motion control of soccer robots. Comparing to traditional
CMAC, MFCAMC increases the resolution of the input
space, reduces the required memory space and collision
problem, and extend the learning law to unsupervised
leamning. The simulation and experiment results reveal that
MFCMAC is significantly superior to the traditional PID
controller.
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