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Abstract

This thesis presents a new methodology for making job release decisions in a semi-
conductor wafer fabrication line. Although the new job release approach is more broadly
applicable to other manufacturing systems which have similar characteristics, the appli-
cation to semiconductor manufacturing is quite relevant and of great interest, given the
complexity and cost of modern wafer fabrications. The key idea is that existing closed-loop
job release methodologies tend to monitor either overall work-in-process (WIP) levels in the
fabrication, or to monitor buffer sizes or workload at a small number of key assumed “bot-
tleneck” points in the line. In order to overcome limitations of these existing approaches, a
new metric, WIPLOAD, is proposed, which aggregates a process-time-remaining weighted
measure of work in the entire facility. A job release approach, dubbed WIPLOAD Con-
trol (WIPLCtrl), releases new jobs whenever the total WIPLOAD is below some specific
threshold.

The significance of WIPLCtrl is conceptually analyzed and justified using simulation
experiments under different system configurations including tandem lines, reentrant lines,
and semiconductor manufacturing environments, in comparison with the most widely com-
pared and discussed existing techniques, CONWIP and Workload Regulating (WR). The
experimental results show the potential improvements of WIPLCtrl in both average cycle
time, and in standard deviation of cycle time for a given throughput level. For example,
in a simplified wafer fabrication model, WIPLCtrl could reduce the average cycle time up
to 47% and 22%, and reduce the standard deviation of cycle time up to 61% and 52% for
a given throughput level, respectively, in relation to CONWIP and WR. These improve-
ments also indicate that WIPLCtrl could achieve a higher throughput rate than CONWIP
and WR for a given average cycle time level. To analyze the underlying characteristics
of WIPLCtrl, a transfer line under WIPLCtrl is considered using a developed Markov
process modeling methodology, so that the advantage of WIPLCtrl could be understood.
Moreover, a case study is carried out using the simulation model of a real-life wafer fabri-
cation facility. Relative to a release methodology similar to that actually used in the wafer
fabrication plant, WIPLCtrl could lead to a 21% reduction of the average cycle time and
a 41% reduction of the standard deviation of cycle time for a relatively high throughput

level. These performance improvements indicate potential increase in benefits due to the
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reduced costs and the increased revenue.

In summary, WIPLCtrl is a reliable closed-loop release control methodology, which
can be applied in a wide variety of manufacturing systems including semiconductor wafer
fabrication facilities. WIPLCtrl is able to offer effective response to system disturbances
caused by stochastic events such as machine failures by taking into account the location
of WIP in the system. Instead of only focusing on the bottleneck machine in the system
like WR, WIPLCtrl controls the overall work quantity on the shop floor. As a result, it
can be applied in systems where the bottleneck is constantly shifting due to the change
of product mix or machine unreliability, as often occurs in semiconductor manufacturing.
Furthermore, the performance of WIPLCtrl is robust to the increase in system variabilities

caused by stochastic events such as machine failures or processing time variabilities.

il
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Chapter 1

Introduction

1.1 Overview

Semiconductor manufacturing is one of the fastest growing and most significant indus-
tries due to its effect on accelerating the advance in technology and the resulting effect on
the world’s economy. Semiconductor manufacturing is generally characterized by invest-
ments in process technology in billions of dollars.

The overall semiconductor manufacturing flow can be generally divided into four stages:
wafer fabrication, wafer probe, assembly or packaging, and final test. This research focuses
on wafer fabrication as it is the most technologically complex and capital-intensive phase
among all the processes. The facility where wafer fabrication takes place is commonly
referred to as a wafer fab.

Today’s semiconductor industry is in a more volatile scenario than ever with the ex-
tremely short product life-cycles, frequently decreasing profit margins and intense compe-
tition. Maintaining a competitive advantage and remaining profitable in operational terms
requires the minimization of cycle time and work-in-process (WIP) inventory and the max-
imization of throughput. Different types of control policies are implemented to ensure the
achievement of satisfactory system performance. Implementation of an improved policy
could result in a considerable amount of increased profits due to the extremely large capital
investment and sales revenue of semiconductor manufacturing.

Although manufacturing systems engineering has attracted much attention from world-

wide researchers and industrial practitioners, there are still a number of unanswered ques-
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tions in the area of semiconductor manufacturing systems control. Some distinguishing
characteristics of semiconductor manufacturing process have made production control par-

ticularly difficult [48; 80; 84; 156].

e Complex product flows. In a typical semiconductor wafer fab, the number of
operation steps is large (normally between 200 to 600). Since wafers of pure silicon
are imprinted with tens or even hundreds of integrated circuits in dozens of thin film
layers, the sequence of processing steps in a wafer fab requires individual lots to revisit
certain workstations numerous times at various stage of production. In between
such visits, a number of other workstations may be visited. This kind of process is
known as reentrant flow. For example, a wafer may have to visit the lithography
workstation more than ten times to have all layers of circuitry fabricated. Moreover,
numerous product types are usually produced simultaneously in a typical wafer fab.
The processes of different product types could be very different. Meanwhile, it is
very common for the semiconductor market to have large oscillations in customer
demand. Therefore the fluctuating product mix greatly increases the variabilities in

a semiconductor manufacturing system.

e Diverse equipment characteristics. The characteristics of the equipments used in
semiconductor manufacturing vary widely. Some machines perform the operations on
individual wafers, some on lots (groups) of wafers, and others on batches (collections)
of lots. The collection of lots into batches results in a non-smooth product flow. Some
machines have significant sequence-dependent setup times, while others do not. In
addition, shared function of facilities is very often the case due to the constant
development of new products and processes. For example, the same machine may be
used for wafer production, wafer qualification and engineering test. The conflicting

goals of different functions add to the confusion.

e Equipment downtime. The equipment used in semiconductor manufacturing is
technologically extremely sophisticated. Fabrication tools require extensive pre-
ventive maintenance and calibration, and are sill subject to unpredictable failures.
The main cause of uncertainty in semiconductor manufacturing operations is unpre-

dictable equipment downtime [84]. Downtime for many types of machines is more
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than 10% of the total capacity [88]. Some equipments such as ion implanter may be

down 30-40% of the time [48].

e Random yields. Process yields are uncertain in wafer fabs. The yield may vary
due to environmental conditions, problems with production equipment or material.
Though yields for well-established products can be predicted using historical data,
the constant introduction of new products and technologies has made yield estimation
a major problem. After a yield problem is detected, a large amount of engineering

hold time on equipment and lots ensues while troubleshooting is in progress.

e Data availability and maintenance. The sheer volume of data in the semicon-
ductor manufacturing facility makes data acquisition and maintenance an extremely
time-consuming and difficult task. Information such as the processing time for each
operation a product undergoes, location of WIP inventory, and machine status, has
to be stored. The constant introduction of new product types in accordance with
the changing markets further complicates this problem. Fortunately, with the rapid
development of computer-integrated manufacturing (CIM) systems, more and more

near real-time system data are available for the short-term production control.

1.2 Research Problem and Motivation

In a broad sense, after orders arrive a job shop from the customers, the scheduling
system for the job shop can be viewed as consisting of two stages [131]. In the first stage,
job release, control decision is made to determine the type, amount and time point of
release of new jobs into the plant. Gaither [52] defined job release as authorization to
produce the materials previously identified as a planned job. The second stage of job shop
scheduling is often referred to as dispatching. For the jobs already in the plant, one has
to decide which job is to be processed next at each machine as that machine becomes
available. Dispatching policy determines the sequence in which jobs in front of a machine
are processed by the machine; therefore, it need not be a global rule.

The focus of this research is job release control. The early studies dealing with schedul-
ing issues mainly focused on classical problems such as dispatching, sequencing and lot-

sizing problems, while the job arriving to the shop floor was usually represented by a
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stochastic process [17; 131]. Since the 1970s, an ever growing attention has been devoted
by industrial practitioners and operations research scientists to job release control, espe-
cially with the emergence of complex manufacturing systems such as wafer fabs.

Job release control is emerging as a significant research topic in semiconductor manu-
facturing, although it can be applied in a more general manufacturing environment. An
improved job release methodology will lead to a considerable amount of increased profits
because of the large capital investment and sales revenue of modern wafer fabs. Wein [161],
Glassey and Resende [64; 62] demonstrated that the most important factor in determining
the wafer fab performance is the process by which the material is released into the sys-
tem. The decisions made once the material is already inside the facility are less important,
subject to the assumption that the dispatching policies are reasonable. The finding is
supported by this research [126; 128; 144] as well. Moreover, job release holds practical
significance for manufacturing managers, and neglecting it can lead to wide variations in
shop workloads, causing excessive backlogs, and a frequent need for expediting.

However, job release control of a wafer fab is challenging due to the inherent complexity
and characteristics of semiconductor manufacturing. In actual wafer fabs, release decisions
are usually made using the primary approaches integrated in higher level planning systems,
based on static information rather than real-time dynamic shop information [88]. More
effective release control methodologies are desiderative to be developed and investigated for
semiconductor manufacturing. All these challenges and significance motivate us to focus

this research on job release control in semiconductor wafer fab.

1.3 Research Objective and Methodology

The objective of this research is to devise a better job release methodology to improve
system performances in terms of throughput, average cycle time and standard deviation
of cycle time in high volume wafer fabs. The issue is researched on the near real-time shop
floor control level. The higher level of production planning is not a factor considered in
this research. In particular, this objective can be obtained by the research methodology

consisting of five stages as follows.

e To review and understand the existing literature on job release control in the context
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of general manufacturing systems, and identify the issues related to semiconductor

manufacturing.

e To experimentally investigate the existing release methodologies using a simplified
wafer fab simulation model, and observe the significance of choice of release method-

ology in a semiconductor manufacturing environment.

e To define and present the conceptual framework of the proposed closed-loop release
control methodology, and justify its relative performance in comparison with the

existing release methodologies that are well studied in semiconductor manufacturing.

e To analyze the underlying characteristics of the proposed release methodology using

the analytical model of a transfer line.

e To justify the applicability of the proposed release methodology in a real-life wafer

fab case.

Different system configurations are considered in this research because the performance
of a job release methodology is dependent upon the manufacturing system configuration in
which it is tested. The Markov process model of a transfer line system is used to analyze
the underlying behavior of the proposed job release methodology. More complex job shop
environments are considered in two simulation studies: one on a general manufacturing
system and second on a simplified semiconductor wafer fab. The assumptions considered
in the simulation studies are further relaxed in the case study considering a full-scale
semiconductor wafer fab.

The considered system performances include throughput, average cycle time, and stan-
dard deviation of cycle time. Throughput (also called throughput rate) is the amount of
work processed by a set of resources over some time period. Cycle time (also known as
throughout time, flow time, or sojourn time) is the time elapsed between a job entering
the facility and leaving the facility as a finished product, consisting of processing time,
transportation time between workstations, and waiting time in queues. The relationship
between throughput and average cycle time could be depicted by the characteristic curve
of a manufacturing system.

Characteristic curve, defined as the tradeoff curve between the average cycle time and

the average throughput, is introduced as the standard factory productivity measurement
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tool and a key performance indicator [47; 140]. As throughput approaches the system
capacity, the average cycle time goes to infinity. Figure 1.1 illustrates two characteristic
curves (CC1 and CC2) achieved under two different release control methodologies (Method
1 and Method 2). Method 2 is superior to Method 1 from two aspects. On one hand,
Method 2 could achieve a higher throughput rate than Method 1 for a certain average cycle
time level. On the other hand, Method 2 could achieve a certain throughput rate with a
lower average cycle time than Method 1. As Figure 1.1 shows, suppose the manufacturing
system is operating at the point P1 on the characteristic curve of CC1 under Method 1,
and the corresponding throughput level and average cycle time at P1 are TH1 and CT1
respectively. By implementing an improved release control methodology, Method 2, system
throughput rate can be increased to TH2 when the average cycle time level is kept at CT1
(point P3 on CC2), or the throughput rate TH1 could be achieved with a lower average
cycle time level of CT2 (point P2 on CC2).

CC1 (Method 1)

()

£ CC2 (Method 2)

|_

% P1

> CT1 P3

O Reduced Average Cycle Time

o CT2 .

© P2 -5

)

z g
Increased Average Throughput o

TH1 TH2
Average Throughput

Figure 1.1: Conceptual Comparison of Characteristic Curves

The characteristic curve is an important approach to evaluate release control method-
ologies in the later chapters of this thesis. Several throughput levels are chosen for a
given manufacturing system, and the average cycle times under these throughput levels
are collected for different release control methodologies. The reduced cycle time achieved
by the improved release control methodology at each throughput level is quantified. As to
the increased throughput at a certain average cycle time level, it could be approximately

observed through the derived characteristic curves.
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The reason to emphasize reducing cycle time is mainly due to the significance of cycle
time performance in semiconductor manufacturing. In the semiconductor industry, the
total manufacturing cycle times are long in general, ranging from 8 weeks to over 30 weeks.
Stage cycle times could range from 3 to 15 weeks in wafer fab, 2 days to 2 weeks in wafer
probe, 3 days to 3 weeks in assembly and 2 days to 4 weeks in final test. Thus the wafer
fab cycle time forms an important part of the overall manufacturing cycle time. Typical
high-volume fab cycle times are reported to be 2 to 10 times raw processing times [134],
which means that lots spend most of their time waiting for tools or operators instead of
being processed.

In a project constructed by SEMATECH for the semiconductor industry [47], cycle time
emerged as the number one performance metric for the survey and interview respondents.
The importance of reducing cycle time for a given throughput level could be understood

from the following aspects:

e Reduced cycle times will reduce overall response times to customers. The entire
semiconductor industry is very sensitive to economic and trade climates. It is typical
in the semiconductor market to have large oscillations in demand. Under these
circumstances, the ability to quickly react and respond to changing customer demand
is a critical factor for the manufacturers. By reducing cycle time, manufacturers may
have faster turnaround of products and accelerate their learning cycle, thus keeping

their competitive edge in the market against firms that fail to do so.

e Reduced cycle times are directly related to reduced work-in-process (WIP) inventories

according to Little’s Law [99].
e Reduced cycle times are associated with reduced yield loss.

e Long cycle times are usually less predictable cycle times due to more possible system

disturbances. This is a critical issue for accurate planning and due-date assignment.

Y

e Long cycle times lead to an increased number of “hot lots,” which in turn increases

variability, and drives up average cycle times further [42].

The variance of cycle time is a measure of how spread out a cycle time distribution is.

Reducing the variance of cycle time also has intrinsic benefits. It can imply smaller WIP
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and finished goods inventory for a given cycle time level [149]. Meanwhile, it also improves
the predictability and service level of the system. The service level (SL) of a manufacturing
system defined by Equation 1.1 is the probability that cycle time is less than or equal to

a specified lead time [149].

SL = prob|CT <] (1.1)

[ = per + zs0cr (1.2)

where
SL :service level

CT :cycle time

[ :lead time

et :mean of cycle time

oot :standard deviation of cycle time

zs  :the value in the standard normal table for which ®(z,) =1

This definition implies that for a given average cycle time, the system service level is in-
fluenced by the lead time, which is a management constant used to indicate the anticipated
or maximum allowable cycle time for a job. The lead time for a system is an increasing
function of mean and standard deviation of cycle time defined by Equation 1.2 [78]. A
shorter lead time means that the products can be produced and distributed more quickly
to reach the marketplace before those of competitors.

The availability of data in computer-integrated manufacturing (CIM) environments has
created many new possibilities in the field of shop floor control in wafer fabs. Computers
not only can track the location of each lot but also collect data, such as queue length at each
workstation, equipment status, and the processing time at each route step. This means
that near real-time decision making for job release control is possible based on the global
factory state. The challenge is to transform this type of data into meaningful information.
However, to date the job release policies employed in real-life wafer fabs usually use only
static information rather than near real-time fab information due to the shortage of efficient
release control methodologies evaluated and justified sufficiently [88]. This opportunity

motivates this research on the job release control in semiconductor manufacturing systems.
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1.4 Contributions of Thesis

e This thesis presents a new methodology for making job release decisions in a semi-

conductor wafer fab line. Although the new job release approach is more broadly
applicable to other manufacturing systems which have similar characteristics, the
application to semiconductor manufacturing is quite relevant and of great interest,

given the complexity and cost of modern wafer fabs.

The key idea is that existing closed-loop job release methodologies tend to monitor
either overall work-in-process (WIP) levels in the fab, or to monitor buffer sizes or
workload at a small number of key assumed “bottleneck” points in the line. In order
to overcome limitations of these existing approaches, a new metric, WIPLOAD, is
proposed, which aggregates a process-time-remaining weighted measure of work in
the entire facility. A job release approach, dubbed WIPLOAD Control (WIPLCtrl),

releases new jobs whenever the total WIPLOAD is below some specific threshold.

This thesis provides explanations and demonstrations of the new approach using
the combination of simulation and analysis. This includes analytic work (based on
a Markov process model of a transfer line), simplified simulations (based on the
same transfer line model as used with the Markov analysis, a simplified wafer fab
model, and a more general 9-machine manufacturing system model), and finally a
case study using a full-scale model of a real wafer fab. The experimental results
show the potential improvements of WIPLCtrl in both average cycle time, and in
standard deviation of cycle time for a given throughput level, especially in comparison
with the most widely compared and discussed existing techniques, CONWIP and
Workload Regulating (WR). For example, in a simplified wafer fab model, WIPLCtrl
could reduce the average cycle time up to 47% and 22%, and reduce the standard
deviation of cycle time up to 61% and 52% for a given throughput level, respectively,
in relation to CONWIP and WR. These improvements also indicate that WIPLCtrl
could achieve a higher throughput rate than CONWIP and WR for a given average
cycle time level. In the simulation of a real-life wafer fab model, WIPLCtrl could lead
to a 21% reduction of the average cycle time and a 41% reduction of the standard

deviation of cycle time for a relatively high throughput level, relative to a release
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methodology similar to that actually used in the wafer fab plant. These improvements
indicate potential increase in benefits due to the reduced costs and the increased

revenue.

e This thesis improves the insight into the behavior and impact of the controlled job re-
lease process, as well as the interactions with other system factors, in semiconductor
wafer fab environments. The significance of the choice of release control methodology
on semiconductor wafer fab performance is justified by the constructed experiments.
The relative effects of job release methodologies depend upon the system environ-
mental conditions. The impacts of system factors including product mix, complexity
of the process, level of machine unreliability and system congestion level on system

performance are also discussed.

e This thesis also includes a detailed review of the existing literature on job release,
and a simulation-based comparison of the dominant job release approaches identified

in the literature, so that the previous related work can be well understood.

1.5 Organization of Thesis

This thesis consists of seven chapters. In Chapter 2, the literature on job release control
is reviewed. An experimental investigation is carried out in a simplified semiconductor
wafer fab environment in Chapter 3 to justify the significance of the impact of job release
control. Several existing release control methodologies are evaluated using simulation. In
Chapter 4, a new measure of the work quantity on the shop floor, WIPLOAD, as well as
the closed-loop release control methodology based on it, WIPLOAD Control (WIPLCtrl),
are proposed. Several sets of simulation experiments are constructed to test the effect of
WIPLCtrl in different system configurations. To gain more insight into the underlying
characteristics of WIPLCtrl, a transfer line is analyzed using a Markov process modeling
methodology in Chapter 5. In Chapter 6, the effect and applicability of WIPLCtrl is
further evaluated using the simulation model of a real-life wafer fab. The conclusions from

this research work and possible further research directions are given in Chapter 7.

10
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Chapter 2

Literature Review on Job Release

Control

The opening chapter has attempted to outline and motivate this thesis on job release
control in semiconductor manufacturing systems. The purpose of this chapter is to relate
this study to previous research. One purpose here is to establish what has been developed
in other academic research contexts as a basis for this study. Another purpose is to attempt
a general evaluation of the research to date.

This chapter first positions job release control in the related research area. It is fol-
lowed by the review of existing release methodologies presented in the published literature.
The research on job release control related to semiconductor manufacturing is discussed

subsequently.

2.1 Position of Job Release Control

A manufacturing system is a network of interacting and dynamic components (such as
machines, transportation elements, storage buffers, computers, and people) through which
material is processed into products [55; 78]. A variety of disciplines are involved such as
operations research, manufacturing automation, and computer engineering. To position
the issues in regard to job release control in such a broad area, a tree diagram is depicted
as shown in Figure 2.1.

Manufacturing systems may be classified by a number of characteristics; these include

11
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the features of products, facility layouts, system scale and scope, or the volume of produc-
tion. According to the features of products, manufacturing can be generally classified as
discrete parts or continuous processing, as shown in Figure 2.1. This research is concerned
with semiconductor manufacturing systems, especially wafer fabs, which are representative
of discrete parts manufacturing.

Major functions of a manufacturing system include product design, process planning,
production operations, facility layouts, and production planning and control. Each of these
functions plays an important role in achieving the objectives of a successful manufacturing
system. To date, a number of excellent textbooks have been published to analyze manu-
facturing systems in general, for example, [6; 55; 78; 114; 160]. These books are valuable
in the insights they provide into the context of manufacturing systems engineering.

The activities of production planning and control generally fall into two essential sub-
categories including production planning and production control. Production planning
systems are concerned with long-term issues, for example, to determine how much of each
of the end products is needed (the so-called master schedule requirements) based on cus-
tomer orders and/or demand forecasts. Melnyk et al. [107] defined the production control
system to consist of all activities directly responsible for managing the transformation of
planned orders generated by the planning system into a set of outputs. Major functions
of production control include job release, dispatching, data collection and monitoring. Job
release and dispatching are also considered as two essential scheduling issues [62].

As one of the major functions of production control, scheduling problems have received
much attention from research practitioners, management scientists, and mathematicians
since the early 1950s [104]. However, the early studies dealing with scheduling issues
mainly focused on dispatching, sequencing and lot-sizing problems, while the job arriving
to the shop floor was usually represented by a stochastic process [17; 131]. Many studies
of classical production scheduling problems have employed a standard three-field triple
a|fBly [68], where « represents the scheduling environment, 3 represents any distinctive
characteristics of the jobs to be scheduled, and ~ describes the objective function. It has
been used to describe concisely a wide variety of standard one-machine, parallel machine,
and shop scheduling problems. A great deal of effort has been spent developing methods

to generate optimal production schedules, and countless papers discussing these standard

12
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problems have appeared in scholarly journals. Some representative textbooks on these
classical scheduling issues are [8; 18; 35; 44; 49; 91; 113; 122; 132]. The research works
on these topics are also thoroughly reviewed by several authors; including Baker and
Scudder [12], Blackstone et al. [17], Graves [69], Hall and Sriskandarajah [71], Kanet
and Sridharan [86], and Potts and Wassenhove [124]. Another important research topic
on scheduling issues is rescheduling. The concept of rescheduling can be understood in
contrast to that of dispatching. Dispatching rules are used to control production without
a production schedule. When a machine becomes available, it chooses from among the
jobs in its queue by using a dispatching rule that sorts the jobs by some criteria. In a
rescheduling manufacturing system, a production schedule is firstly generated for a given
work period, then the schedule will be updated in response to disturbances or other changes.
The developed rescheduling policies can be generally classified into two types: periodic
policies [7; 45; 106] and event-driven policies [1; 82; 139; 169]. Herrmann et al. [74],
and Kempf [87] also developed periodic policies to generate production schedules at the
beginning of each shift in semiconductor manufacturing environments. The research papers
on rescheduling are well reviewed by Church and Uzsoy [31] and Vieira et al. [159].

The literature on job release control is almost nonexistent prior to 1970 [109]. The job
release process manages the flow of jobs by means of three major phases [14; 15]: job entry,
pre shop pool management, and job release, as shown in Figure 2.1. A similar description
can be found in Melnyk and Ragatz [108]. The job release process controls the transition
of production orders from the planning system to the execution phase. In this sense, it can

be considered as the link between production planning and production control [105; 172].

13
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Figure 2.2: Functions of Job Release Control [15]

Figure 2.2 [15] shows the relationship between the production planning system, the job
release process and shop floor control. Before entering the shop floor, the jobs generated
by planning system are managed by the job release process. Job entry can be viewed as
a preparation phase of release control, in which necessary information about the jobs are
collected and the issues regarding whether or not to accept the job and how to set the due
date for the job are usually considered depending on the specific situation. Pre shop pool
phase deals with the issue of prioritizing the accepted jobs. Based on the first two phases
and the information about the shop floor, the job release phase determines if and at what
time the release of each job waiting in the pre shop pool can take place. This study mainly
focuses on the job release phase.

The impact of strategies that decide whether or not to accept the jobs from plan-
ning system was analyzed by Fry [50], Fry and Smith [51], Kanet [85], Lankford [93], and
Philipoom and Fry [120]. Authors investigating due date assignment include Baker [9],
Bertrand [10], Baker and Bertrand [11], Baker and Cheng [28], Cheng and Gupta [29],
Ragatz and Mabert [129], Ragatz and Mabert [130], and Smith and Seidmann [146]. The

sequencing theory contained in the literature on conventional scheduling issues is widely ap-
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plied to deal with prioritizing the accepted jobs in pre shop pool, as described by Ashour [5],
Baker [8; 9], Cobham [34], Spinner [151], Federgruen and Groenvelt [46], Kim et al. [89],
Malhotra et al. [105], and Scudder and Hoffman [142]. Since the focus of this study is on

the job release phase, related research in this area only will be reviewed further.

2.2 Job Release Control Methodologies

Since the 1970s, ever growing attention has been devoted by worldwide researchers
and practitioners to the investigation of job release control. In this section, the main
contributions issued in the specialized literature on this topic are illustrated. A general
classification and analysis is constructed as well.

Plossl and Wight [123], and Wight [166] were the first authors to understand and
describe the value of controlled release in their description of input/output control. Plossl

and Wight [123] claimed that

The control of input actually precedes the control needed to meet schedule dates
in the factory. When a better input control is achieved, less time and effort
are required for job location, expediting and dispatching, but, far more impor-
tant positive benefit will be obtained through getting more jobs completed on
schedule.

Job release decisions typically take advantage of some form of input control to smooth
the flow of jobs through the shop [168]. Melnyk and Ragatz [108] examined the origi-
nal works on the release control in general and analyzed the activities and components
of the release control procedure. The distinct benefits gained from the use of controlled
release process, especially on reducing the system WIP level, were also noted in the eval-
uation studies by Bobrowski and Park [19], Melnyk and Ragatz [109], and Ragatz and
Mabert [131].

However, there also exists some debate with respect to the effect of release control,
especially when the interactions between release control and other decision making pro-
cesses are considered, such as due date setting, priority sequencing, and dispatching rules.
Baker [9] investigated the significance of the choice of a priority rule on the average tar-
diness using a single-stage system. The results indicated that controlled release could
improve the performance of simple priority rules, but could have a negative effect on more

sophisticated priority rules [9]. Bobrowski and Park [19] showed in their study on a dual
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resource (labor and machine) constrained job shop, that the choice of a due date oriented
priority rule is less critical than the choice of a release control mechanism. Browne and
Davies [22] and Shimpoyashiro et al. [143] suggested that delaying releasing jobs in pre
shop pool will neither increase nor decrease overall lead times. Ragatz and Mabert [131]
showed that lead times can be reduced by choosing appropriate release methodologies, but
Melnyk and Ragatz [109] showed that some release mechanisms can result in longer lead
times. Melnyk and Ragatz [109] suggested to integrate release control process into the
overall planning system and to have the facility adjust capacity so that system perfor-
mance can be improved in terms of not only the workload measures but also the delivery
performance. This claim was supported by Hendry and Wong [73] by evaluating a release
control methodology proposed by Hendry and Kingsman [72], which allows the system
capacity to be adjusted.

Ragatz and Mabert [131] evaluated some release control mechanisms in combination
with dispatching rules. The results showed that for the measures including queue time,
WIP level, and mean absolute deviation from due dates, the choice of a release mech-
anism is more important than the choice of a dispatching mechanism. This conclusion
was supported by the studies of Glassey and Resende [62], Kim et al. [88], and Wein [161].
However, dispatching rules showed more significant impact on the total cost measure [131].
Nevertheless, Ragatz and Mabert [131] drew a noteworthy conclusion, that is, the choice of
a release mechanism can reduce the magnitude of differences among the dispatching rules;
in other words the job release logic can supplement a simpler dispatching rule and bring
its performance closer to that of more complex rules. This conclusion is consistent with
the argument by Nicholson and Pullen [115], that good shop floor performance could be
achieved by using very simple dispatching rules in combination with carefully controlled
job release.

Overall, job release control is only one component of a production planning and control
system. It is a diverse process with many different combinations of factors and there are
still many unanswered questions in this area before any final verdict on release control can
be reached [108]. The research to date shows that “one best way” of job release control does
not exist [3; 15; 32; 33; 168]. The ranking of the developed release control methodologies

varies significantly depending on the considered interaction with other decision making
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mechanisms as well as the system environments where they are tested due to the large

impact caused by uncertainties and disturbances.

2.2.1 Classification

To date, several types of classification frameworks for the developed release control
mechanisms have been proposed by Bergamaschi et al. [15], Melnyk and Ragatz [109],
Ragatz and Mabert [131], and Wisner [168].

In this study, release control methodologies are first classified into two basic categories,
which are termed as open-loop and closed-loop methodology, depending on whether or
not the system dynamic information is taken into account when the release decisions are
made. Many notions from control theory are relevant to manufacturing systems engineer-
ing, although their specific realization is quite different from more traditional application
areas [60]. Typical examples of control notions include state, control variables, dynam-
ics, feedback, open-loop, closed-loop, discrete, and continuous. Among these, the terms
open-loop and closed-loop indicate whether the feedback is used to control the states or
the output of a dynamic system. These concepts are employed here to indicate the con-
trol configurations when the release of a manufacturing system is controlled. Open-loop
release control methodologies make release decisions regardless of any current system in-
formation. Release is usually scheduled based on exogenous information such as prediction
of demand, and the release time is not modified according to what is happening in the pro-
duction process. In contrast, system information is dynamically taken into consideration
by closed-loop release control methodologies according to their specific objectives. This
classification dimension is named the control configuration in this study. Seven classifica-
tion dimensions proposed by Bergamaschi et al. [15] are employed as well. The resulting

eight classification dimensions are briefly described in Table 2.1.

18



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

‘opeUI 918 SUOISIOP
oseaal 9} UoYM PoXT o 01 paloplisuod si Ajoeded weshs oy ‘Suruue[d Ljoeded oarssed 1opun)

‘A30[0poyjoul [013U0D dsedlal oY) Aq pajsnlpe oq ued Ajoeded welsAs oy T,

OAISSRJ

oAy

Suruuelq Ayoede) 'Q

"SUOTI)RISHIOM JUIISYIP JO PRO[IIOM O1[) 9doUR[R( 07 ST ASO[OPOT[JoUI [OIUOD JSBI[AI 91} JO 9AT}02[qO o1 T,
"PRO[YIOM POTLIDIUOD 91} [OIJUOD 09 39S oI punoq remo] pue reddn o1y yrog
"PRO[YIOM POISPISUOD d1[} I0J PUNO( ISMO] B 19S 0} ST dATJRUINR UY

"OpRUI OI€ SUOISINOP SB[l oY) UM
POPoa9IXa 9 jouued YOIYM ‘SOISO[OPOYJOUI dSLI[oI PIJIWI] PRO[ SY 10 498 SI pro[s{Iom Jo punoq toddn uy

Suueeyg PeROTIOAN
punog Jomory 29 toddn)

punog Iemory

punog taoddn

[013UO) PROTNION ),

‘porrad Suruuerd
JUOIIND ST} UM PIISPISUOD ST UOTJRISYIOM B} JB dALLIR P[NOd ol pajelar yora yer) Aiqeqord ot J,

owry
I9A0 UOIYR)ISHIOM TDed Je pajnduiod st a[goid peo[yIom oy ], 'Spolad auwil} OJUl USX0Iq ST UOZLIOY W) O],

*JISURI} Ul peol SUIIRIHUSISHIP JNOYHM PIJUNOIDE ST UOIRISHIOM [DBD I0J JIOM O],

onsIIIqeqoIq

Surjesong owlJ,

rexoduwe)y

awIl], 19A() SUIIUNO0DDY PRO[IOA ‘9

‘(£910eded o) Jo oSejusotod e 10 sINOY ul) AJ1juenb sIom oY) JO SULIO) Ul Passaldxo ST PRO[YIOA

‘1007 doys a1 ul sqof Jo Isquinu 9y} JO SULIS) UI PIassaIdxo SI PRO[{IOAN

Ayueng) JIOA\
Sqor Jo Isquuiny

9INSEIN PROPIIOA\ G

"S[RAIDUT POXY Je AUO INDD0 AR 9SBI[AI B UOTIUSATOD SUTWIY 9J2IISIP o1} IoPU()

‘uorperado s, w9)sAs oY) SULINP oW} AU je INdD0 UeD SO MAU JO 9sea[aI 9} IoYjaYMm sajedTpur uorydo sIyJ,

932IOSI(J

snonurjuo)

uorjuaAuo)) Surmly, ‘f

"TOTR)SHIOM [O®d 10J pajndurod ST PeorsiIom o J,
"TI9)SAS ST} JO UOIIR)S }DOUS})OC O} JO PROPIIOM O} SI dINSBOUI PIULIIOUOD O,

‘doys oy} Jo suorje)sIoM 9} Fuowe pPaIN|LIISIP
peoy a3 Jo sso[preSor peol doys [e10} Y] [YIIM PIUISDUOD ST (pojruul] peo[) £S0[0porjaul 9sed[al JY T,

PROTIOA\ UOTIR)SYIOAN
PROTION\ oouo[1jog

peor] doyg

[9A9] UOI11RS0I33Y PRO[YIOMN ¢

‘owury yey} e peo[ doys oY) Jo sse[pIeSal pases[al
9q (M qol o) uoym ‘ouury ases[ad s ,qol oY) SUTUIULIS)OP UO SND0J SAISO[OPOjoU aseslal paseyd owl ],

"PRONIOM TO SOATIOD[([O UTRLIID 199TT 0 WID)SAS
a1} UuI peopIom SUIISIXa oY} 03 SUIPIOdO. WAYSAS 91} OJUI SqO[ asea[al SaIS0[OPOTIoU SSBI[AI PIIIWI] PBOTT

poserq owg,

pojIwII] peor]

WISTURYDD]N 9SBI[Y T

"UOT)RULIOJUT UIDISAS UO PIse( 9PRW Ik SUOISIIAP ISBI[dY

"UOT)RULIOJUT UWIDISAS OTRUAD AU® JO SSO[PIRSal SPBUI 818 SUOISIOAP 9SBI[aY

doory-peso[)
doorp-ued(

uoryemsyuoy) [01puo)) ‘T

uorydriosa(q jorag

suorpdQ

uoIsuswiI(

SOTSO[OPOTI_JN [0IIUO)) 9SeI[Y JO YIoMdUIRI] UOIJRDIYISSR]) ' 9[qel,

19



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

2.2.2 Descriptions

In total, twenty four developed release control methodologies are reviewed in this study.
For the purpose of descriptions, this section is organized following the framework depicted
in Figure 2.3. First, according to their control configurations, the release methodolo-
gies are generally classified into two basic categories including open-loop and closed-loop
methodologies. The closed-loop methodologies subsequently fall into two types including
time phased and load limited methodologies based on their release mechanisms. Then the
workload aggregation levels of the load limited release control methodologies are consid-
ered. After the brief descriptions of their fundamental principles, the characteristics of all
the reviewed release control methodologies are summarized based on the eight dimensions

listed in Table 2.1.

Control Open-Loop

Configuration
Release Time Phased
Mechanism Workload
Closed-Loop % Aggregation Shop Load
Load Limited %ELevel Bottleneck Load

Each Workstation

Figure 2.3: The Framework to Describe Release Control Methodologies

2.2.2.1 Open-Loop Release Methodologies

Open-loop release methodologies use no dynamic system information in the release
process. Release is usually scheduled based on exogenous information such as prediction
and/or demand, and the release time is not modified according to what is happening in
the production process. One of the main disadvantages of these types of release method-
ologies is that they are not able to effectively respond to the dynamics and variabilities of
the manufacturing system under control before serious performance degradation has been
caused. Usually the open-loop release methodologies are discussed in the literature only

for the purpose of comparison with more sophisticated release approaches.

o Immediate Release (IMR)

Immediate release (IMR) is the simplest of all the job release methodologies. Tt
releases all the arrival jobs at the beginning of each day or shift, without considering

any kind of current job and shop information [3; 19; 131].
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e Random Release (RAND)

Random release (RAND) is the continuous version of IMR, which releases a new job

into the system whenever it arrives.

o Constant Release (CONST)

Sometimes the release time interval of new jobs is represented by a certain distri-
bution. If a uniform distribution is employed, the release methodology is named as
constant release (CONST), which releases new jobs into the system with a constant
rate, one every X minutes. The value of X is determined according to the expected
throughput rate. This policy is also called Deterministic Input, Uniform Start, or
Clockwork respectively by Wein [161], Glassey and Resende [62], and Gilland [61].
Queueing theory suggests that reducing the variability in the input process will im-
prove the performance of an open-loop policy, so CONST is the best open-loop policy
since it minimizes the variability of input rate under the assumption that there are

always jobs waiting to be released [154].

e Backward Infinite Loading (BIL)

Different to the previous three open-loop release methodologies, backward infinite
loading (BIL) is a time phased approach, which determines the release date of jobs
based on the information about individual jobs regardless of the workload on the
shop floor. BIL releases new jobs at the beginning of each day or shift. A job is
released a fixed number of hours ahead of its due date. The release time is calculated

as follows [3; 131]:

RD; = DD; — kp; (2.1)
where

i :index of job i

RD; :release date of job ¢

DD; :due date of job 7

k :planning factor based on the processing time

Di :raw processing time of job i.

This approach is similar to the even-flow technique studied by Ackerman [2].

21



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

2.2.2.2 Closed-Loop Release Control Methodologies

Open-loop release methodologies are not able to achieve desirable results in many cir-
cumstances because manufacturing systems rarely perform exactly as expected and pre-
dicted due to different kinds of disturbances and variabilities. Responding to these dis-
turbances is a significant responsibility of manufacturing managers; when something goes
wrong in a manufacturing system, the manufacturing manager has to identify what can
be done to alleviate the problem and restore the system to the desired condition. Thus,
in an open-loop system, correction action is not taken until after there is a problem and
system performance has degraded enough to trigger managerial attention. In comparison
with an open-loop approach, better system performance should be achieved by a reason-
able closed-loop release control method, under which decisions are determined dynamically
after taking into account the current system information. Although closed-loop policies
introduce variability into the release process, this variability is correlated with the produc-
tion variability in a beneficial manner [61]. This statement has been demonstrated in the
evaluation studies constructed by Glassey and Resende [62], Bobrowski and Park [19], and
Wein [161].

Relating to the mechanism that triggers the release of new jobs, closed-loop release
control methodologies are further classified into two types: time phased methodologies
and load limited methodologies [15].

1) Time Phased Release Methodologies

The time phased release control methodologies center on computing a release time (or
date) for each job and then letting the job enter the shop floor when that predetermined
time (or date) is reached [15]. Usually the information about the individual jobs including

due date and job routing as well as the current workload of the shop is required.

e Modified Infinite Loading (MIL)

Modified infinite loading (MIL), proposed by Ragatz and Mabert [131], modifies BIL
by taking into account the current shop workload information when the release date
of a job is determined. It is based on Eilon and Chowdhury’s [43] queue length rule
for due date assignments. MIL gives each job a flow allowance based on the number

of operations in the job as well as the number of jobs waiting in queue along the job’s
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routing.

RD; = DD; — kip; — k2Q;

where
1 :index of job i
RD; release Date of job i
DD; :due date of job ¢
kq,ks :planning factors
Di :raw processing time of job ¢
Q; :number of jobs in queue at machines on job i’s routing

e Backward Finite Loading (BFL)

(2.2)

Backward finite loading (BFL), described by Ragatz and Mabert [131], works with

a planning horizon that is broken into time buckets and uses detailed information

about the job itself (due date, number of operations, operation times) as well as the

detailed shop floor information (time-phased workload profile for each machine) to

determine the release date of a job. Working backward from the job’s assigned due

date (starting with the last operation in the job and working toward the first),

BFL

attempts to fit each operation into available capacity for the appropriate machine.

If the machine capacity is not enough in a time bucket, the operation will be backed

to an earlier bucket until adequate capacity is found. If the achieved release time for

a job falls into a past time bucket, the job will be released in the current period and

the operations of the job will be forward loaded.

e Optimal Material Release Times (OMRT)

Homem-de-Mello et al. [39] presented a method for setting release times for jobs with

due dates in a stochastic production flow line. Here, the method is referred to as

the optimal material release times (OMRT). OMRT is based on Monte Carlo simu-

lation and consequent optimization by a method that became known as “stochastic

counterpart” or “sample path” simulation-based optimization techniques. The ob-

jective is to minimize an expected value objective function that contains terms for

tardiness and flow time cost. The tardiness and flow time are computed based on
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the estimation of completion time of the jobs subject to a fixed order, in which jobs

are released.

2) Load Limited Release Control Methodologies
The majority of the reviewed papers consider the load limited release control method-
ologies. Hopp and Spearman [78] attributed the major benefits of a pull system to the

)

existence of a “WIP cap,” no matter how it is achieved.

A WIP cap, regardless of the type of pull mechanism used to achieve it, will
reduce the average WIP level required to achieve a given level of throughput.
This will directly reduce the manufacturing costs associated with holding in-
ventory [[78], 345].

The so-called “WIP cap” can be broadly considered as a workload limitation, which
cannot be exceeded when control decisions are made.

In the related literature on release control, there are generally three kinds of ways to set
the workload limitation relating to three levels of aggregation. The first one is to limit the
load of the overall shop floor regardless of how the load is distributed along the production
line. An alternative is to only consider the workload of the bottleneck workstation. A
more sophisticated way is to limit the workload level of each workstation.

Shop Load

To date, the load of the overall shop floor is usually computed in terms of the number of
jobs in the system or in terms of the work quantity of the jobs. The work quantity may be
expressed as processing times or as a percentage of the capacity. The major disadvantage
of this method is that the load distribution at different locations of the production line is

not taken into consideration.

e Mazimum Number of Jobs (MAXNJ)

Maximum number of jobs (MAXNJ) is actually an input/output control logic de-
scribed by Wight [166]. Under MAXNJ, at the start of each day, the highest priority
jobs (determined by the priority sequencing rule) are released to the shop floor, one
at a time, until either all jobs are released or the number of jobs in the shop has
reached a specified maximum [131]. It is similar to the approaches used by Baker [9]

and Bertrand [16].
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o Maximum Shop Load (MAXSL)

Maximum shop load (MAXSL), proposed by Bobrowski and Park [19], is a modified
version of MAXNJ. It considers the job’s processing time and the total amount
of workload currently on the shop floor to determine job release. The mechanism
releases the highest priority jobs at the beginning of each day or shift until all the

jobs are released or shop workload has reached a specified maximum level.

o Minimum Shop Load (MINSL)

Melnyk and Ragatz [109] considered a release control methodology, which triggers
the release of a new job when the total uncompleted work in the shop falls to a

specified lower bound, using a continuous timing convention. Here it is referred to

as minimum shop load (MINSL).

e Global Input/Output Strategy (INOUT)

Global input/output strategy (INOUT) can be viewed as a practical version of
CONST. It was described by Roderick et al. [135] based on the practical input/output
control mechanism of many manufacturing firms, which attempt to match job input
to job completion. INOUT releases an amount of jobs to the system each day, which

is a simple moving average of the previous 10 days output.

e Constant WIP (CONWIP)

As an alternative to Kanban, Spearman et al. [149] proposed a new pull-based produc-
tion control methodology called CONWIP. The principle of CONWIP is to maintain
a constant WIP level. New jobs cannot begin on a line until the WIP level has fallen
below a specified level. Because it emphasizes when to trigger the release of a new
job, it is usually considered as a release methodology rather than a production control
strategy. By combining the low inventory level of Kanban with the high throughput
of Push [20], CONWIP appears to share the benefits of Kanban while being appli-
cable to a wider variety of production environments. The advantages of CONWIP
over Kanban and Push were conceptually outlined and were supported by a set of
simulation experiments [149]. The benefits of a pull production system under CON-

WIP over a push system are excellently summarized and analytically demonstrated
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by Spearman and Zazanis [150]. For a CONWIP line with deterministic processing

time and exponential machine failures, Hopp and Spearman [77] developed an ap-

proximate regenerative model (ARM) for estimating the throughput and the average

cycle time, while Duenyas et al. [40] derived an approximation for the mean and

variance of the output during a specified interval. Hopp and Roof [76] developed

a method for setting WIP levels to meet target production rates in a pull produc-

tion operating under CONWIP. In the evaluation study carried out by Roderick et

al. [135], CONWIP was a superior performer comparing with starvation avoidance

(SA), INOUT and CONST under a rather wide variety of shop conditions in terms of

average WIP, percent tardy jobs and throughput rate. Duenyas [41] tested CONST,

workload regulating (WR) and CONWIP in a job shop environment with multiple

part types. The results showed that by setting reference WIP level for each part

type, CONWIP significantly outperformed CONST and WR. Moreover, CONWIP

becomes more and more prevalent in real-life manufacturing industries [81]. Roderick

et al. [136] simulated a typical electronics products manufacturer, and the simulation

results indicated that CONWIP could be a valid aid in reducing plant WIP in com-

parison with a job release strategy typically used in MRP (Material Requirements

Planning). Ignizio [81] reported the results of implementing CONWIP in semicon-

ductor fabrication facilities in combination with a proposed genetic algorithm, and

the improvement of CONWIP over the original system (a push system) on aver-

age cycle time was remarkable. Chung et al. [30] combined CONWIP with master

production scheduling of wafer fabs, and proposed a methodology to determine an

appropriate WIP level, order release sequence and batch policy for each planning

horizon (12 weeks) of master production scheduling, with consideration of capacity

limitation and multi-priority orders.

Bottleneck Workload

The fundamental principle of release methodologies that control the workload of the

bottleneck workstation is the Theory of Constraints (TOC), which is loosely presented by

Goldratt and Cox [66]. The system performance is expected to be controlled by controlling

the bottleneck workstation because the production rate of the bottleneck determines the

production rate of the whole system. The major limitation of this kind of methodology is
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that it is under the assumption that the system bottleneck workstation is deterministic.

However, in many real-life manufacturing systems, the bottleneck workstation constantly

changes due to the change of product mix or other dynamic factors such as machine failures

and maintenances. This issue becomes especially significant for the purpose of short-term

production control.

e Workload Regulating (WR)

Aiming at semiconductor wafer fabs with distinct bottleneck workstations, Wein [161]

proposed a release control methodology, which is termed workload regulating (WR).

WR releases a new job into the system whenever the total time of remaining work

in the system for any bottleneck station falls below a prescribed level. A simulation

study was carried out using a wafer fab model [161]. The tested fab used a single

process technology, which required 24 different single or multi-server workstations.

Three versions of WR for the systems with 1, 2 or 4 bottleneck stations were evaluated

in comparison with RAND, CONST and CONWIP. Several dispatching rules were

considered as well. Results indicated that larger improvements on the performance of

a semiconductor wafer fab come from release control rather than from the choice of a

dispatching rule. Moreover, the effects that specific sequencing rules have are highly

dependent upon both the type of release control methodology used and the number

of bottleneck workstations in the fab. For the considered simulation models, WR

outperformed the other three release mechanisms in terms of cycle time performance

under one certain throughput level. A case study was constructed by Lawton et

al. [95], which evaluated the effect of WR in a GaAs fab facility in comparison with

RAND and CONST. The results showed that WR could offer the ability to reduce

fab cycle time by roughly 50%.

e Constant Load (CONLOAD)

Rose [137] proposed a job release policy called constant load (CONLOAD), which

is an extension of WR. Instead of considering total amount of remaining work for

the bottleneck station, another workload measure for the bottleneck station, i.e., the

sum of bottleneck processing times of the job divided by the average cycle time of

jobs of this product, is computed to trigger the release. A new job is allowed to
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enter the fab if the current bottleneck load plus the load introduced by the new lot

is less than a given threshold. The threshold value equals the target utilization of

the bottleneck workstation times the number of bottleneck machines. A simulation

study was carried out using a four-machine simulation model to compare CONLOAD

with RAND, CONWIP and WR. The benefits of CONLOAD were observed in terms

of achieving the desired bottleneck utilization level as well as inducing a smooth

evolution of the WIP over time.

e Starvation Avoidance (SA)

Starvation avoidance (SA) proposed by Glassey and Resende [62; 64] is designed to

maximize the utilization of critical bottleneck equipment, while at the same time to

control the growth of WIP inventory. The objective is to make the new job arrive

at the bottleneck just in time to avoid equipment starvation there. The safety stock

level is the control parameter for the system. A method to calculate the virtual

inventory for the bottleneck station was proposed by Glassey and Resende [62] for a

single bottleneck and single part type system. If the virtual inventory falls below the

specified safety stock level, SA triggers a job start. An evaluation study was carried

out for four release mechanisms (CONST, CONWIP, WR and SA) in combination

with three dispatching rules using five simulation models of single bottleneck and

single part type VLSI (Very Large Scale Integrated) circuits manufacturing systems.

The mean delay/mean throughput tradeoff curve was employed as the performance

criterion. The conclusions were twofold. First, closed-loop release control method-

ologies work better than open-loop methodologies. Second, SA is an effective policy

when the system produces at the near-capacity throughput rate. Related issues were

also investigated: Lozinski and Glassey [103] proposed a way to trace the bottleneck

workload on the shop floor, which is named the bottleneck starvation indicator, to

help people make decisions consistent with SA policy; a dispatching policy that is

based on the concept of SA and relies on frequently updated queue predictions for

all workstations was proposed by Glassey and Petrakian [63].

Workstation Workload

Following the detailed workload computation strategy, the workload can be computed
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separately at each workstation. The key feature of this third type of load limited closed-
loop release control methodology is to make release decisions based on information about

the workload of each workstation.

e Forward Finite Loading (FFL)

Similar to BFL, forward finite loading (FFL) also employs a planning horizon that
is broken into time buckets and uses detailed information about jobs themselves
as well as time-phased shop floor information to make release decisions. However,
for a certain job in the pre shop pool, the decision made under FFL is whether
or not to release the job in the considered time bucket, rather than to determine
the release date of the job (as is determined by BFL). The goal of FFL can be
expressed as meeting the available capacity of workstations under the constraints of
jobs’ due dates, while the goal of BFL is to set the release dates of jobs subject to the
constraints of the available capacity of workstations. As described in Bobrowski and
Park [19], working forward from the job’s first operation, FFL attempts to fit each
operation into available capacity for the appropriate workstation. After the job’s
last operation is assigned, the estimated completion time of the job will be compared
with its due date. The job will be released if its due date falls in a load period less
than or equal to the last operation time bucket. Otherwise, it will be returned to the
pre shop pool and the release of the job will be scheduled again with other arrival

jobs in the next time bucket.

e Minimum Workload of Workstations (MINWW)

Melnyk and Ragatz [109] considered a release control methodology, which initiates
the release of a new job whenever the work in the queue at any workstation drops
below a specified lower bound, using a continuous timing convention. Here, this

methodology is referred to as the minimum workload of workstations (MINWW).

e Load-Oriented Order Release (LOOR)

The load oriented order release (LOOR) developed in Hannover is a straightforward
release control methodology in controlling the direct workload of workstations. It

records the actual direct load of the workstations at the time of release and estimates
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the input to the direct load during the following planning period, using a probabilistic

estimation method called load conversion. The converted load, being the sum of the

direct load and the estimated input, is kept at a norm level for each workstation by

releasing the right amount of work. LOOR was firstly presented by Bechte [13; 14]

and extended by several authors, for instance, Breithaupt et al. [21], Wiendahl et

al. [164], and Wiendahl [165]. It is the nucleus of load-oriented manufacturing control.

e A Hierarchical Planning System with Release Control (HPSRC)

A hierarchical production planning system was designed by Hendry and Kings-

man [72] to address the needs of small- to medium-sized make-to-order companies.

They linked the job release stage with the higher-level stage by controlling a hierar-

chy of backlog lengths. At the job release stage the released backlog length for each

workstation is maintained between predetermined minimum and maximum levels.

The system capacity is allowed to be adjusted. This methodology is referred to as a

hierarchical planning system with release control (HPSRC). HPSRC was evaluated

by Hendry and Wong [73] using a job shop simulation model in comparison with

MINSL and MINWW. The results showed that HPSRC, with an active capacity

planning pattern, was able to improve the delivery performance as well as to reduce

the WIP level, while the other two methodologies did not show improvements on the

delivery performance. As the representative of the release methodology with upper

and lower workload bound, HPSRC was also tested by Cigolini and Portioli [33] in

comparison with the methodology with only upper workload bound (LOOR) and

with only lower workload bound (MINWW). The results showed that the release

methodology with only upper workload bound outperformed the other two kinds of

methodologies.

e Adaptive Shop Loading (ASL)

O’Grady and Azoza [116] proposed an adaptive approach for shop loading (ASL) by

simultaneously considering WIP, finished goods inventory levels as well as workload

smoothing. Based on a heuristic, the major task for the approach is to compute a

value termed the “Net Excess Stock” (NES) for each product by adding the WIP

levels and finished stock levels and subtracting from this total the expected demand

30



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

over the lead time as well as safety stock. A priority parameter is calculated using

NES and workload balance for each product. The products are then loaded in order

of priority in their standard batch sizes until a value of upper input workload is

reached. The workload limit is determined by the current expected aggregated work-

load of each workstation and the expected available capacity of each workstation over

the planning horizon. This methodology can be viewed as a planning methodology

rather than a mechanism handling short term operational issues. The loading period

considered by O’Grady and Azoza [116] was one week.

e Path Based Bottleneck (PBB)

Philipoom et al. [121] developed a release control methodology, which is referred to

as the path based bottleneck (PBB) procedure, based on inspiration got from the

research of Goldratt and Fox [67], and Wein and Chevalier [162]. PBB releases a job

only if no machine on the job’s path will be loaded over a managerially-determined

capacity threshold. All jobs that would cause the capacity threshold to be exceeded

are held in the pre shop pool for later evaluation. More precisely, PBB involves one

preparation procedure and a two step approach. The maximum load of each machine

is set in the preparation procedure. The first step of PBB is to sequence the jobs in

the pre shop pool based on a least slack ratio rule. Then starting with the first job

in the ordered queue, stage two begins by evaluating this job’s unique path through

the shop. If the current load at each machine along the job’s path plus the job’s

processing time at that machine is below the PBB threshold, the job is released into

the shop. The results of experimental comparison of PBB and MIL by Philipoom et

al. [121] have shown that PBB performs well in lowering total costs when due dates

are tight, while MIL is a better procedure with relatively loose to medium due date.

e Dynamic Release Control Policy (DRCP)

Based on the work of Leachman et al. [96], Kim et al. [88] proposed a release control

policy, named the dynamic release control policy (DRCP). DRCP is a periodic review

release control policy, which decides to release a job based upon examination of

the projected queue sizes at each workstation over the review horizon. A due date

oriented sequencing rule is used to prioritize the jobs waiting to be released. Starting
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from the job with the highest priority, DRCP determines whether or not to release

the job. If the projected queue sizes at any workstation to be visited by the job are

projected to be above a safety level (upper bound) at all time grids of the time period,

the job should not be released. A simulation model of a simplified semiconductor

wafer fab, which consists of seven workstations and three part types, was used to test

the efficiency of DRCP. The simulation study compared DRCP with Poisson, CONST

and WR in combination with three commonly used dispatching rules under two due

date tightness levels and two machine failure rate levels [88]. The improvements of

DRCP over another three release mechanisms were observed in terms of mean flow

time, mean waiting time and mean tardiness. All of LOOR, PBB and DRCP set

an upper workload bound for each workstation to constrain the release jobs. The

difference is with respect to the pattern of workload accounting over time. LOOR

and PBB respectively use a probabilistic approach and an atemporal approach to

account the workload, while DRCP uses a time bucketing approach.

e Descending Control (DEC)

For the production control problem in high-volume single-product manufacturing

systems under a given throughput rate, a linear control rule called descending control

(DEC) is proposed by Glassey et al. [65]. The core is to determine the set of states

in which it is optimal to release a new job for processing into the system. Here,

the state of the shop is defined as the vector of jobs under process and awaiting

processing at different work centers. Glassey et al. [65] firstly studied numerical

solutions based on dynamic programming to optimal flow control in flow lines as

well as probabilistic reentrant flow lines consisting of four reliable machines. It was

followed by the development of a hybrid optimization-simulation methodology that

can be used to determine the optimal control set for input regulation in a single

part type semiconductor wafer fab. The objective function for the optimal control is

to maximize the average profit rate for the system subject to the inventory holding

cost. The input parameters include the expected throughput rate, the processing

rate of each machine, values of profit per unit produced and holding cost per unit

time per job, and the upper bound on inventory for each machine and the system.

DEC was compared with CONST, CONWIP and WR using simulation and the
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improvements of DEC were observed in terms of average inventory level under one

certain throughput rate [65].

e An Order Release Mechanism for a Flexible Flow System (ORFFS)

Lingayat et al. [98] reported on the development of an order release mechanism for

a specific flexible flow system. The mechanism is referred to as ORFFS hereafter.

The key characteristics of the considered flow system include one batch processing

machine, flexibility of routing, and one explicit bottleneck station with multiple iden-

tical machines. Thus the ORFFS employs a heuristic to rank and create batches in

pre shop pool phase and employs a linear integer program to assign the routes for

the jobs so that the workloads of the machines of the bottleneck workstation are

balanced. A set of simulation experiments was constructed to observe the benefits of

the proposed ORFFS comparing with RAND and CONWIP in terms of mean and

variance of WIP level as well as two proposed performance criteria termed as “shop

factor” and “system factor” [98].

In summary, Table 2.2 lists the characteristics of all the above job release control

methodologies in terms of the eight dimensions listed in Table 2.1.
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2.2.3 Release Issues Addressed in Production Control Strategies

As a component of production planning and control, the issue of job release is also
considered in various production control strategies.

As the root of Just-In-Time (JIT) philosophy that led to the noticeable success of
Toyota, Kanban is a milestone of the development of production control strategies. It has
been well studied by many researchers and practitioners [27; 70; 79; 92; 112; 125; 141; 153].
Based on the first step of the “pull” concept brought by Kanban, some variation schemes
were published, such as the minimal blocking policy [147], a modified Kanban scheme [111],
CONWTIP [149], and the Kanban-CONWIP hybrid policy [20]. Bonvik et al. [20] concep-
tually compared these mechanisms and evaluated them using simulation. Liberopoulos
and Dallery [97] and Gaury et al. [53] proposed frameworks and methodologies to unify
these pull-based production control mechanisms. Except for CONWIP, most of these pull-
based production control strategies are mainly concerned with the issue of how to allocate
buffers (or Kanbans) between workstations so that the local inventory build-ups can be
limited. For example, the hybrid Kanban-CONWIP policy [20] combines Kanban control
with job release of CONWIP. Instead of passing Kanbans from the finished goods buffer
to the last production state when parts are used, Kanban-CONWIP hybrid policy sends
them instead to the first stage to authorize loading of another part into the system. This
Kanban will then follow the part all the way through the system, while other Kanbans
recirculate as usual to limit local inventory accumulations (see Figure 2.4). Equivalently,
this Kanban-CONWIP hybrid control policy can be created from a CONWIP control by

limiting inventory levels at the intermediate locations [20].

T 1 \ \
\ \ |-

@ : Machine i : Buffer i

Figure 2.4: A Production Line Controlled by a Kanban-CONWIP Hybrid Policy [20]

Besides these card-authorization based approaches, another category of production
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control strategies focuses on the control of the production rate of machines [4; 56; 83; 90;
100; 101; 102; 119; 138; 148; 152; 158; 170; 171]. These methodologies usually employ
mathematical programming to optimize an objective function of penalty cost subject to
certain system constraints such as buffer sizes. The goal of these strategies is to meet a
given demand rate with minimum WIP level. Gershwin [57] designed a production control
methodology termed the control point policy (CPP) to control a large variety of production
systems. CPP can be viewed as a unified framework by categorizing production systems
control issues into three basic types including surplus-based, time-based and token-based
CPP.

Overall, production control methodologies mentioned above mainly emphasize the con-
trol issue for the isolated machines along a production line. Release control is not explicitly
considered by them, although the control decisions for the first machine can be viewed as
the release decisions to some extent. Hence they are not discussed further in the following

sections.

2.2.4 FEvaluation and Discussion

The evaluation studies included in the related literature are summarized in this section.
All of these studies tested and compared a set of release control methodologies using simu-
lation experiments. The features of the used simulation models and the major observations
are listed. The objective is to improve the knowledge about the relative behaviors of the
developed release control methodologies under different environmental conditions.

In total 20 evaluation studies are summarized in Tables 2.3-2.6, which are ordered
according to the year of publication. The full names of the abbreviations used are included
in the List of Abbreviations on page x.

The points that can be observed from these evaluation studies include:

e The general consensus is that job release control plays a significant role in improving
the performance of a manufacturing system. However, there are some contradictive
observations in the related studies with respect to the relative performance of the
release control methodologies. These differences are mainly due to different exper-
imental conditions including shop structure, rules tested, parameters selected, and

interactions considered [3].
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e There is no “one best way” to control the release process. The ranking of the devel-

oped release methodologies varies significantly due to the change of system environ-

mental conditions.

e Other decision procedures such as dispatching, due date setting, and capacity man-

agement, significantly interact with the release control methodology. However, the

interaction is also dependent on the system configuration tested.

e A majority of these evaluation studies indicates that the closed-loop release control

methodologies are superior to the open-loop methodologies. The open-loop release

methodologies are usually tested only for the purpose of comparison.

e CONWIP and WR are two well recognized release control methodologies. Thirteen

of the twenty reviewed evaluation studies considered CONWIP and WR as reference

methodologies, including all seven studies using real or hypothetical semiconductor

wafer fab models.
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2.3 Job Release Control in Semiconductor Manufac-
turing

Job release control is emerging as an important research topic in the semiconductor
manufacturing industry, although it can be applied in a more general manufacturing sys-
tem. A key reason is that the implementation of an improved release methodology could
result in a considerable amount of increased profits because the capital investment and
sales revenue of a semiconductor wafer fab are extremely large.

The major significance of job release control is twofold. First, job release control holds
practical significance for a complex manufacturing system such as a wafer fabrication
facility (or fab). Melnyk et al. [110] suggested that practitioners sometimes reject the
“best” dispatching rule in favor of simpler rules that can be understood by the people
using them. In real-life wafer fabs, after the raw wafers are released into the shop floor, the
remaining operations are usually completed only following some “rules of thumb” instead
of adopting further sophisticated control. For example, the lots are usually sequenced
in a wafer fab according to their priority values, which are set before they are released.
Ragatz and Mabert [131] pointed out that the choice of a release mechanism can reduce the
magnitude of differences among the dispatching rules; in other words the job release logic
can supplement a simpler dispatching rule and bring its performance closer to that of more
complex rules. Second, job release control has significant impact on manufacturing systems
performance [19; 109; 131], especially on cycle time, which is an important performance
metric in the semiconductor industry [47]. The research of Glassey and Resende [62], and
Wein [161] indicate that larger improvements on performance measures come from job
release control rather than from dispatching rules in wafer fab environments. The finding
is also supported by [126; 128; 144].

Although a number of studies have been constructed on the investigation of job release
control since the 1970s as reviewed above, most authors proposed and evaluated their
release control methodologies under some certain system environmental conditions. Only
a few of them considered a typical semiconductor wafer fab environment [62; 65; 81; 88;
95; 137; 161].

Reviews with respect to job release control in the semiconductor industry can be par-
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tially found in Uzsoy et al. [156; 157], and Fowler et al. [48]. Moreover, the evaluation

studies reviewed above also reveal that among all the developed release control method-

ologies, much emphasis has been put on two well studied release control methodologies,

CONWIP and WR, when a semiconductor wafer fabrication environment is considered.

As two typical load limited closed-loop release control methodologies, the characteristics

of CONWIP and WR can be summarized from several aspects:

e Flexibility

Gilland [61] suggested that the sought release methodology should be easy to describe,

easy to implement and easy to adjust, yet still perform well on the dual criteria

of high output and low WIP inventory. Both CONWIP and WR possess simple

underlying principles although many detailed issues need to be considered when they

are implemented. The reference workload level is controlled to achieve an expected

throughput rate.

e Load Limited

Load limited release control is less affected by changes in the environmental condi-

tions [33]. Hence, CONWIP and WR are easy to implement and adjust when the

system is highly variable due to the various dynamic factors such as the change of

part type mix and system capacity. The principle of CONWIP is to set an overall

load limit for the system. WR is based on the principle of theory of constraints. Both

CONWIP and WR set a workload limit for the bottleneck workstation to prevent it

from starvation.

e Short-Term Control

Wilhelm and Fowler [167] mentioned that the need for the development and anal-

ysis of methodologies that control the flow of product through the manufacturing

process on a real-time basis using information on the current status of the system.

Compared to those discrete or time bucketing release methodologies, CONWIP and

WR are concerned with shorter control term, as they continuously check the system

information to see whether the release “trigger condition” is matched.
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e Pros and Cons

One of the major advantages of CONWIP is that it can be applied in a wide variety of
system configurations. However, under CONWIP, information about the distribution
of the WIP in the system is ignored. This may lead to serious consequences in a long
production line such as a wafer fab, since the variabilities along the line cannot be

compensated in time [127].

The bottleneck based release methodologies such as WR. offer satisfactory perfor-
mance for systems with explicit bottleneck workstations. However, in real-life wafer
fabs bottlenecks are constantly shifting due to the change of product mix and other

dynamic factors in the system as observed in Chartered Semiconductor Manufactur-

ing (CSM).

These observations give the inspiration to develop a new closed-loop release control
methodology that overcomes the limitations of the conventional methodologies such CON-

WIP and WR, while keeping their advantages.

2.4 Summary

The related publications on job release control are reviewed in this chapter. The devel-
oped release methodologies are generally described and classified. In order to understand
the relative behaviors of the methodologies, the evaluation studies included in the literature
are summarized. Then the scope is narrowed down to job release control in semiconductor
manufacturing systems.

To achieve a clearer understanding of the impact of job release control in semiconductor
wafer fabrication, three typical load-limited release control methodologies are investigated
in comparison with an open-loop release methodology using a simulation model of a simpli-
fied wafer fabrication in the subsequent chapter. Note that in the following chapters, CON-
WIP and WR will be considered as the reference policies when the effect of the proposed
release control methodology is evaluated, as they are well recognized by the researchers

who investigate job release especially in semiconductor manufacturing environments.
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Chapter 3

Experimental Investigation of Job
Release Control in Semiconductor

Water Fabrication

According to the literature reviewed in Chapter 2, the majority of the existing papers
consider the load-limited release control methodologies, which release jobs into the system
according to the current amount of work in the system. In this chapter, an experimental
investigation is constructed to observe the effect of three load limited closed-loop release
methodologies in comparison with an open-loop policy. The purpose of this chapter is to
improve the insights into the behavior and impact of the controlled job release process in
a semiconductor wafer fabrication (fab) environment.

The experiments are carried out with a simulation model of a simplified wafer fab.
A simulation approach is adopted because it is an effective methodology to analyze the
dynamic behaviors of a manufacturing system.

The evaluated release control methodologies include Constant release (CONST'), Work-
load Regulating (WR), CONWIP and Path Based Bottleneck (PBB). The considered sys-
tem environmental conditions include product mix, the level of machine breakdown, the
level of system congestion (throughput level), processing time variability, and the interac-
tion with dispatching rules.

First, this chapter generally describes the characteristics of a semiconductor wafer fab.

This is followed by the description of the simulation model, the factors considered in this
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simulation study, as well as the methodology to evaluate release control methodologies.
The simulation experiments and the corresponding results are presented and analyzed

subsequently.

3.1 Semiconductor Wafer Fabrication

The overall semiconductor manufacturing flow can be divided into four stages: wafer
fabrication (wafer fab), wafer probe, assembly or packaging and final test (Figure 3.1).
Wafer fab and wafer probe are generally referred to as “front-end” operations, while the

following stages, assembly and final test, are referred to as the “back-end.”

S—
Tested
Circuit

Waf Wafi Product

- ater ater Assembly Final Test - rocuc

Fabrication Probe Ship

\/ \/
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Package
Circuit

Wafer Die
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Figure 3.1: A Simplified Semiconductor Manufacturing Flow

In the wafer fab stage, hundreds of circuits are patterned through successive operations
onto a smooth, typically silicon, wafer. The number of operation steps for each flow in
a typical wafer fab is normally between 200 to 600. In the stage of wafer probe, the
individual circuits are tested electrically using thin probes. The wafers are then cut up
into individual circuits, and the circuits that fail to meet specifications are discarded. In
the third phase, assembly, the circuits are placed in packages designed to protect them
from the environment. A final test is then conducted before the integrated circuits are
shipped.

This research focuses on the semiconductor wafer fab because it is the most techno-
logically complex and capital-intensive phase among all the processes. A highly complex
sequence of processing steps is involved in a wafer fab. The key operations are depicted by
Figure 3.2, which can each include multiple sub-steps that take place on different machines.

Production of a particular type of circuit requires a specific sequence (deterministic with

46



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

the exception of rework) of processing steps, with unique processing times at each step for

the product type.

Clean Etch Inspection /
Measurement
Oxidation / Diffusion lon Implant
Lithography / Mask Thin Film / Metallization

Figure 3.2: Basic Operation Sequence in a Wafer Fab

Since wafers of pure silicon are imprinted with tens or even hundreds integrated circuits
in dozens of layers, the sequence of processing steps in a wafer fab requires individual
lots to revisit certain workstations numerous times at different steps. In between such
visits, a number of other workstations may be visited. This kind of process is known as
reentrant flow. For example, a wafer may have to visit the lithography workstation more
than ten times to have all layers of circuitry fabricated. Reentrant processing is one of the
distinguishing characteristics that make wafer fab different from traditional manufacturing.

Additionally, some of the processing steps in a flow are performed on individual wafers,
some on lots (groups) of wafers, and others on batches (collections) of lots. Operations
performed on individual wafers or lots of wafers are referred to as serial steps, while those
performed on groups of lots are called batch steps. A lot generally consists of 24 or 48
wafers, while a typical batch contains up to 6 lots [133]. Examples of batch processing
operations in a wafer fab include oxidation, diffusion, and etching operations. The collec-
tion of lots into batches results in a non-smooth product flow. More detailed description
of the distinguishing features and the challenges of controlling a wafer fab can be found in

Chapter 1 (Section 1.1) of this thesis.
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3.2 Simulation Model

This section describes the simulation model and addresses issues with regard to model
verification, justification, and determination of warm-up period. The models are con-

structed using AutoSched™™ AP, simulation software developed by Brooks Automation.

3.2.1 Model Description

A simulation model of a simplified wafer fab is used in the study presented in this
chapter. The model consists of seven single machine workstations, which correspond to
the seven basic operations involved in a typical wafer fab (Figure 3.2). The fab can produce
five part types. Table 3.1 summarizes partial characteristics of the model including the
function of the workstation, the number of reentries, and the processing time per step on
the workstation for each part type. Table 3.2 shows the routes of the part types produced

in the fab model.

Table 3.1: Workstations of the Simplified Wafer Fab Model

Part 1 Part 2 Part 3 Part 4 Part 5

Workstation Function Reentry Proc. Reentry Proc. Reentry Proc. Reentry Proc. Reentry Proc.
No. (min) No. (min) No. (min) No. (min) No. (min)

CL Clean 4 6.5 6 11.1 5 8.4 6 6.0 8 4.5
DF Diffusion 3 6.9 4 11.5 4 15.0 3 12.0 6 9.0
LT Lithography 4 10.0 9 7.4 5 14.4 5 6.0 5 7.2
ET Etch 4 8.8 3 13.1 4 13.5 4 12.0 8 6.0
M Ton Implant 1 18.8 4 6.8 2 18.0 4 7.5 2 15.0
FL Thin Film 1 35.3 2 30.0 2 27.0 3 10.0 3 16.0
ME Metrology 6 2.6 14 1.3 6 5.0 12 2.5 10 4.2

Proc.: the processing time for each operation.
Reentry No.: the number of reentrant processes on the workstation.

The assumptions of this simplified wafer fab model include:
e All the workstations are single-machine workstations.

e For each part type, the mean processing time on a specific workstation is identical

for different reentrant steps.

e Each machine can process only one lot at a time.
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Table 3.2: Processing Routes in the Simplified Wafer Fab Model

Part  Route

1 CL — DF — LT — ME — ET — CL — DF — IM —
ET —- DF — LT — ME — CL — FL — LT — ME —
ET — CL —- ME — LT — ME — ET — ME

2 DF — LT — ME — CL — LT — ME — IM — CL —
ME — DF — LT — ME — IM — CL — LT — ME —
DF — CL — ME — DF — LT — ME — IM — CL —
ME — LT — ME — IM — ET — CL — ME — FL —
LT — ME — ET — LT — ME — FL — LT — ME —
ET — ME

3 CL — DF — LT — ME — ET — CL — DF — LT —
M — ET — DF — LT — ME — IM — CL — DF —
LT — CL — FL — LT —- ME — ET — CL — ME —
FL —- ME — ET — ME

4 CL — LT — ME — IM — CL —- ME — DF — LT —
ME — IM — CL — ET — LT — ME — DF — CL —
ME — DF — LT — ME — IM — CL — ME — FL —
LT — ME — IM — ET — CL — ME — FL — ME —
ET —- ME — FL —- ET — ME

5 CL — DF — LT —- ME — ET — CL — DF — LT —
ME — ET — CL — DF — IM — ET — DF — LT —
ME — CL — DF — IM — ET — DF — LT — ME —
CL — FL — LT — ME — ET — CL — ME — FL —
ME — ET — CL —- ME — ET — CL — ME — FL —
ET — ME

e Each machine is not reliable and subject to failures. Only unscheduled machine
failures are considered. The time to failure and time to repair for each machine
are assumed to be exponentially distributed. The mean-time-to-failure (MTTF) is
assumed to be 500 minutes. The value of mean-time-to-repair (MTTR) is determined

based on the machine availability level considered.
e The machine availability levels of all the machines are identical, which are computed

according to Equation 3.1:

B MTTF
 MTTF + MTTR

A (3.1)

where A is machine availability.
e Setup times are included in the processing times.

e Transportation time between workstations is neglected.
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e Workpieces are not destroyed or rejected at any workstation in the line. Rework is

not considered.

e There are no human errors made during the processing and issues with regard to
operators are not considered. This assumption is made based on the fact that avail-
ability of operators is not a critical issue in most wafer fabs due to highly automated

facilities and material handling systems.

e Batch processing is not considered. In other words all of the processing steps are

performed on lots of wafers.
e The lot size is assumed to be one wafer.

e The initial level of WIP inventory in the system is set equal to zero. The output data
during the warm-up period are discarded as the data in the transient state. Only

the data obtained after the system gets steady are used for performance analysis.

It should be noted that some of the assumptions above are not always true or justified in
real wafer fabs. The purpose here is to produce a simplified wafer fab model to analyze and
compare the existing release methodologies. In chapter 6, a case study will be presented
with a much larger model of a realistic wafer fab, in which many of these simplifications
will be removed. The more complex model will be used to evaluate a new proposed job
release methodology, but that full model is too complex to enable analysis and comparison

of the performance of existing release methodologies in the literature.

3.2.2 Model Verification and Justification

The computer program is checked and debugged in steps to verify the simulation model.
In addition, the technique of “trace” is employed, which is one of the most powerful tech-
niques that can be used to debug a discrete-event simulation program [94]. For instance,
considering the single part type case, six lots of part type 1 are simultaneously released into
the system at the beginning of a simulation run, then the operation events on these lots
are traced. The event tracing record is compared to the expected event schedule, which

can be derived from the route of part type 1 included in Tables 3.1 and 3.2. Table 3.3
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shows partial trace data of the released lots. The model verification is confirmed since the

achieved event schedule is consistent with the intended one.

Table 3.3: Partial Trace Data for the Verification of the Simplified Wafer Fab Model

Entity Event Start Event End Time (mins) State Step  Workstation
LOT.1.1 01/01/03 00:00:00 01/01/03 00:06:30  6.50 Processing 1 CL
LOT-1.1 01/01/03 00:06:30  01/01/03 00:13:24  6.90 Processing 2 DF
LOT.1.1 01/01/03 00:13:24  01/01/03 00:23:24  10.0 Processing 3 LT
LOT 1.1 01/01/03 00:23:24  01/01/03 00:26:00  2.60 Processing 4 ME
LOT.1.1 01/01/03 00:26:00 01/01/03 00:34:48  8.80 Processing 5 ET
LoT 1.1 ...
LOT-12 01/01/03 00:00:00 01/01/03 00:06:30  6.50 Waiting 1 CL
LOT.12 01/01/03 00:06:30  01/01/03 00:13:00  6.50 Processing 1 CL
LOT-12 01/01/03 00:13:00 01/01/03 00:13:24  0.42 Waiting 2 DF
LOT.12 01/01/03 00:13:24  01/01/03 00:20:18  6.90 Processing 2 DF
LOT-12 01/01/03 00:20:18 01/01/03 00:23:24  3.12 Waiting 3 LT
LoT12 ...

Although the constructed simulation models are not models of specific existing systems,
they are built based on the knowledge of real-life wafer fabs. To increase the model validity

and credibility, several issues are considered in the process of building the simulation model.

e Most data used to describe the workstations and the processing steps of the products
are simplified based on the real-life processes in wafer fabs. The purpose of simplifi-

cation is to avoid complicating the issue by the interactive factors of the system.

e The relevant simulation studies presented in the literature are referred to. For exam-
ple, when the machine unreliability is considered, exponential distribution is adopted
to describe the time to failure and time to repair since it is considered to be reason-
able to assume the random machine failures to be exponentially distributed in the

relevant simulation studies carried out using wafer fab models [161; 62; 88].

e In the course of creating the simulation model, the industrial engineers of Char-
tered Semiconductor Manufacturing (CSM) have contributed their suggestions and

comments on how to take account of practical issues in the simulation study.

3.2.3 Warm-Up Period

Only the steady-state output data are used for performance analysis in this simulation.
To determine the length of warm-up period, Welch’s procedure [163] is utilized, which is

the simplest and most general technique for determining warm-up period [94]. Welch’s
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procedure is based on making a certain number of replications of a simulation; after calcu-
lating the average process of these replications, the moving average of the average process
will be computed and plotted; then warm-up period is chosen beyond which the moving
average appears to have converged.

The observed system performances are the distribution of WIP (in terms of hours) and
the distribution of cycle time in different cases. Here a single part type (Part 1) case is
considered as an illustration, in which the machine availability level is 90%. The adopted
release methodology and dispatching rule are CONWIP and First-In-First-Out (FIFO)
respectively. The reference WIP level of CONWIP is 77 hours, under which the system
is operating at a relatively high throughput level. Note that all the evaluated release
methodologies and dispatching rules will be introduced in the later section of this chapter.

Figure 3.3 depicts the observed history of WIP and cycle time. The moving average
for cycle time with a period of 200 hours is plotted to smooth out the oscillations in the
cycle time history. Note that it is better to choose the length of warm-up period too large
rather than too small [94]. Therefore the first 400 hours are set as the warm-up period.
It is observed that 400 hours is also a long enough warm-up period in all the other cases.

Only the data obtained after the warm-up period are used for performance analysis.
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Figure 3.3: Illustration of Determining the Length of Warm-up Period
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3.3 Evaluated Factors

A manufacturing system is subject to continuous change due to various stochastic fac-
tors. One of the major purposes of improving production control policies is to enhance the
capability to make effective response to these stochastic factors so that the system can op-
erate in a desired state. Therefore, to evaluate the effects of release control methodologies,
three sources of system variabilities contained in most manufacturing systems are consid-
ered in this simulation study including product mix, machine unreliability, and processing
time variability. Considering the impact of system congestion level, the release control
methodologies are tested under different throughput levels. Besides job release control,

the other considered production control factor is the dispatching rule used.

3.3.1 Job Release Control

The relative effects of four release methodologies are observed and analyzed. The first
one is an open-loop release methodology, Constant release (CONST), which releases new
jobs into the system with a constant rate, one every X minutes. The value of X is deter-
mined according to the expected throughput rate. According to queueing theory, CONST
is the best open-loop release methodology since it minimizes the input variability [154]. The
objective to test CONST is to observe the effects of the closed-loop release methodologies
relative to an open-loop methodology.

Based on the literature reviewed in Chapter 2, the majority of the existing papers
consider the load limited release control methodologies, which release jobs into the system
according to the current workload level in the system. In this chapter, three typical load
limited release control methodologies are considered including CONWIP [149], Workload
Regulating (WR) [161], and Path Based Bottleneck (PBB) [121], which are distinguished
by their workload aggregation levels. CONWIP, WR and PBB control the load of the
overall shop floor, the workload of the bottleneck workstation, and the workload of each
workstation, respectively.

CONWIP sets a limitation for the workload of the overall shop floor so that WIP
(which can be measured in terms of number of jobs or processing times) is maintained at a

constant level. Under CONWIP, new jobs cannot begin on a line until the WIP has fallen
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below the specified level [149].

Workload Regulating (WR) [161] is developed based on the Theory of Constraints
(TOC) presented by Goldratt and Cox [66]. WR controls the workload level of the bot-
tleneck workstation. A new job is released into the system whenever the total amount of
remaining work in the system for the bottleneck workstation falls below a prescribed level.

Path Based Bottleneck (PBB) [121] sets an upper workload bound for each workstation.
Based on the understanding on the wafer start process in real-life wafer fabs, a similar
methodology is often adopted to start new lots into the fabs. A target workload level is
set in advance for the workstations. At the beginning of each day, the lots waiting to
be released are checked according to their priority. If the target workload level of any
workstation is not exceeded, the lot is released. Similar release control methodologies
include Dynamic Release Control Policy (DRCP) proposed by Kim et al. [88] and Load
Oriented Order Release (LOOR) proposed by Bechte [13; 14]. In this simulation study the

upper bound of workload has been set at the same value for all workstations.

3.3.2 Product Mix

Product mix is one of the most significant issues that cause difficulties to manufacturing
systems control. The steps to produce a wafer of different technologies and different wafer
types could be very different. As a result, the machine utilization levels are constantly
changing with the change of product mix. In particular, the system bottleneck machine
may shift with the change of product mix, especially for the perspective of short-term
production control. In order to assess the impact of product mix on the relative effect of
release control methodologies, three product mix scenarios are considered in this simulation
study including single part type (Part 1), a 50-50 mix of two part types (Part 1 and Part
2), and a five-part type case (Parts 1-5) with an equal proportion for each part. Note that
the bottleneck workstation of this simplified wafer fab model is relatively deterministic in
these three scenarios.

In a typical wafer fab, lithography is perhaps the most intricate operation. A light-
sensitive material called photoresist is applied to the wafer and then exposed to ultraviolet
light through a mask containing the circuit pattern. Each new circuitry layer requires

careful alignment over previous layers. Meanwhile, lithography is always the most sophis-
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ticated and expensive equipment in a wafer fab, which usually needs periodic maintenance
and calibration taking several hours to perform. Therefore lithography is often considered
as the constraint workstation in a wafer fab. In this simulation, LT, which corresponds
to the lithography operation, is the most utilized workstation. When WR is tested, a

specified workload level is set for LT.

3.3.3 Machine Unreliability

Watfer fab requires many highly sophisticated machines. Besides the periodic mainte-
nance, these machines may also jam, work improperly, or cease working altogether and
have to be serviced, and this is called unscheduled maintenance or a breakdown. In con-
trast to other types of manufacturing, a significant amount of time is spent in scheduled
and unscheduled maintenance of machines in wafer fab [75].

In this simulation study, only the unpredictable machine breakdown is considered.
The time to failure and time to repair for each machine are assumed to be exponentially
distributed. The mean-time-to-failure (MTTF) is fixed to 500 minutes. Two levels of
machine availabilities are tested, which are 90% and 80%. The values of mean-time-to-

repair (MTTR) can be computed according to Equation 3.2.

MTTR = %MTTF (3.2)

where A is machine availability.
Note that machine breakdown with a longer MTTR can bring more variabilities into

the system than the one with a shorter MTTR.

3.3.4 Processing Time Variability

The processing time variability is also an important source of randomness in manufac-
turing systems. Two levels of processing time variability are considered in this simulation,
i.e. the processing time is deterministic or is uniformly distributed with an offset of 10%

of the mean value on both sides.
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3.3.5 Dispatching Rule

Dispatching rule determines the sequence in which jobs in front of a machine are pro-
cessed. In this simulation study, three dispatching rules are considered including First-In-
First-Out (FIFO), Earliest Start Time (EST), and Shortest Remaining Processing Time
(SRPT), which are briefly described by Table 3.4.

Table 3.4: Description of the Considered Dispatching Rules

Dispatching Rule Description

First-In-First-Out (FIFO) The lots are ranked in order of their arrival time to the workstation.
irst-In-First-Ou
The lot with the earliest arrival time is ranked first.

Barliest Start Time (EST) The lots are ranked in order of their start time in the system. The lot

with the earliest start time is ranked fist.

L . . The lots are ranked in order of their remaining processing time. The
Shortest Remaining Processing time (SRPT) . o . .
lot with the least remaining processing time is ranked first.

3.3.6 System Congestion Level

In order to observe the impact of system congestion level on the relative effect of the
tested release methodologies, for each experimental case, the average cycle time and the
standard deviation of cycle time are collected under five throughput levels. The motivation
to consider different throughput levels is that the relative effect of release methodologies
always depends upon the congestion level of the system.

To achieve the expected throughput levels, parameters are adjusted for different release
methodologies. Under Constant release (CONST), the release time interval between two
lots is adjusted. The target WIP level of the shop floor is controlled under CONWIP.
The specified workload level for the bottleneck workstation, LT, is set under Workload
Regulating (WR). Under Path Based Bottleneck (PBB), the upper bound of the workload
of each workstation is adjusted.

To determine the magnitude of the expected system throughput, CONST is used as the
release policy. System performance measures in terms of throughput, average cycle time,
as well as the WIP level in the system increase when the release time interval between two
new lots is shortened. After the release rate exceeds a hedging level, the system cannot

achieve a steady state. For each tested case, this hedging release rate is recorded, and
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its corresponding achieved system throughput is viewed as a base throughput level of the
case. The data of average cycle time and standard deviation of cycle time are collected
when the system throughput rates are around 85%, 90%, 95%, 98% and 100% of the base
level, which are referred to as normalized throughput levels hereafter (Equation 3.3).

Achieved Throughput
Base Throughput

Normalized Throughput = x 100% (3.3)

3.4 Evaluation Methodology

To evaluate the effects of the considered factors, the performance criteria employed in
this study include the average cycle time (CTAVG) and the standard deviation of cycle
time (CTSTD) under different throughput levels. Note that in this research, the waiting
time of a job in the pre shop pool phase is not counted into the cycle time of the job. The
significance of cycle time performance in semiconductor manufacturing has been presented
in Chapter 1 (Section 1.3). The effect of the evaluated factors on system throughput rate
for a certain level of average cycle time can be observed through the achieved characteristic

curves.

3.5 Simulation Experiments

The simulation experiments are organized into several cases, which are shown in Ta-

ble 3.5.

Table 3.5: Simulation Cases with the Simplified Wafer Fab

Case Part Type Machine Availability = Processing Time Dispatching Rule

1 Part 1 90% Deterministic FIFO
2 Part 1, 2 90% Deterministic FIFO
3 Part 1-5 90% Deterministic FIFO
4 Part 1-5 80% Deterministic FIFO; EST; SRPT
5 Part 1-5 80% Uniform FIFO

For each case, the relative effect of the considered release control methodologies is
tested under five throughput levels. Cases 1-3 consider the issue of product mix. Case 4
tests the impact of machine availability as well as the interaction between release control
methodology and dispatching rule. The issue of processing time variability is addressed in

Case 5.
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The length for each simulation run is 2400 hours, in which the beginning 400 hours are
considered as the warm-up period. The average values of ten replications are presented
as the results. The statistical analysis is performed using the paired ¢-test with a 95%

confidence level. Detailed description of a paired ¢-test can be found in Law and Kelton [94].

3.6 Simulation Results and Analysis

The simulation results are discussed with respect to the impact of the different system
environmental factors considered. The achieved average cycle times (CTAVG) and stan-
dard deviation of cycle times (CTSTD) under different throughput levels are plotted as
shown in Figures 3.4-3.12. This tradeoff curve between the average cycle time and average
throughput level is the characteristic curve of the system, and is used to evaluate differ-
ent release control methodologies as described in Chapter 1 (Section 1.3). The detailed

simulation results are listed in Tables A.1-A.4 in Appendix A of the thesis.

3.6.1 Impact of Product Mix

By comparing the results of Cases 1-3, the impact of product mix on the relative effect
of the evaluated release control methodologies can be observed. Figures 3.4-3.6 show the
achieved average cycle times and the standard deviation of cycle times in Cases 1-3. The
dispatching rule used in all these three cases is FIFO. The only system environmental
condition changed is product mix. One (Part 1), two (Parts 1 and 2), and five (Parts 1-5)
part types are produced in Cases 1, 2 and 3 respectively. The results indicate that the
relative effects of release methodologies are significantly impacted by the change of product

mix.
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Figure 3.4: Simplified Wafer Fab: Case 1
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Figure 3.5: Simplified Wafer Fab: Case 2
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Figure 3.6: Simplified Wafer Fab: Case 3
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When only Part 1 is produced (Case 1, Figure 3.4), the advantage of the closed-loop
release process is mainly in terms of the standard deviation of cycle time, especially when
the throughout level is relatively low. Generally speaking, CONWIP outperforms the other
three release methodologies under most throughput levels in this case. With the increase
of system congestion level, the major part of WIP in the system will locate in front of
the bottleneck machine. The queueing time to be processed on the bottleneck becomes
a significant part of the cycle time of a job. In this sense, this queueing time could be
positively controlled by limiting the workload of the bottleneck. Therefore the improvement
of WR on the average cycle time increases with the increase of throughput rate. In contrast,
the performance of the open-loop release policy, CONST, rapidly deteriorates when the
system throughput approaches a 100% level. This indicates that control of release process
plays a more significant role when the manufacturing system is with a high congestion
level. However, in Case 1, PBB works worse than CONST under most throughput levels
although it is a closed-loop release control methodology. Therefore care must be taken on
the choice of release control methodology in order to improve the system performance.

The improvement of the closed-loop release process becomes more distinct when mul-
tiple part types are produced simultaneously, for instance in Cases 2 (Figure 3.5) and 3
(Figure 3.6). However, the rank of the release methodologies changes with the change of
product mix. In Cases 2 and 3, WR shows the best performance under most throughput
levels in terms of both the mean and the standard deviation of cycle time. The reason
is that the product mix cases (i.e. a 50-50 mix of Parts 1 and 2 in Case 2, and an equal
proportion mix of Parts 1-5 in Case 3) considered in this simulation study enhance the
bottleneck machine of the system, workstation L'T. The performance of WR becomes bet-
ter in the system with a more explicit bottleneck. System congestion level also affects the
relative performance of release control methodologies. For example, Figures 3.5-3.6 show
the widening gap between the characteristics curves obtained under CONWIP and WR

with the increase of system throughput level.

3.6.2 Impact of Machine Unreliability

In Case 4, the value of MTTR for each workstation is increased so that the machine

availability is decreased from 90% to 80%. Figure 3.7 shows the results of Case 4 when
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the adopted dispatching rule is FIFO.

Comparing Figure 3.7 with Figure 3.6, the level of machine unreliability affects the
relative performance of release control methodologies. In Case 3 (Figure 3.6), WR performs
better than other tested release methodologies on the average cycle time; however in Case
4 (Figure 3.7, PBB outperforms WR in the scenarios with relatively high throughput
levels. Moreover, with the increase of machine unreliability level, the difference among
the performance of closed-loop release methodologies is decreased. The advantage of the
controlled release process constantly increases with the increase of system throughput level.
The reason is that for the system controlled under an open-loop release policy, such as
CONST, the consequence of system variabilities will be accumulated in the system instead
of being compensated by adjusting the release decision. When new jobs are released into
the system with a higher release rate under CONST (i.e. the system is with a higher
throughput rate), the consequence of a stochastic event will become more serious, for
example, more WIP will be accumulated for a period of machine breakdown. Therefore the
performance of the open-loop release policy deteriorates with the increase of throughput.
The relative effects of the evaluated closed-loop release methodologies are also dependent

on the system congestion level.

63



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

- CONST-FIFO
300 | |-e- CONWIP-FIFO
—~WR-FIFO
250 | |><PBB-FIFO

0 T T T T T T T T
0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1 1.02
Normalized Throughput

(a) Cased (Part 1-5; A=80%; Deterministic Proc.): Average Cycle Time

120
-~ CONST-FIFO
100 | |-~ CONWIP-FIFO
-~ WR-FIFO
—<PBB-FIFO
__ 80
<
2 60 -
(7]
-
3
40 -
20 -
0 T T T T T T T T
0.84 086 088 09 092 094 096 098 1 102

Normalized Throughput

(b) Cased (Part 1-5; A=80%; Deterministic Proc.): Standard Deviation of Cycle Time

Figure 3.7: Simplified Wafer Fab: Case 4 (FIFO)
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3.6.3 Impact of Dispatching Rule

Besides the machine unreliability, the interaction with the adopted dispatching rule is
also considered in Case 4. Since the choice of dispatching rule is not the focus of this study,
only three commonly used simple dispatching rules are tested and these are First-In-First-
Out (FIFO), Earliest Start Time (EST) and Shortest Remaining Processing Time (SRPT).
Figures 3.8-3.11 compare the relative effects of these three dispatching rules under different
release control methodologies.

The results show that the choice of the dispatching rule also impacts the system perfor-
mances on both the mean cycle time and the standard deviation of cycle time. However,
the relative effect of the dispatching rule is dependent on the release methodology used.
For instance, under CONST, EST achieves lower average cycle time than FIFO when the
throughput level is high enough (Figure 3.8). However, this phenomenon does not happen
when the closed-loop release methodologies are used (Figures 3.9-3.11).

When the release methodology is open-loop, the choice of dispatching rule has greater
impact on the average cycle time in comparison with the system using a closed-loop release
methodology. This observation justifies the statement of Regatz and Mabert [131], that is,
an appropriate release control methodology can reduce the magnitude of differences among
the dispatching rules.

The impact of the dispatching rule on the standard deviation of cycle time should
not be ignored. However, there is not one among the three tested dispatching rules that
can simultaneously improve the average cycle time as well as the standard deviation of
cycle time. In other words the improvement on one of these two cycle time performance
measures is achieved at the expense of the other. For example, EST can reduce the
standard deviation of cycle time, but it increases the average cycle time in most scenarios.
In general, FIFO appears to be an appropriate choice with the combination of the closed-
loop release methodologies. Therefore FIFO is chosen as the dispatching rule in the later

chapters of this thesis.
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Figure 3.8: Simplified Wafer Fab: Case 4 (CONST)
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Figure 3.9: Simplified Wafer Fab: Case 4 (CONWIP)
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Figure 3.10: Simplified Wafer Fab: Case 4 (WR)
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Figure 3.11: Simplified Wafer Fab: Case 4 (PBB)
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3.6.4 Impact of Processing Time Variability

In Cases 1-4, the scenarios with constant processing times are considered. To inves-
tigate the impact of processing time variability, in Case 5, the processing time on each
workstation is set to be uniformly distributed with an offset of 10% of the mean value on
both sides. Parts 1-5 are simultaneously produced with an equal proportion. The machine
availability level is 80%. FIFO is the dispatching rule used. Figure 3.12 depicts the results
of Case 5.

The introduction of processing time variability decreases the improvements of the con-
trolled release process in comparison with the previous cases, especially on the average
cycle time. The possible reason is that for each tested load limited release control method-
ology, the introduced processing time variability decreases the accuracy of measuring the
corresponding load quantity, which is used to make release decisions. This phenomenon
indicates that the evaluated release methodologies are not responsive and robust enough to
system variabilities. However, the tested closed-loop release methodologies still distinctly
outperform CONST when the system is with a relatively high throughout level (e.g. 98%

and 100%) on both the mean and the standard deviation of cycle time.
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Figure 3.12: Simplified Wafer Fab: Case 5
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3.6.5 Impact of Release Methodology

Table 3.6 shows the percentage improvements of the closed-loop release methodologies
over CONST in Cases 1-5 as an overall observation on the relative effects of the evaluated

release methodologies. The scenarios when the dispatching rule is FIFO are summarized.

Table 3.6: Percentage Improvements of the Controlled Release

Percentage Improvement Over CONST (%)

Case Considered TH CONWIP WR PBB
Factors (%) CTAVG CTSTD CTAVG CTSTD CTAVG CTSTD
1 Congestion level 85 11.15  46.36 -3.34 3.83 -107.63 -71.28
90 8.26 49.95 -1.32%  8.99 -95.51 -64.58
95 4.27 52.41 0.61*  13.48 -67.04 -55.73
98 -4.15  48.02 1.59%  14.90 -48.79  -51.84
100 3279  66.25 43.78  50.15 26.27  18.92
2 Product mix; 85 32.58  72.63 42.04  72.96 -20.95 45.30
Congestion level 90 48.58  82.59 53.74  83.60 15.04  66.29
95 47.98  74.11 56.12  81.58 4244  67.82
98 35.56  66.98 58.38  81.48 47.70  72.87
100 34.59  64.21 60.28  79.72 45.48 71.69
3  Product mix; 85 20.18 61.66 33.42  53.83 -26.93 28.44
Congestion level 90 29.28  64.07 36.83  55.83 0.50%  51.47
95 10.01  54.19 28.39  49.22 4.10 55.89
98 6.85 47.11 20.35 47.10 3.09 46.32
100 28.12  54.79 46.30  63.10 34.39  62.69
4 Machine unreliability; 85 -11.54  16.22 6.02 14.62 -7.90 13.58
Product mix; 90 0.01*  22.57 13.56  23.12 2.19*  26.50
Congestion level 95 14.47  36.37 21.53  28.60 16.00  38.49
98 30.57  51.26 31.06  51.22 33.83  56.09
100 37.50  58.33 44.31  59.40 47.54  64.74
5 Processing time variability; 85 -15.5 18.34 -0.26* 7.50 -9.74 28.16
Machine unreliability; 90 -6.99 24.34 -10.53 9.86 -13.53 22.83
Product mix; 95 -4.17  16.64 9.14 24.74 -3.99  19.78
Congestion level 98 21.82  24.33 28.86  26.29 18.04  30.68
100 30.6 27.76 39.47  36.15 29.10  37.48

* indicates that the improvement is not statistically significant according to the paired t-test

with a 95% confidence level.

TH: Approximate normalized throughput levels.
CTAVG: Average cycle time

CTSTD: Standard deviation of cycle time

Following points can be observed from the results:

e The appropriate choice of a release control methodology can significantly improve
the system performance of wafer fabs in terms of both the average cycle time and

the standard deviation of cycle time simultaneously.

e The relative effect of the release control methodologies is influenced by the system

environmental conditions including product mix, machine unreliability, processing

72



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

time variability and system congestion level. Among the evaluated release method-

ologies, there is no “one best method” that outperforms the others under all of the

conditions.

e Generally speaking, an appropriate closed-loop release control methodology works

better than an open-loop method such as Constant release (CONST). This is mainly

because a closed-loop release methodology is capable of adjusting the release decision

responding to the dynamic events, which happen in the system due to stochastic

factors such as machine failures. In the tested cases, the improvement caused by the

controlled release increases with the increase of system congestion level. This point

should not be ignored because the throughput levels of interest in a real-life wafer

fab are usually high for the purpose of adequately utilizing the system capacity.

e In this simulation study, three types of load limited closed-loop release control

methodologies are evaluated. CONWIP controls the release by setting a specified

WIP level for the overall system. WR controls the workload level of the bottleneck

workstation to prevent it from starvation. PBB sets an upper workload bound for

each workstation in the system. Although there is no one methodology that can

surpass the other two in all of the tested scenarios, CONWIP and WR show more

stable performance than PBB.

The results under PBB are very sensitive to the system environmental conditions. For

instance, when the single part type is considered in Case 1, PBB has the worst system

performance for most throughput levels. Meanwhile, the performance of PBB is also

significantly dependent on the throughput level, and is more suitable for scenarios

with a higher throughout level.

CONWIP achieves satisfactory results for the single part type case (Case 1). Its

performance deteriorates when the product mix is considered. As a shop floor load-

limited release control methodology, one of the distinct benefits of CONWIP is its

simplicity to adjust and to implement. This property becomes more advantageous

when the system environmental conditions are constantly changing.

To test the performance of WR, LT (lithography) is fixed as the long-term system

bottleneck workstation. By controlling the workload of LT, WR shows convincing
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results for most scenarios in comparison with CONWIP and PBB. However, it cannot

be concluded that WR is a superior release control methodology because the observed

improvements of WR over CONWIP and PBB are possibly due to the fact that

there is a relatively deterministic bottleneck machine (LT) in all the tested cases in

this simulation study. In other words, for a relatively balanced production line or

a manufacturing system with shifting bottleneck, the relative performance of WR

might deteriorate.

e More importantly, it is noticed that the improvement due to the controlled release

process decreases when the system variability is increased (e.g. increasing the ma-

chine unreliability level or processing time variability). Meanwhile, the performances

under different release methodologies become closer to each other. In other words,

the tested release methodologies are not responsive and robust enough to compensate

the system variabilities caused by the stochastic factors.

e The rank of the release methodologies is relatively stable under different dispatch-

ing rules although the choice of dispatching rule also impacts the degree of their

difference. The results also show that an appropriate release methodology is able

to reduce the magnitude of differences among the dispatching rules such as WR in

Case 4. In other words, the job release logic can supplement a simpler dispatching

rule. This conclusion is consistent with the argument by Nicholson and Pullen [115],

and Ragatz and Mabert [131], that is, good shop floor performance can be achieved

by using simple dispatching rules in combination with a carefully controlled release

process.

3.7 Summary

In this chapter, a set of simulation experiments is carried out using a simplified wafer

fab model to gain insight into the behavior and impact of the controlled release process in

a semiconductor wafer fab environment. The relative effects of three types of load limited

closed-loop release control methodologies including CONWIP, Workload Regulating (WR)

and Path Based Bottleneck (PBB) are observed in comparison with an open-loop release

method, Constant release (CONST). Different system environmental factors are considered
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including product mix, machine unreliability, processing time variability, system congestion
level, as well as the interaction with the adopted dispatching rule. The simulation results
show that an appropriate choice of release control methodology can significantly improve
the system performance in terms of both the average cycle time and the standard deviation
of cycle time. The improvements caused by the controlled release could be observed in
most scenarios. However, the relative effects of different release control methodologies
are dependent upon the system environmental conditions. Among the three load limited
release methodologies, there is no “one best method” that can outperform the others in
all the scenarios. Generally speaking, WR achieves better performance in most cases,
while PBB is the most sensitive to the system conditions. However, the improvements
of the controlled release process decrease with the increase in system variability including
machine unreliability and processing time variability. Meanwhile, the performances under
different release methodologies become closer to each other. This phenomenon motivates
us to improve the release control methodology to be more responsive and robust to system

variabilities.
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Chapter 4

Closed-Loop Job Release Based on
WIPLOAD Control

In order to overcome the limitations of the published release control methodologies, es-
pecially CONWIP and Workload Regulating (WR), the concept of WIPLOAD is defined
in this chapter as a new measure of the work quantity on the shop floor, which can be used
to control the release process for dynamic manufacturing systems. Conceptual arguments
in favor of WIPLOAD are outlined. A framework of a closed-loop release control method-
ology based on WIPLOAD is proposed as well, which is refer to as WIPLOAD Control
(WIPLCtrl). Simulation studies are constructed to test the relative effect of WIPLCtrl
under different system configurations in comparison with CONWIP and WR. The results
show that WIPLCtrl improves the cycle time performance for a given throughput level in
all the tested cases.

In this chapter, the motivation to devise WIPLCtrl is firstly presented. Following this
discussion, the definition of WIPLOAD and the principle of WIPLCtrl are described. Then
the significance of WIPLCtrl over CONWIP and WR is conceptually analyzed, which is

subsequently justified by simulation experiments.

4.1 Motivation

Workload Regulating (WR) and CONWIP are two well recognized release control

methodologies in the related literature, which can offer reliable performance in semicon-
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ductor wafer fab environments as described in Chapter3. As load limited release control
methodologies, WR and CONWIP are easy to describe and easy to implement in a dy-
namic manufacturing system. The effect of CONWIP is robust in a wide variety of system
configurations, while WR offers satisfactory performance for the systems with the explicit
bottleneck workstation. More detailed descriptions of CONWIP and WR can be found in
Chapter 2 (Section 2.2.2 and Section 2.3).

However, there are some important inherent limitations of CONWIP and WR. The
principle of CONWIP is to make release decisions based on information about the current
WIP level in the system. This indicates that the information about workload distribution
along the production line is ignored under CONWIP. This information ignorance may
lead to system performance deterioration since the variabilities along the line cannot be
compensated in time. Suppose there is a production line controlled under CONWIP with
a reference WIP level, CW. Jobs can potentially accumulate in the production line due
to machine unreliability. Suppose an extreme situation is observed, in which a machine
breaks down for a long enough time. In this sense, the release of new jobs into the system
will continue until the quantity of jobs queueing in front of the breakdown machine equals
or exceeds CW. As a result, the cycle times of these jobs will increase, and this unexpected
WIP fluctuation will also result in the increase of cycle time variance.

Moreover, a certain number of jobs queueing at the front-end of the production line
are viewed exactly the same as an equal number of jobs queueing at the back-end under
CONWITP. In other words, the location of WIP accumulation is not considered by CON-
WIP. According to queueing theory, for a set of workstations in series, the variability of the
upstream workstation (such as arrival variability and processing time variability) will be
propagated to the downstream workstations [78]. Therefore, it can be seen that, with more
potential workload on the overall production line, WIP accumulating at the front-end has
more significant impact on the system performance in comparison with the same amount
of WIP accumulating at the back-end.

The major limitation of WR is with respect to the assumption of the deterministic
system bottleneck workstations. In real-life wafer fabs, bottleneck workstations are con-
stantly shifting due to the change of product mix, product technology, and the change of

equipment capacity caused by maintenance. Numerous product families are usually pro-
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cessed in a typical wafer fab simultaneously. The steps to produce a product of different
technologies and different wafer types could be very different, so that the bottleneck ma-
chine for one product type may not be the bottleneck machine for another. Meanwhile,
it is typical in semiconductor market to have large oscillations in customer demand. As a
result, bottlenecks can appear at different places at different times in wafer fabs especially
for short-term production control. Besides the change of product mix, another issue that
may cause the shift of bottleneck is machine unreliability including periodic maintenance
and unscheduled breakdowns.

Therefore the primary motivation to devise a closed-loop release control methodology
based on system WIPLOAD is to overcome the limitations of WR and CONWIP and

maintain their advantages simultaneously.

4.2 WIPLOAD Control

Production control decision-making or action is based on the system performance mea-
sure available, and the strength of the measure defines the effectiveness of the decision-
making process. To date, the work quantity of the overall shop floor is usually computed
in terms of the number of jobs or the sum of the processing times of jobs in the system.
In this section, a new metric, WIPLOAD, is defined as a new measure of the work on the
shop floor. A closed-loop release control methodology based on WIPLOAD, dubbed as
WIPLOAD Control (WIPLCtrl), is described as well. The characteristics of WIPLOAD

are analyzed in the subsequent section.

4.2.1 Definition of WIPLOAD

Indices
1 : workstation ¢ i1=1,...,k
m : part type m m=1,...,.M
Jm @ the total number of operations for part type m

j,j’ : an operation step 5,7 =1,...,Jn
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m(j) : the ' step in the route of part type m, which is processed on a
corresponding workstation ¢
t : time
Parameters
Poj): processing time of operation step m(j’)
Rpn(;): remaining processing time for the job undergoing operation m(j)
L : reference WIPLOAD level

Variables

Wini)(t): the number of jobs undergoing operation m(j) at time ¢

L(t) : system WIPLOAD level at time ¢
e(t) . difference between L and L(t) at time ¢
Calculation

System WIPLOAD is defined as the sum of the remaining processing times of all the
jobs on the shop floor. The involvement of the remaining processing times takes into
account more system information when the shop load is measured. The WIP located at
the front-end of the production line is thus considered to cause higher load for the shop
floor in comparison with the WIP at the back-end. In this sense, WIPLOAD improves the

conventional shop load measure.

M Jn
L) = Wi (1) - Rung (4.1)
m=1 j=1
where
Im
Rujy = > Pyt (4.2)
=i

4.2.2 WIPLOAD Control (WIPLCtrl)

The simplest way to control the release process based on WIPLOAD is to maintain
WIPLOAD at a constant level. This methodology is referred to as WIPLOAD Control
(WIPLCtrl), which is depicted by the framework shown in Figure 4.1.

System WIPLOAD is the controllable variable in this framework. The value of the
current WIPLOAD (L(t)) is checked and feedback calculations are performed when an

operation is completed. L(t) is compared with the reference WIPLOAD level (L), and
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Disturbances (e.g.
machine breakdown etc)

Released

L e(t) Job Release New Jobs | Manufacturing L _
Controller System o

Figure 4.1: Framework of WIPLOAD Control (WIPLCtrl)

their difference e(t) is computed. The release of a new job is triggered according to e(t).
As a result, the WIPLOAD fluctuation caused by the disturbances can be compensated so
that WIPLOAD is maintained at the specified level, L. A simple job release controller is

designed and described by the flow chart shown in Figure 4.2.

Set system throughput request ‘ ‘ Job arrival

i )

(1) Chose the job with the highest
priority, which is a job of part type m;
(2) Record the theoretical processing
time of the job (Rm)).

Set reference WIPLOAD (L)

(1) Check current system WIPLOAD (L(?));
(2) Calculate e(?) = L-L(t)

No

Yes

‘ Release the job ‘
\

Figure 4.2: Release Decision Making Process of WIPLCtrl

Assume that certain priority values have been set when the jobs arrive. The job with the
highest priority, which is assumed to be a job of part type m, is considered to be released
next. The theoretical total processing time of the job (R,a)) is recorded. In addition, a
reference WIPLOAD level (L) should be identified, under which the manufacturing system
could be operating at an intended point along the characteristic curve.

This thesis is focused upon release control and does not consider the issue of identi-

80



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

fying the reference WIPLOAD level. Only a conceptual relationship among WIPLOAD,
throughput and average cycle time is depicted here in Figure 4.3 to indicate that by ad-
justing the reference WIPLOAD level, an expected throughput level can be achieved for a

specific system. More research is needed to analyze this relationship in the future work.

A Average Throughput

| Average Cycle Time

-
B

Reference WIPLOAD Level

Figure 4.3: Conceptual Relationship Among WIPLOAD, TH and CTAVG

Under the assumption that the reference WIPLOAD, L, is given, the next step of
WIPLCtrl is to determine when to trigger the release of the job. The system WIPLOAD
is updated in real time by information system when a new job is released or when an
operation is completed on a workstation. By checking the current WIPLOAD, L(t), the
difference e(t) between L and L(t) is computed. If e(t) is not less than its theoretical
processing time (i.e. e(t) > Rq)), the job with the highest priority is released. Otherwise
(ie. e(t) < Rmq)), L(t) will keep on being checked until the release condition is fulfilled.
The reference WIPLOAD level can be viewed as an upper load bound that cannot be

exceeded when the release decisions are made.

4.3 Conceptual Significance of WIPLCtrl

Gilland [61] claimed that a desirable release methodology should be easy to describe,
easy to implement and easy to adjust, yet still perform well on the dual criteria of high
output and low WIP inventory. In other words, the release methodology sought should
possess understandability, flexibility, and robustness to system disturbances.

From the perspective of control theory, it is preferable to observe a parameter to make

81



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

a control decision that is responsive to system disturbances. This responsiveness is em-
phasized here based on the understanding of the manufacturing system control as arising
from the need for systems to cope effectively with the variabilities and disturbances [25].
As a network of interacting and dynamic components such as machines, transportation
elements, storage buffers and people, a manufacturing system is subject to continuous
change. Even some perfectly deterministic systems can behave in a chaotic fashion due
to some inevitable sources of variabilities such as machine unreliability, processing time
variability, and operator availability.

In this sense, the characteristics of WIPLOAD are analyzed from its response to system
stochastic events in comparison with the conventional workload measures including WIP
and the workload of the bottleneck machine. A few simple systems are employed as
illustrations. In addition, the relative performances of WIPLOAD Control are compared

with that of Workload Regulating and CONWIP.

4.3.1 WIPLOAD Contains More System Information

WIPLOAD contains more system information than the conventional measures. This
observation is illustrated using a single part type, three-machine tandem line shown in
Figure 4.4. The part type is sequentially processed on the three machines. The processing
times on machines M, M,, and Mj are given: p; = 8; po = 10; and p3 = 5. The circles in
Figure 4.4 represent the jobs queueing in front of each machine. Due to stochastic events
such as machine failures, the WIP profile is constantly changing. Consider three different
scenarios at three time instants t1, ¢2 and t3 (Figure 4.4).

For all these three scenarios, the WIP quantity across the three machines is 7. In this
setting, if WIP is chosen as the shop load measure to control the release (e.g. CONWIP),
identical release decisions will be derived at time instants ¢1, ¢2 and ¢3. However, a simple
analysis can help us to understand that it is not appropriate to adopt the same release
decision for these three situations. With the longest processing time, machine M, is the
bottleneck machine of this system. As a result, there should usually be the longest queue
in front of machine M, as the situation at time ¢;. However, the queue in front of machine
M, might grow long because of a breakdown or some other disturbance as the situation at

time to. A reasonable decision at time ¢ is to decrease or even to stop the release of new
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Figure 4.4: A Simple Manufacturing System

jobs into the system, otherwise new jobs will keep on accumulating in front of machine
M, and the accumulated workload will be transferred to machine M5 soon after machine
M; is fixed. In contrast, for the scenario at time t3, it is better to increase the release to
avoid the starvation of machine M,.

On the other hand, when the workload of bottleneck station (machine Ms) is used to
control the release (e.g. WR), Equations 4.3-4.5 compute the workload of machine M, at
t1, ty and t3. The results indicate that there is no difference between the scenarios at t;

and t,, although the scenario at t3 is distinguished.

Workload of Machine Ms(t1) = 2ps + 4ps = 60 (4.3)
Workload of Machine Ms(ty) = 4ps + 2ps = 60 (4.4)
Workload of Machine Ms(t3) = ps + 2pa = 30 (4.5)

In contrast, WIPLOAD is able to differentiate these three scenarios based on the in-
volvement of the remaining processing times. According to Equation (?7), the WIPLOAD

at time ¢, L(t), is computed:

L(t1) = 2(p1 + p2 + ps) + 4(p2 + ps) + ps = 111 (4.6)
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L(ty) = 4(p1 + p2 + p3) + 2(p2 + p3) + p3s = 127 (4.7)
L(t3) = (p1 + p2 + p3) + 2(p2 + p3) + 4p3 = 73. (4.8)

A higher WIPLOAD level reflects a higher shop load level, which indicates that fewer
or no new jobs should be released. As a result, the release decisions made based on
WIPLOAD are consistent with the previous intuitive analysis. Containing the location of
WIP accumulation, WIPLOAD can help to derive more reasonable release decisions since

WIP accumulation at different locations has different impact on the system.

4.3.2 WIPLOAD Achieves Better Response to System Distur-

bances

The WIP in the system changes only when a job enters or leaves the shop floor, while
the workload of the bottleneck machine changes only when a job is released, or an oper-
ation is finished on the bottleneck machine. In contrast, the completion of an operation
on any machine will influence the value of system WIPLOAD. This is the reason why
WIPLOAD can achieve better response to system disturbances. The direct result of any
system disturbance is WIP accumulation, which can be reasonably reflected by WIPLOAD
no matter where it happens.

A three-machine tandem line with a single part type is used as an illustration (Fig-
ure 4.5). Assume the processing time on each machine is the same and equals 10 time
units. Machine M, is the bottleneck due to its having the lowest machine availability. The
observation starts from ¢ = 0, when there is no system disturbance. In this setting, a new
job is released after every 10 time units to fully utilize each machine. Then a breakdown
is separately introduced to machines M;, My and M3, which will respectively last 30, 40
and 30 time units. The WIP will accumulate during these down times. The change of the
system WIP profile is depicted in Figure 4.5.

Since release decisions are adjusted based on the response of the chosen work quantity
measure, the speed of this response indicates the potential capability of a timely adjust-
ment. An effective measure is the response time of system WIP level, workload of machine

M,, and WIPLOAD to these breakdowns. This response time means the time taken by a
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certain release methodology to make a response when a system stochastic event (such as

a machine breakdown) happens.
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from t=10 to t=40 from t=10 to t=50 from t=10 to t=40

Figure 4.5: Response to System Disturbances

Table 4.1: Response to System Disturbances

Time M, Breakdown Mo Breakdown M3 Breakdown
(t) WIP  WL(2) L WIP WL(2) L WIP WL(2) L
0 3 20 60 3 20 60 3 20 60
10 3 20 60 3 20 60 3 20 60
20 3 20 70 3 30 70 4 20 70
30 3 30 90 4 40 90 5 20 80
40 4 40 120 5 50 110 6 20 90
50 5 50 140 6 60 130 6 20 90
Response time 30 20 10 20 10 10 10 00 10

WL(2): the workload of machine Mb;
L: system WIPLOAD.

According to the WIP profiles shown in Figure 4.5, the values of WIP, workload of
machine M,, and WIPLOAD are computed after every 10 time units. The results are
listed in Table 4.1. The last row of Table 4.1 shows the response time of these three load
measures under each scenario. Then the corresponding response processes are plotted as

curves and shown in Figure 4.6.
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In scenario (a), after the machine breakdown took place on M; at t = 10, the jobs
released afterward will accumulate at M; until M; is fixed at t = 40. System WIP level
will be influenced by this WIP accumulation at ¢ = 40 because there are always three jobs
in the system before ¢ = 40. In other words the response time of system WIP level for this
event of machine breakdown is 30 time units. The measure of workload of Ms will respond
to the machine breakdown of M; by increasing from 20 to 30 at ¢ = 30. In contrast, system
WIPLOAD will increase from 60 to 70 at t = 20 with the shortest response time of 10 time
units. Figure 4.6 depicts the changes of these three kinds of measures responding to the
machine breakdown so that their response times can be intuitively compared. Similarly,
the responses of these three measures can also been observed in scenarios (b) and (c).

Several points could be observed based on this illustration. First, WIPLOAD offers
rapid response to WIP accumulation regardless of the location where this accumulation
happens. But the location of the WIP accumulation affects the magnitude of the change of
WIPLOAD level. The WIP at the front-end of a production line has more significant im-
pact on the value of WIPLOAD in comparison with WIP at the back-end due to the longer
remaining processing times. Second, only WIP accumulation before and at the bottleneck
workstation can affect the value of workload of the bottleneck, and thus variabilities caused
by machines downstream of the bottleneck cannot be compensated for using bottleneck
workload regulation. This feature highlights the limitation of Workload Regulating (WR),
especially when the system bottleneck machine is not deterministic. Third, the WIP level
has a longer response time in comparison with WIPLOAD. The closer the WIP accumu-
lation to the last machine, the shorter the response time of WIP level. In other words,
the variabilities caused by the upstream machine of a production line cannot be timely

responded to by system WIP inventory level.

4.3.3 WIPLCtrl Decreases Cycle Time Variance

Because of the aforementioned responsiveness of WIPLOAD, WIPLCtrl is more capable
of adjusting the release decisions in response to system disturbances in comparison with
CONWIP and WR. Figure 4.7 compares the control configurations of CONWIP, WR and
WIPLCtrl.

As intuitively shown in Figure 4.7, CONWIP triggers the release of a new job by the
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Figure 4.7: Comparison of CONWIP, WR and WIPLCtrl

last machine (Figure 4.7(a)), while the trigger point of WR is the bottleneck of the system
(Figure 4.7(b)). The variability caused by the trigger machine can be well responded to.
However, the response becomes less effective when the location of the source of variability
is away from the trigger point. When the source of variability is a downstream machine
of the trigger point, the WR release decision making process cannot take into account
such variability. In contrast, WIPLCtrl does not have an explicit trigger machine. The
release trigger point floats with the change of system status (Figure 4.7(c)). In this sense,
more system disturbances can be detected and compensated for under WIPLCtrl. In other
words, WIPLCtrl can reduce the unexpected WIP accumulation in the system. As a result,
the cycle times should be less variable for a WIPLCtrl line since cycle times are directly

related to WIP accumulation.
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4.3.4 WIPLCtrl is More General Than WR

WR is applicable for systems with an explicit bottleneck workstation. Since the
throughput rate is directly related to the utilization level of the bottleneck workstation, the
effective production control methodology for such a system is to avoid the starvation of the
bottleneck, while avoiding redundant WIP inventory at the bottleneck at the same time.
However, real-life manufacturing environments are usually not so deterministic because
most systems involve multiple part types with different routes and processing times; the
constraint machine for one part type may not be the constraint for another. As a result, the
bottleneck of the system is constantly shifting due to the change in the proportion of mix
of the part types present on the shop floor, especially for the short-term production control
problem. For instance, it is very common that there are tens of different product types
simultaneously present in a typical semiconductor wafer fab, especially a wafer foundry.
The bottleneck equipment cannot be determined until after there has been a problem and
the system performance has deteriorated due to it. This practical issue constrains the
implementation of bottleneck based release control methodologies. WIPLCtrl overcomes
this limitation of WR by controlling the WIPLOAD level of the manufacturing system.
The system disturbances are reflected by the fluctuation of WIPLOAD, based on which

the release decisions are adjusted to compensate the disturbances to some extent.

4.4 Simulation

Two simulation studies are constructed using AutoSched’™ AP to test the effect of
WIPLCtrl in comparison with CONWIP and WR for different manufacturing system con-
figurations. In simulation study 1, the simplified wafer fab model described in Chapter 3
is used. Then a more general manufacturing system is simulated in simulation study 2 so
that WIPLCtrl can be evaluated in different kinds of manufacturing system configurations.
Following are discussions about some results of these simulation experiments that illustrate
some of the advantages of WIPLCtrl.

Table 4.2 gives a brief description of the tested release methodologies. Note that in
simulation study 2, another version of WR for a system with two bottleneck workstations,

which is referred to as WR2, is considered in a case when there are two highly utilized
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machines in the system. According to WR2, which was proposed by Wein [161], a reference
workload level should be preset for each bottleneck workstation. A new job is released into
the system whenever the total amount of remaining work in the system for either bottleneck

falls below the prescribed level.

Table 4.2: Description of the Tested Release Control Methodologies
Release Methodology Description

The WIP level of the whole system is kept at a specified level. A new

CONWIP . :

job may be released when a job leaves the system.

A new job is released into the system whenever the total amount
Workload Regulating (WR) of remaining work in the system for bottleneck station falls below a

prescribed level.

For a two-bottleneck system, a new job is released into the system
Workload Regulating2 (WR2) whenever the total amount of remaining work in the system for either

bottleneck station falls below its prescribed level.

WIPLOAD Control (WIPLCtrl)  System WIPLOAD is maintained at a reference level L*.

The average cycle time and the standard deviation of cycle time at different system
throughput levels are collected and compared to observe the relative effect of WIPLCtrl,
CONWIP, WR or WR2.

4.4.1 Simulation Study 1: A Simplified Wafer Fab Model

The simulation model of a simplified wafer fab described in Chapter 3 is firstly used
to test the relative effect of WIPLCtrl in comparison with CONWIP and WR. The model
descriptions are summarized by Figure 3.2, Tables 3.1, 3.2, and 3.5.

Five cases are considered in this simulation study. Case 1 is a single part type case.
Cases 2 and 3 consider a two-part system and a five-part system respectively. Based on
the system configuration in Case 3, the variability caused by machine failures is increased
in Case 4. In Case 5, the processing time variability is further introduced into the system.
According to the processing steps of the considered part types, the workstation (LT) for
the process of lithography is the bottleneck for all the tested cases. The dispatching rule
used is FIFO.

The average values of ten replications are presented as the results. Detailed results are
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listed in Tables A.1-A.4 in Appendix A of the thesis. The length for each simulation run is
2400 hours, in which the beginning 400 hours are considered as the warm-up period. The
statistical analysis is performed using the paired student’s t-test with a 95% confidence
level.

The relative effects of WIPLCtrl in comparison with CONWIP and WR on the av-
erage cycle time (CTAVG) as well as the standard deviation of cycle time (CTSTD) at
different normalized throughput levels are illustrated by Figures 4.8-4.12. The approach
to determine the magnitude of throughput is described in Chapter 3 (Section 3.3.6) of this

thesis.

91



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

45
40 == WIPLCtrl
-+ WR
35 { |-~ CONWIP
_30 1
S
525 -
o
>
< 20 -
-
(&)
15 1
10 A
5 -
O T T T T T T T T
0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1 1.02
Normalized Throughput
(a) Casel (Part 1; A=90%; Deterministic Proc.): Average Cycle Time
6
5 | 2

CTSTD (hr)

C— o *
2 4
== WIPLCtrl
14 —=\WR
-=- CONWIP
O T T T T T T T T
0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98 1 1.02

Normalized Throughput

(b) Casel (Part 1; A=90%; Deterministic Proc.): Standard Deviation of Cycle Time

Figure 4.8: Evaluation of WIPLCtrl: Simplified Wafer Fab, Case 1
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Figure 4.9: Evaluation of WIPLCtrl: Simplified Wafer Fab, Case 2
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Figure 4.11: Evaluation of WIPLCtrl: Simplified Wafer Fab: Case 4
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The percentage improvements of WIPLCtrl over CONWIP and WR are summarized in
Table 4.3 to get a clearer understanding with regard to how much WIPLCtrl outperforms
CONWIP and WR.

Table 4.3: Simulation Study 1: Percentage Improvements of WIPLCtrl

Percentage Improvement of WIPLCtrl on (%)

Experiment Throughput Level CTAVG CTSTD
(%) WR CONWIP WR CONWIP
Case 1 85 22 10 50 10
90 19 10 52 13
95 17 14 51 11
98 17 22 49 17
100 2% 18 49 19
Case 2 85 -6 9 24 24
90 -4 6 22 26
95 12 26 21 44
98 18 47 30 61
100 8 44 21 55
Case 3 85 2% 19 35 22
90 7 17 48 37
95 5 24 45 39
98 -1* 13 30 30
100 -2% 24 25 39
Case 4 85 -1* 15 21 20
90 7 19 34 35
95 9 16 30 21
98 10 11 26 26
100 12 22 27 29
Case 5 85 -1% 12 32 23
90 6 3 26 12
95 9 21 14 22
98 9 17 23 25
100 17 28 27 35

* indicates the improvement is not statistically significant according to the paired t-test

with a 95% confidence level.
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The results indicate that WIPLCtrl can be an effective release control methodology
for the tested semiconductor wafer fab model. The improvements of WIPLCtrl on average
cycle time and standard deviation of cycle time for a given throughput level are statistically
significant for most cases.

Consistent with the conclusion drawn in Chapter 3, manufacturing system environmen-
tal conditions influence the relative effects of the tested release control methodologies. For
example, for the single part type case (Case 1, Figure 4.8, Table 4.3), WIPLCtrl signifi-
cantly outperforms WR and CONWIP in terms of both the mean and the variance of cycle
time for all throughput levels. In this case, in relation to WR and CONWIP, the improve-
ment of WIPLCtrl on average cycle time is up to 22% and 22%, and the improvement on
standard deviation of cycle time is up to 52% and 19% respectively. When the product
mix cases are considered (i.e. a 50-50 mix of Parts 1 and 2 in Case 2, and an equal pro-
portion mix of Parts 1-5 in Cases 3-5), the system bottleneck workstation (LT) becomes
more critical relative to Case 1. In this setting, the improvements of WIPLCtrl over the
bottleneck-based release control methodology, WR, become less significant especially for
the average cycle time (Figures 4.9-4.12, Table 4.3). The reason is probably that for a
system with an explicit bottleneck, the major part of system WIPLOAD is created by the
jobs queueing in front of the bottleneck machine. In other words, the workload of the bot-
tleneck machine will be close to the value of system WIPLOAD in such a case. However,
by effectively compensating more system disturbances, WIPLCtrl significantly reduces the
standard deviation of cycle time for all the tested cases. Note that in this simulation study,
the system bottleneck machine is relatively deterministic in all the tested cases. The issue
of shifting bottleneck caused by product mix will be considered in simulation study 2.

From another perspective, the improvements of WIPLCtrl on system throughput can
be observed through the achieved system characteristic curves. For example, in Case 5
(Figure 4.12) when the average cycle time is about 120 minutes, the system through-
put rate under WIPLCtrl is about 4% and 6% higher than that under WR and CONWIP
respectively. Due to the large capital investment and sales revenue of semiconductor indus-
try, the improvement of system output could result in a considerable amount of increased
profits.

Based on the system configuration of Case 3 (Figure 4.10, Table 4.3), a higher level of
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variability caused by machine failure is considered in Case 4 (Figure 4.11, Table 4.3), and
the processing time variability is further introduced into the system in Case 5 (Figure 4.12,
Table 4.3). By observing the results of these three cases, it is worth emphasizing that
with the increase of system variabilities, WIPLCtrl shows consistent improvements on
both the mean and the standard deviation of cycle time. This observation justifies the
previous conceptual analysis on the responsiveness and robustness of WIPLCtrl to the
system variabilities.

As a simplified wafer fab model, some distinguishing characteristics of semiconductor
manufacturing, for example, more complex processing routes and batch processing ma-
chines, are not taken into consideration in this simulation study. Therefore, the significance

of outputs as obtained from the study can change in an extended situation.

4.4.2 Simulation Study 2: A 9-Machine Manufacturing System
Model

Based on typical semiconductor manufacturing environments, a more general manufac-
turing system consisting of nine single machine workstations (as shown in Figure 4.13) is
simulated so that the effect of WIPLCtrl can be tested in different kinds of manufacturing

systems.
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Figure 4.13: A 9-Machine Manufacturing System Model
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Model Description

The system can process five part types simultaneously. The simulation experiments are
carried out in five cases. The considered system environmental conditions include the part
types produced, the level of machine unreliability, as well as the system congestion level.
The relative effects of CONWIP, WR and WIPLCtrl are evaluated. The extended version
of WR (WR2) for a two-bottleneck system is tested as well.

Table 4.4 describes the properties of the tested cases. The information about each part
type is given by Table 4.5, where entries refer to the workstation ID and the mean of the
processing time. All of the processing times are assumed to be uniformly distributed with

a range of plus or minus of 50% of the mean.

Table 4.4: Simulation Cases with the 9-Machine Manufacturing System

Experiment Product Failure Tandem or No. of Compared Release

Case ID Rate Reentrant Bottlenecks Policies

Case 1 1 Low Tandem 1 WIPLCtrl; CONWIP; WR
Case 2 1 High Tandem 1 WIPLCtrl; CONWIP; WR
Case 3 2 Low Reentrant 1 WIPLCtrl; CONWIP; WR
Case 4 2,3 Low Reentrant 2 WIPLCtrl; CONWIP; WR2
Case 5 1,2,3,4,5 Low Tandem & Reentrant  Shifting WIPLCtrl; CONWIP

Shifting: bottleneck is shifting in this case due to the random change of product mix.

Table 4.5: Processing Routes in the 9-Machine Manufacturing System

Step Number
Part 1 2 3 4 5 7 8 9 10 11 12 13 14 15 16
1 S 1 2 3 4 5 6 7 8 9 - - - - - - -

[=2]

P 50 50 50 50 6.0 50 50 50 5.0 - - - - - - -
2 S 1 3 4 2 3 5 4 6 5 4 7 9 8 7 9

p 30 30 25 25 30 30 25 30 30 25 30 30 30 30 30 30
3 S 1 2 4 3 6 4 5 6 2 6 8 7 9 8 9 -

P 20 20 25 20 30 25 20 30 20 30 30 50 20 30 20 -

4 S 1 2 3 1 3 5 7 4 7 6 8 9 - - - -
P 20 40 30 20 30 40 30 30 30 30 40 4.0 - - - -

5 S 1 3 2 5 2 4 5 7 8 9 - - - - - -
P 30 30 20 30 20 40 30 30 3.0 3.0 - - - - - -
S: workstation ID

P: mean of processing time.

The dispatching rule used for all the simulation runs is FIFO. The average cycle time

and the standard deviation of cycle time at different throughput levels are used to do
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the evaluation. Under WIPLCtrl, CONWIP, WR or WR2, different throughput levels
are achieved by adjusting the specified system WIPLOAD level, the WIP level, and the
workload level of bottleneck workstations, respectively.

To determine the expected throughput rates for each case, CONWIP is first adopted as
the release methodology. When the reference WIP level under CONWIP is increased, the
system throughput and average cycle time will change correspondingly. Once the reference
WIP is higher than a hedging level, any further increase in system throughput will be
obtained at the expense of a rapid increase in the average cycle time. The throughput rate
achieved under this hedging reference WIP is recorded and viewed as the base throughput
level for the corresponding case. For each case, four or five throughput levels are chosen
within a range of 60-100% of the base throughput level, which are referred to as normalized
throughput rates.

The average values of ten independent replications are used as the results of the ex-
periments. Detailed results are listed in Tables A.5-A.6 in Appendix A of the thesis.
Figures 4.14-4.18 show the system characteristic curves achieved. Simulation length of
each test run is set to 72000 time units. The output of the initial warm up period of 12000
time units is discarded to remove the transient state. The computer program is thoroughly
checked and debugged. The technique of “trace” [94] is used to do the model verification
and the warm-up period is determined according to Welch’s procedure [163]. The same
methodologies are used and described in Chapter 3 (Section 3.2.2 and Section 3.2.3).

In this simulation study, machines break down according to a known probability dis-
tribution. An exponential distribution is used to fit the time-to-failure and time-to-repair
distribution. Two levels of machine failure rates are considered, which are referred to as
low and high failure rates hereafter. The time-to-failure is simulated by the exponential
distributions with mean values of 900 and 400 for the low and high failure rates, respec-
tively. The time-to-repair is the same for all of the simulation experiments and is set to an
exponential distribution with a mean of 100. These are typical values found in wafer fabs
as relative numbers of processing time units. The system with the high machine failure rate
is considered in experiment Case 2 to observe the relative effect of WIPLCtrl responding

to the increase of machine failure rate.
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Simulation Results of the 9-Machine Model

Cases 1 and 2 consider a single part type tandem system, in which workstation 5
is the single bottleneck. The utilization of the bottleneck is around 15% higher than
other machines. Reentrant processing is considered in Cases 3-5 since it is one of the
distinguished characteristics of semiconductor wafer fabs, and thus a number of production
processes take place on the same equipment at various stages of production. For the single
part type system with reentrant processes considered in Case 3, workstation 4 is the single
bottleneck machine; its utilization level is 15-20% higher than the second highest utilized
workstation. A two-part type system and a five-part type system are tested in Cases 4 and
5 respectively. Simulation results of these five cases are illustrated in Figures 4.14-4.18.

Table 4.6 lists the percentage improvements of WIPLCtrl over CONWIP and WR.
Generally speaking, for all the tested system configurations, WIPLCtrl is the superior per-
former by improving the cycle time performance for a given throughput level in comparison
with CONWIP, WR or WR2. The t-test (paired two samples for mean) is used to do the

statistical analysis with a 95% confidence level.
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Figure 4.14: Evaluation of WIPLCtrl: 9-Machine Model, Case 1
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Figure 4.15: Evaluation of WIPLCtrl: 9-Machine Model, Case 2
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Figure 4.16: Evaluation of WIPLCtrl: 9-Machine Model, Case 3
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Figure 4.17: Evaluation of WIPLCtrl: 9-Machine Model, Case 4
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Figure 4.18: Evaluation of WIPLCtrl: 9-Machine Model, Case 5
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Table 4.6: Simulation Study 2: Percentage Improvements of WIPLCtrl

Percentage Improvement of WIPLCtrl on (%)

Experiment Throughput Level CTAVG CTSTD
(%) WR CONWIP WR CONWIP
Case 1 70 2% 20 35 19
81 2% 20 34 17
93 1* 20 34 17
97 2% 18 24 16
Case 2 74 5 21 18 23
88 5 16 27 25
93 4 17 27 21
97 4 14 24 18
Case 3 60 0 29 28 25
75 0 34 22 27
90 0 49 14 34
97 0 39 9 41
Case 4 63 1* 44 25 25
75 23 46 30 28
90 79 92 118 80
97 109 105 224 107
Case 5 62 - 44 - 25
74 - 42 - 30
84 - 54 - 49
91 - 78 - 88
97 - 99 - 120

* indicates the improvement is not statistically significant according to the paired ¢-test

with a 95% confidence level.
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For the single part type cases tested in experimental Cases 1-3 (Figures 4.14-4.16,
Table 4.6), WIPLCtrl successfully decreases both the mean (e.g. up to 49% in Case 3)
and the standard deviation of cycle time (e.g. up to 34% in Case 3) in comparison with
CONWIP. The improvement of WIPLCtrl is very slight in terms of average cycle time in
relation to WR. The possible reason is that for these three cases, the system has an explicit
bottleneck machine. The major part of the WIP in the system is accumulated in front of
the bottleneck. In this circumstance, the workload of the bottleneck machine is close to the
value of system WIPLOAD. Similar results are observed for several scenarios in Cases 2-5 of
simulation study 1. However, the improvement of WIPLCtrl over WR on average cycle time
increases when a higher machine failure rate is introduced in Case 2 (Figure 4.15, Table 4.6).
This indicates the robustness of WIPLCtrl to system variabilities. More importantly, for all
the tested scenarios, WIPLCtrl significantly reduces the standard deviation of cycle time.
These observations are consistent with the aforementioned conceptual analysis. Because
of the responsiveness of WIPLOAD to system disturbances, WIPLCtrl is more capable of
adjusting release decisions responding to the unexpected WIP accumulation so that the
fluctuation of the cycle time is decreased as a result.

Moreover, product mix is an important practical issue, which complicates the schedul-
ing of a manufacturing system. One of the most significant consequences caused is the
difficulty to identify the bottleneck equipment of the system. Since each part type has
its specific processing route and the corresponding processing times, the constraint ma-
chine for one part type may not be the constraint machine for another. Consequently, the
system bottleneck is constantly shifting especially from the short-term production control
perspective.

Case 4 (Figure 4.17, Table 4.6) considers a deterministic product mix proportion case,
in which two part types (Part 2 and Part 3) with reentries are produced. According to the
mean processing time on each machine, it is inferred that workstation 4 is the constraint
machine for part 2, while workstation 6 is the constraint machine for part 3. When Part 2
and Part 3 are simultaneously processed with a 50-50 mix as in Case 4, both workstations
4 and 6 are highly utilized. In this setting, the two-bottleneck version of WR (WR2) is
tested. In this simulation, it is assumed that the overall proportion of each part type

is approximately constant (50%). A hypothesis can be intuitively made that bottleneck
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based release methodology such as WR may not achieve satisfactory system performance
in this configuration. Although both workstations 4 and 6 are bottleneck workstations
of the system over a long time period, they may not simultaneously be the bottlenecks
in a short time period due to the fluctuation of product mix. As shown in Figure 4.17,
the simulation results of Case 4 justify the hypothesis. For the two-bottleneck system,
WIPLCtrl greatly reduces both the mean and the standard deviation of cycle time up to
more than 100% in comparison with CONWIP and WR2. The improvement becomes more
and more significant with the increase of throughput level.

It is also observed that the improvement of WIPLCtrl over CONWIP and WR2 on
the throughput rate for a certain cycle time level according to the achieved system char-
acteristic curves. For example, when the cycle time is about 1250 minutes in Case 4
(Figure 4.17(a)), the throughput under WIPLCtrl is approximately 16% and 14% higher
than that under CONWIP and WR2 respectively.

Experiment Case 5 (Figure 4.18, Table 4.6) simulates a more complex situation, where
five part types are produced. The proportion of each part type is randomly changed so
that there is no explicit bottleneck that can be identified. In this setting, only the rela-
tive performance of CONWIP and WIPLCtrl is tested. Relative to CONWIP, significant
improvements are achieved by WIPLCtrl in terms of both the average cycle time (up to
99%) and the standard deviation of cycle time (up to 120%). This is because WIPLCtrl
takes into account more dynamic system information such as the location of WIP accu-
mulation. It is also observed that the higher the throughput rate, the more significant the
improvements.

Note that the performance of WIPLCtrl is evaluated for certain sets of system configu-
rations with assumptions. The significance of the improvement of WIPLCtrl will probably
change under other system configurations different from what are considered in this simu-

lation study.

4.5 Summary

Following the summary of published literature on job release control in Chapter 2 as

well as understanding the significance of job release in a semiconductor wafer fab envi-

110



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

ronment in Chapter 3, this chapter proposes the concept of WIPLOAD, which is a new
approach to measure work quantity on the shop floor, aiming to overcome the limita-
tions of CONWIP and WR. A simple closed-loop release control methodology based on
WIPLOAD is developed, which is referred to as WIPLOAD Control (WIPLCtrl). The ben-
efits of WIPLCtrl in comparison with CONWIP and WR have been conceptually analyzed
and justified through two simulation studies. Possessing a simple control logic, WIPLCtrl
might be applied in a wide variety of manufacturing system environments. Meanwhile,
because of the responsiveness of WIPLOAD to the system disturbances, WIPLCtrl can
lead to the improvements of system performance including the average cycle time and the
standard deviation of cycle time. Through observing WIPLOAD, the manufacturing engi-
neers can achieve an overall understanding of the current load on the shop floor and make a
safe release decision based on it. This becomes more meaningful when the system analysis
is difficult due to its complexity and variabilities. Therefore, WIPLCtrl is looked upon
as a good and reliable choice for advanced manufacturing systems such as semiconductor
wafer fabs, in which the information system is able to collect the necessary data to trace
the fluctuation of WIPLOAD. In order to obtain more insight into the characteristics of
WIPLCtrl, a simplified flow line will be analyzed in the following chapter using a Markov

process modeling methodology.
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Chapter 5

Markov Process Modeling of A
System Under WIPLOAD Control

This chapter presents an analytical study on a transfer line under WIPLCtrl to obtain
more insight into the behavior and the characteristics of WIPLCtrl. The transfer line is
considered using a Markov process modeling methodology, which is a classical analysis
method of manufacturing flow line systems. Being a numerically based technique, all
the feasible states of the Markov chain describing the model are identified, and after the
steady state probabilities are solved for, the various performance measures are calculated.
As a result, insights into the performance of WIPLCtrl can be obtained by observing the
possible states when the system is controlled under WIPLCtrl.

The motivation to use a Markov process modeling methodology is presented first in
this chapter, followed by an overview of the methodology. A transfer line is modeled sub-
sequently to understand the behavior of WIPLCtrl in comparison with CONWIP. The
concerned performance measures include throughput, average buffer level as well as av-
erage cycle time. Following the discussion, the same transfer line is simulated using
AutoSched™ AP to validate the results of the Markov model and to observe another
significant performance measure, standard deviation of cycle time, which cannot be calcu-

lated using any existing analytical model.
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5.1 Motivation to Employ Markov Process Modeling

Methodology

The available modeling techniques addressing manufacturing system design and op-
erational problems can generate two kinds of models: generative models and evaluative
models. Generative models provide the user with an “optimal solution” that satisfies the
user’s objective function [117]. In contrast, evaluative models can evaluate a given set of
decisions by providing the user with performance measures and valuable insight into the
problems being addressed [117]. For the analytical study in this research, an evaluative
model is required to understand and explain the performance of WIPLCtrl.

To understand the underlying reasons WIPLCtrl works well, a transfer line system
with two unreliable production machines and two intermediate buffers controlled under
WIPLCtrl is considered as the simplest possible system that can distinguish the effect of
WIPLCtrl. As pointed out by Gershwin [55], transfer lines represent the simplest form of
the interactions of manufacturing stages and their decoupling by means of buffers.

Buzacott [23; 24] derived an expression for the efficiency of a two-station transfer line
model where both up times and down times are assumed to be geometrically distributed
by analysing the state probabilities of a Markov chain model. Gershwin and Berman [58]
and Gershwin and Schick [59] presented a Markov process modeling methodology to derive
exact results for transfer lines. They used this methodology to derive results for two-
and three-station lines. An approximate method by Gershwin [54] utilizes the exact two-
station model of Gershwin and Schick [59]. The detailed description of the Markov process
modeling methodology can also be found in [55]. Very importantly, Tan [155] proposed a
methodology to consider production control policies when the production systems can be
modeled as Markov chains.

In this chapter, a short transfer line is analyzed utilizing the Markov process mod-
eling methodology [55; 58; 59] combining with the methodology proposed by Tan [155]
to take into account job release controlled under WIPLCtrl. The direct observations on
the possible system states provide intuitive insights when the behaviors of release control
methodologies are compared, so that more explanations and comprehension on the un-

derlying characteristics of WIPLCtrl can be obtained. Moreover, relative to the results
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achieved from simulation models, the Markov process model can derive the exact results
for the concerned performance measures for short transfer lines. However, the major dis-
advantage of Markov modeling is a phenomenon known as state explosion. This explosion
concerns the potentially exponential growth as the size of the system that is being mod-
eled increases. Therefore a decomposition method was proposed by Gershwin [54], and
enhanced by Dallery et al. [37] for the approximate analysis of transfer lines. A more
complicated manufacturing system may also possibly be analyzed using other modeling
methodologies such as queueing networks [118], Petri nets [173] and simulation [94].

Note that the scope of this chapter is different with that of the previous chapter. In
Chapter 4, the relative effect of WIPLCtrl in comparison with both CONWIP and WR is
emphasized and investigated using simulation experiments in order to justify the advantage
of WIPLCtrl. The focus of this chapter is to understand the characteristics of WIPLCtrl
by analyzing the simplest system that can distinguish the effect of WIPLCtrl. By adjusting
the parameters describing the machine unreliability, the tandem line is tested when it is
balanced, when the bottleneck is at the beginning of the line, or when the bottleneck is
the last machine of the line. CONWIP is the only considered reference methodology for
the purpose of comparison. It is not appropriate to apply Workload Regulating (WR) in
the extreme cases considered in this chapter when the system is with a bottleneck (i.e. the

bottleneck is at the beginning or the end of the line).

5.2 Overview of Markov Process Modeling Method-

ology

In this chapter, a transfer line is analyzed based on the Markov process modeling
methodology presented in [55; 58; 59; 155]. A transfer line is a manufacturing system
where objects move sequentially from one station or machine (M, Ms, ..., M) to another,
and where they rest between stations in buffers (By, Bs, ..., Bx—1). Figure 5.1 depicts a
k-machine transfer line.

Raw materials flow from the outside system to M, then to B;, then to M,, and so
forth until it reaches M) after which it leaves. Transfer lines represent the simplest form

of the interactions of manufacturing stages and their decoupling by means of buffers [55].
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In the model considered in this chapter, the only source of system randomness is machine
unreliability. The machines fail at random times and remain inoperable for random periods

while they are under repair.

— o () e ()

Figure 5.1: A k-Machine Transfer Line

5.2.1 Notation

M; : machine ¢ 1=1,...,k

B; : buffer ¢ 1=1,...,k—1

k : the number of machines in the transfer line

Di : the probability of M; failing during a time unit

T : the probability of M; being repaired during a time unit

MTTF;: mean time to failure of M;

MTTR;: mean time to repair of M;

A; . availability of machine M;

o . the state of machine i  «; € {0,1}
N; : buffer size of B;

n; . buffer level of B; 0<n; <N;

i’ . average buffer level of B;

n . average system buffer level

t : time

X(t) : system state at time ¢

S’ . system state space before state space reduction

S . system state space after state space reduction Scs
s,s' : elements of state space S s, s €S

s’ s . transition probability from state s’ to state s

Q : transition matrix Q={qss}
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I; : indicator variable of whether a part arrives at buffer B; from
upstream

®; : indicator variable of the operational rule on machine M;

E; : throughput rate of M;

E : system throughput rate

por: mean of cycle time

o2 variance of cycle time

ocr: standard deviation of cycle time

5.2.2 Deterministic Processing Time System Model

The dynamic behavior of a transfer line with deterministic processing times can be
modeled as a Markov chain. The length of time that parts spend on each machine is fixed
at one time unit for the simplicity of calculation. The probability of machine M; failing
during a time unit when it is operating is p;, and the probability of machine M; being
repaired during a time unit when it is down is ;. Given p; and r;, the mean time to failure

(MTTF) and mean time to repair (MTTR) of M; can be computed as

1

MTTF, = — (5.1)
Di
1

MTTR;, = —. (5.2)
Ty

Machine M; has two states, which are indicated by «;, including the up or operational
state (a; = 1), and the down or under repair state (a; = 0). Buffer B; has its buffer size N;,
which is the maximum number of parts that can be contained in B;. The number of parts in
B; is indicated by n; (0 < n; < N;). Buffer B;_; is the upstream buffer of machine M; while
B; is its downstream buffer. A machine is starved if its upstream buffer is empty and it is
blocked if its downstream buffer is full. The state of the system, s, is indicated by the vector

consisting of machine states («;) and buffer level (n;), s = (ny,ng, ..., ng_1; a1, a2, ...\ Q).

5.2.2.1 Assumptions

It is assumed that:

1. The operation times are deterministic and equal for all machines.
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2. The system is synchronous. A system is synchronous when the machines in the

system start and stop at the same instant if they are not under repair.

3. The system is a flow line with unreliable machines. All the machine failures are

single machine failures. All the random variables (up times and down times) are

independent random variables.

4. The machine failures are operation-dependent. Machines can only fail while they

are operating. In other words, they cannot break down when they are blocked or

starved.

5. Machine status changes at the beginning of a time unit. Buffer status changes at the

end of a time unit.

6. The system is saturated. A system is saturated when the first machine is never

starved and the last machine is never blocked. Actually, in this chapter, a saturated

model is used to represent an unsaturated model. The approach to do so is simply to

declare that the first machine of the model represents the step at which the release

decision is made, and the second machine of the model corresponds to the first

machine of the real system [38].
7. Workpieces are not destroyed or rejected at any stage in the line.
8. The transportation time between stations is assumed to be zero.

9. A single part is modeled.

10. All parts queue according to the queueing discipline of First-In-First-Out (FIFO).

5.2.2.2 System State Space

The system state at time ¢ is determined by the machine status a;(t) and buffer levels

n;(t) as shown in Equation (5.3).

X(t) = (n(t), ...,np_1(t); aq(t), ..., ax(t)), X(@t)e S =AxB
where

a; €{0,1}
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(alu ...7Oék) €EA= {07 1}k
(’I’Ll, ...,nk,l) € B= {0, 1, ...,Nl} X {0, 1, ...,NQ} X ... X {0, 1, ...,Nkfl}

The number of the states contained in state space S’ can be calculated by Equation 5.4.
k—1

n(s) =2 (Vi + 1) (5.4)
i=1
For example, if k = 3 and N; = Ny = 5, then n(S") = 23 x 6 x 6 = 288.

State space must be generated first of all. Let all the states in S’ be stored in an
n(S’) x (2k — 1) matrix I'. Each row of matrix I" represents a system state, which consists
of the buffer levels of £ — 1 buffers and the states of k£ machines as stated above. Matrix I
can be partitioned as [y : I'g]. Matrix I'ys is an n(S’) x k matrix including the machine
states and matrix I'g is an n(S’) x (k — 1) matrix including the buffer states. Tan [155]
proposed a methodology to automatically generate these matrices using two MATLAB

built-in functions repmat’ and reshape* (Equations 5.5-5.8). Matrix I'y; is generated as

Ty = repmat(A, n(S") /2", 1) (5.5)
where n(S’) is given in equation 5.4 and the i'* column of A, A< i =1,2,...,k— 1, is
given as

A<" = repmat <reshape<repmat([0, 1], 2877 1), 281 1) 2071 1> (5.6)
Similarly the i column of matrix I'g, I'5”, i =1,2,...,k — 1 is generated as

k-1
s> = repmat(reshape(repmat([o, ., N, 2F H (N; + 1), 1),
j=it1
k-1
(N, + 1) T (V; + 1), 1),0(2'), 1) (5.7)
j=it1
where
1 1=1
Ci) = . (5.8)
[ (N +1) i=2,.. k-1

The system states stored in matrix I' are indexed for the search of system states in the

following matrix operations.

"The function G' = repmat(F, i, ) replicates and tiles the matrix I to produce the i x j block matrix
G.

iThe function G' = reshape(F, i, j) returns the i x j block matrix G whose elements are taken columnwise
from F that has i X j elements.
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5.2.2.3 State Space Reduction

In state space S’, some states will never be reached under a certain production control
mechanism such as CONWIP or WIPLCtrl. To avoid unnecessary computation, these
states should be reduced from S’. Hopp and Spearman [78] attribute the benefits of a pull
system to the establishment of a WIP cap. Generally speaking, the fundamental principle
of most kinds of closed-loop release control methodologies is to set a hedging value for one
or several system controllable variables, and control the variables at or higher or lower
than the hedging value. In this sense, some states in S’ may not be reachable under the
control of a release methodology. For example, if the system is controlled by CONWIP
with a target WIP level CW, the states when Zi:ll n; > C'W will never be visited. The

state space after reduction is referred to as S, and the states in .S are re-indexed.

5.2.2.4 Release Control

Tan [155] proposed ®@; as an indicator variable that describes the effect of an operational
rule on machine M;. If the operational rule does not restrict the flow out of machine M;,
®; is 1; otherwise it is 0. In this study, job release is controlled by restricting the flow out
of the release machine. In other words, the release control methodologies are distinguished
by their policies of controlling ®;. If &; = 1, a new part is released, while ®; = 0 indicates
a decision not to release any part under the situation. Therefore, the value of ®; for
WIPLCtrl and CONWIP could be inferred. Equations 5.9-5.12 define the methodologies
to control the release of new jobs under WIPLCtrl and CONWIP.

1. WIPLCtrl (reference WIPLOAD level = L)

L if (BE—1)n(t) + (k—2)ne(t) + ... + np_1(t) + (k= 1)
P, (t) = < L and n,(t) < Ny (5.9)
0 otherwise

1 if n;—1(t) > 0 and n;(t) < N;
O,(1) = i=2,3,..k (5.10)

0 otherwise

Under the assumption that the length of time that parts spend on each machine

is fixed at one time unit, the remaining processing time for a part in buffer B;
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is k — 1. Therefore, the system WIPLOAD level at time ¢ can be computed as

Zf;ll (k —i)n;(t). Note that the remaining processing time of a new part is

k—1

because the first machine is only considered as a release machine. A new part is

released under WIPLCtrl (i.e. ®; = 1) if the sum of the current WIPLOAD and the

remaining processing time of a new part is not greater than the reference WIPLOAD

level L, and if the first buffer B is not full (Equation 5.9). For other machines in

the system, the operation indicator ®;(i = 2,3, ..., k) is set at 1 when the machine is

neither starved nor blocked (Equation 5.10).

2. CONWIP (reference WIP level = CW) [155]

1 if ng(t) +na(t) + ... + ng_1(t) < CW and
Dy (t) = ni(t) < Ny
0 otherwise

1 if n,-_l(t) > 0 and ’TLZ(t) < N;
;i () = i=2.3, .k

0 otherwise

(5.11)

(5.12)

The WIP level of a transfer line at time ¢ can be computed by summing up the

number of parts in all the buffers, i.e. Y77 'n(t). BEquation 5.11 indicates that

a new part is released under CONWIP if the current WIP level is lower than the

reference WIP level CW, and if the first buffer is not full. For other machines in

the system, the operation indicator ®;(i = 2,3, ..., k) is set at 1 when the machine is

neither starved nor blocked (Equation 5.12).

This thesis is focused on the effect of release control methodology, instead of allocating

buffer sizes along a transfer line. Therefore, the assigned size for each buffer is sufficient

enough so that machines will be neither starved nor blocked.

5.2.2.5 Transition Probability

The basic assumption of a Markov chain is

prob[ X (t+1)=z(t+1)|X(t) =x(t), X(t—1) =x(t — 1),

(5.13)
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This means that the probability estimated for the system being in some state at time ¢+ 1
given the information on where the state was at time ¢, t — 1, t — 2, and so forth, is exactly
the same as the probability estimated given only the information on where the state is at
time t. Once the state at time ¢ is known, the prior history is irrelevant. This property is

called the Markov property. In the k-machine transfer line Markov process model, let
gsrs = prob X (t+1) =s|X(t) =] Vt,s,s §,s€8 (5.14)

where gy ¢ is the transition probability from state s’ to state s. Calculation of transition
probabilities is a significant step to describe the dynamics of a system.

To compute gy s, following probability equations (Equations 5.15-5.22) are inferred
based on the assumption that machines can only fail while they are operating (assumption
4).

probla;(t +1) = 0|n;—1(t) = 0,a;(t) = 1,n;(t) < N;] =0 (5.15)
Equation 5.15 can be explained as the situation where machine M; is operational at time
t (a;(t) = 1) while it is starved (n;_1(t) = 0) and is not blocked (n;(t) < N;), and thus

the probability of machine M; to break down at time ¢ + 1 (a;(t + 1)) is zero. Equations

5.16-5.18 can be inferred similarly.

probla;(t +1) = 1|n;_1(t) = 0,a4(t) = 1,n;(t) < N;] = 1, (5.16)
probla;(t + 1) = 0[n;—1(t) > 0,a4(t) = 1,n;(t) = N;] = 0, (5.17)
probla;(t + 1) = 1|n;_1(t) > 0,a;(t) = 1,n;(t) = N;] = 1. (5.18)

When machine M; is working, if it is not starved or blocked at time ¢, it has probability
of p; of failing at time ¢ + 1 (Equation 5.19). On the other hand, machine M; has 1 — p;

probability of not failing at ¢t + 1 (Equation 5.20).
probla;(t +1) = 0|n;—1(t) > 0,05(t) = 1,n;(t) < N;] = ps (5.19)
probla;(t +1) = 1|n;_1(t) > 0,a;(t) = 1,n;(t) < Ny =1 —p; (5.20)

Similarly, when machine M; is in a failure state at time ¢, it has probability of r; to be
repaired at t + 1 (Equation 5.21) and probability of 1 — r; not to be repaired at t + 1
(Equation 5.22).

probla;(t + 1) = 1|ay(t) = 0] =7, (5.21)
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probla;(t +1) =0|a;(t) =0 =1—1; (5.22)

Moreover, assumption 5 indicates that starvation and blockage do not influence buffer
B;. Buffer B; gains or loses one unit depending on the repair state of its upstream and
downstream machines and operational rules. Thus,
where [;(t) indicates whether a part arrives at buffer B; from upstream at time ¢, integrating
the effect of release control.

L(t+1)= (5.24)
0 otherwise.

Based on Equations 5.15-5.24, the transition probability from state s’ to state s, ¢y 5, can

be computed. Let

Q={qss} §,s€S (5.25)

@ is an n(S) x n(S) matrix, which is called the transition matrix. The probability of state

s can be calculated based on @), and is referred to as prob(s).

prob(s) = Z qs sprob(s’) (5.26)

Zprob(s) =1 (5.27)

Equation 5.27 is known as the normalization equation. Equation 5.26 is the statement of
the dynamics of the system. The considered performance measures can be computed based
on the obtained probabilities of the states in space S. Note that the model is studied in
steady state, and all the transient boundary states in state space S have zero steady-state

probability.

5.2.3 Considered Performance Measures

Most of the developed mathematical models to design and control a production line
analyze the system in steady state. The performance measures of concern here include

throughput, average WIP level, average cycle time, and standard deviation of cycle time.
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1. Throughput

Throughput, which is also called production rate, is the number of parts produced

per unit time in the long run. Under the assumption that the operation times on each

machine is one time unit, the throughput rate of machine M; equals the probability

that M; produces a part in a time step [55; 155], which is referred to as E;.

E; = problo;(t+1) =1,0;(t) = 1]
= prob[li(t+1) =1]

= (1 —pi)probla;(t) = 1,P;(t) = 1] + r; probla;(t) = 0, ;(t) = 1]

According to the conservation of flow, it can be inferred that [55]

where F is the throughput of the line.

2. Average Buffer Level

The average buffer level of B; is computed as [55; 155]

n; = an prob(s).

(5.28)

(5.29)

(5.30)

The average buffer level of the transfer line, n, is calculated as the sum of the average

buffer level of all the buffers (Equation 5.31 [55; 155]). It can also be understood as

the WIP level of the system.

Ed

-1
n=>
1

i

3. Average Cycle Time

(5.31)

The average cycle time of a transfer line is equal to the sum of the cycle times at all

the individual stations ([78], pp. 316). Given the throughput rate of M; (E;), and

the average buffer level of B; 1 (7;_1), the average cycle time at M;, pcr,, can be

derived according to Little’s Law [99].

por, = ni—1/E;
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In this study, the processing time and the queueing time at M; are not taken into
account since M represents the release process. In other words the cycle time of a
job here is the time from when the job joins the queue before M, until it leaves the

last machine M}, which can be computed as

k k
HeT = Z,ucn- = Zﬁi—l/Ei- (5.33)
1=2 =2

. Standard Deviation of Cycle Time

Another very important performance measure is the standard deviation of cycle time,
which is symbolized as oor. However, there is no existing analytical model that can
be used to calculate the standard deviation of cycle time of a production line. There-
fore, in this chapter, the relative effect of WIPLCtrl in comparison with CONWIP
in terms of the standard deviation of cycle time is observed using simulation of the

same transfer line as that modeled using the Markov process methodology.

5.3 A Transfer Line Case

In Chapter 4, the advantages of WIPLCtrl are observed through simulation. To gain

insight into the properties of WIPLCtrl, in this study, a 3-machine-2-buffer transfer line

(Figure 5.2) is analyzed using a Markov process modeling methodology. The line is actually

a 2-machine-2-buffer system since the first machine only represents the release process. In

other words, M; never breaks down, that is p; = 0 and r; = 1. The second machine of the

model corresponds to the first machine of the real system. This approach is described by

Dallery and Gershwin [38]. With two buffers involved, this is the smallest model that can

distinguish the effects of different release control methodologies.

pi m P2 n ps
ol Ni &l N2 13

Figure 5.2: A Transfer Line Case

The control policies of WIPLCtrl and CONWIP are formulated by Equations 5.9-5.12.
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Buffer sizes of the two buffers, N; and N,, are large enough so that the probability of M,
and M, to be blocked is zero.

5.3.1 Experiment Design

The only source of system randomness considered is machine unreliability. Besides
machine breakdown, other sources of variabilities in a manufacturing system include fluc-
tuating customer demand, variable routings, quality defects, and human factors. The
reasons to consider only machine failure are threefold. The first reason is for the simplicity
of mathematical calculations. The second reason is to avoid complicating the issue by the
presence of many stochastic factors. Third, the impact of machine unreliability on pro-
duction control is profound. For instance, in a semiconductor wafer fab, some equipment
such as an ion implanter may be down 30-40% of the time [48]. However, the research on
the explicit impact of machine unreliability is limited.

In this study, different system configurations are designed by adjusting the hypotheti-
cal parameters of machine unreliability. By observing the concerned system performance
measures, the characteristics of WIPLCtrl can be further understood.

The performances of CONWIP and WIPLCtrl are observed in 13 cases. The parameters
of machines for each case are given by Table 5.1 including p;, 7;, the distributions of time-
to-failure (TTF) and time-to-repair (TTR), and the availability of each machine.

In Cases 1-7, the transfer line is considered for balanced, while Cases 8-13 represent
the system with a distinct bottleneck. A transfer line is said to be balanced when the
capacity or availability of each machine (M, and Mj in this case) is the same. When the
transfer line is unbalanced, the machine with the least capability or availability becomes
the bottleneck of the line. Therefore, in Cases 8-10, M is the bottleneck; in Cases 11-13,
M is the bottleneck.

The time-to-failure and time-to-repair of My and M3 are assumed to be exponentially
distributed. The exponential distribution is widely used in the related literature as the
distribution to describe machine unreliability because of its analytic tractability [55]. The
memoryless property of the exponential distribution also greatly simplifies the mathemat-
ics. Additionally, the frequent machine failures in real-life manufacturing systems are

random events of random durations, and map well to the exponential distribution.
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Table 5.1: Tested Cases with the Transfer Line

M, Mo M3
Case p1 MTTF1 71 MTTRy A1(%) p2  TTF2 r9  TTRo Az(%) ps  TTF3 r3  TTR3 A3z (%)
1 0 oo 11 100.00 0.020 Exp(50.00) 0.200 Exp(5.00) 90.91  0.020 Exp(50.00) 0.200 Exp(5.00) 90.91
2 0 o 11 100.00 0.008 Exp(125.00) 0.080 Exp(12.05) 90.91  0.008 Exp(125.00) 0.080 Exp(12.50) 90.91
3 0 o 11 100.00 0.080 Exp(12.50) 0.80 Exp(1.25) 90.91 0.080 Exp(12.50) 0.800 Exp(1.25) 90.91
4 0 oo 11 100.00 0.050 Exp(20.00) 0.200 Exp(5.00) 80.00 0.050 Exp(20.00) 0.200 Exp(5.00) 80.00
5 0 o 11 100.00 0.085 Exp(11.76) 0.200 Exp(5.00) 70.18 0.085 Exp(11.76) 0.200 Exp(5.00) 70.18
6 0 o 11 100.00 0.020 Exp(50.00) 0.080 Exp(12.50) 80.00 0.020 Exp(50.00) 0.080 Exp(12.50) 80.00
7T 0 o 11 100.00 0.020 Exp(50.00) 0.047 Exp(21.25) 70.18 0.020 Exp(50.00) 0.047 Exp(21.25) 70.18
8 0 11 100.00 0.050 Exp(20.00) 0.200 Exp(5.00) 80.00 0.020 Exp(50.00) 0.200 Exp(5.00) 90.91
9 0 o 11 100.00 0.085 Exp(11.76) 0.200 Exp(5.00) 70.18  0.020 Exp(50.00) 0.200 Exp(5.00) 90.91
10 0 oo 11 100.00 0.130 Exp(7.69)  0.200 Exp(5.00) 60.61 0.020 Exp(50.00) 0.200 Exp(5.00) 90.91
11 0 oo 11 100.00 0.020 Exp(50.00) 0.200 Exp(5.00) 90.91 0.050 Exp(20.00) 0.200 Exp(5.00) 80.00
12 0 o0 11 100.00 0.020 Exp(50.00) 0.200 Exp(5.00) 90.91 0.085 Exp(11.76) 0.200 Exp(5.00) 70.18
13 0 o0 11 100.00 0.020 Exp(50.00) 0.200 Exp(5.00) 90.91 0.130 Exp(7.69) 0.200 Exp(5.00) 60.61

M;: Machine i
A;: Availability of M;

Exp(m): Exponential distribution with a mean of m time units

Machine availability, A;, is another key concept, serving as the measure of the capacity
of a machine. It is a measure suitable for systems under failure and in repair, which is
given by

Ai: == .

(5.34)

Machine availability represents the fraction of time that M; is operational. It is also
defined as the isolated production rate of M; [55], and is what the production rate of M;
would be if it were never impeded by other machines or buffers. The capacity of a transfer

line is determined by the machine with the least availability.

5.3.2 Experiment Results

The experiments are carried out using MATLAB on a Pentium 4, 2.4GHz computer
with 256 MB RAM. The computational time of each experimental scenario ranges from
5 seconds to 10 minutes depending on the size of state space of the tested case. To
achieve different throughput levels, the reference WIP and WIPLOAD levels are adjusted

respectively for CONWIP and WIPLCtrl. A higher reference level corresponds to a higher
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throughput rate as well as higher possible buffer levels. Therefore the computational time
increases with the increase of reference WIP or WIPLOAD levels as a result of a larger
state space size. The reason to observe the performance measures at different throughput
levels is that the effect of a release methodology is dependent upon the congestion level of
the production line.

Following are the observation and analysis of the achieved system throughput and the
average WIP level under WIPLCtrl and CONWIP. Average cycle time is derived based
on Little’s Law [99] (Equations 5.32 and 5.33). The experimental results are listed in
Tables 5.2 and 5.3. Relative to CONWIP, the percentage improvements of WIPLCtrl are
observed to be up to 84% on both WIP level and average cycle time. These results will
be validated by simulation of the same transfer line model using AutoSched’™ AP, which

will also enable us to observe the standard deviation of cycle time.

127



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Table 5.2: Experimental Results for the Balanced Transfer Line Cases

CONWIP WIPLCtrl P(%)

CW E n Her L E n HeT n o per

Case 1 5 0.8483 4.1510 4.8937 7 0.8489 3.6110 4.2534 15 15
0.8577 6.1420 7.1607 9 0.8580 5.0760 5.9159 21 21

10 0.8673 9.1320 10.5290 12 0.8675 7.1970 8.2958 27 27

15 0.8772  14.1200 16.1000 17  0.8773 11.0000 12.5380 28 28

25 0.8874  24.1100 27.1720 27 0.8874  18.4400  20.7840 31 31

Case 2 5 0.8397 4.1592 4.9532 7 0.8400 3.6436 4.3376 14 14
0.8447 6.1534 7.2847 9 0.8449 5.1237 6.0643 20 20

10 0.8509 9.1453 10.748 12 0.8511 7.2202 8.4834 27 27

15 0.8590 14.1350 16.4550 17 0.8591 11.0649 12.8800 28 28

25 0.8698  24.1240 27.7350 27 0.8699 18.5144  21.2830 30 30

Case 3 5 0.8796 4.1203 4.6843 7 0.8798 3.4725 3.9469 19 19
7 0.8902 6.1098 6.8634 9 0.8903 4.9350 5.5431 24 24

10 0.8968 9.1032 10.1508 12 0.8968 7.1298 7.9503 28 28

15 0.9013  14.0988  15.6427 17 0.9013 10.8819 12.0740 30 30

25 0.9044  24.0956  26.6426 27 0.9044 18.2818  20.2140 32 32

Case 4 5 0.6963 4.3036 6.1807 7 0.6983 3.7709 5.4001 14 14
0.7125 6.2874 8.8244 9 0.7139 5.2368 7.3355 20 20

10 0.7291 9.2709 12.7155 12 0.7300 7.4046 10.1433 25 25

15 0.7461 14.2540 19.1045 17  0.7466 11.1635 14.9525 28 28

25 0.7635  24.2370  31.7441 27 0.7637 18.6135  24.3728 30 30

Case 5 5 0.5807 4.4192 7.6101 7 0.5843 3.8975 6.6704 14 14
0.6002 6.3998 10.6628 9 0.6027 5.3661 8.9034 20 20

10 0.6200 9.3800 15.1290 12 0.6216 7.5689 12.1765 24 24

15 0.6400 14.3600 22.4375 17 0.6409 11.2991 17.6301 27 27

25 0.6601  24.3400 36.8729 27 0.6605  18.7528  28.3918 30 30

Case 6 5 0.6794 4.3203 6.3590 7 0.6804 3.8080 5.5967 14 14
0.6882 6.3113 9.1701 9 0.6891 5.2891 7.6754 19 19

10 0.6993 9.2996 13.2975 12 0.7000 7.4503 10.6427 25 25

15 0.7136 14.2857  20.0178 17 0.7141 11.2329 15.7294 27 27

25 0.7326  24.2672  33.1180 27 0.7329 18.6861  25.4925 30 30

Case 7 5 0.5510 4.4487 8.0739 7 0.5522 3.9445 7.1432 13 13
0.5582 6.4412 11.5392 9 0.5592 5.4331 9.7158 19 19

10 0.5677 9.4315 16.6121 12 0.5686 7.6476 13.4490 24 24

15 0.5811 14.4183  24.8099 17  0.5818 11.3928 19.5796 27 27

25 0.6011  24.3986  40.5798 27 0.6016 18.8558  31.3374 29 29

CW: Reference WIP level of CONWIP

L: Reference WIPLOAD level of WIPLCtrl

P: Percentage improvement of WIPLCtrl over CONWIP on
E: Throughput

n: Average system buffer level

ner: Average cycle time (in time units)
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Table 5.3: Experimental Results for the Unbalanced Transfer Line Cases

CONWIP WIPLCtrl P (%)
CW E n Her L E n HeT n o per
Case 8 5 0.7595 4.2404 5.5831 7 0.7604 3.3715 4.4339 26 26
0.7740 7.2258 9.3357 10 0.7746 5.0617 6.5346 43 43
12 0.7849  11.2150  14.2880 14  0.7852 7.4571 9.4971 50 50
18 0.7929 17.2070 21.7010 20 0.7931 10.9040  13.7482 58 58
28 0.7980  27.2020  34.0880 30 0.7981 16.3430 20.4774 66 66
Case 9 5 0.6740 4.3260 6.4184 7 0.6751 3.2608 4.8301 33 33
0.6863 7.3136 10.6570 10 0.6869 4.8269 7.0271 52 52
12 0.6954 11.3060 16.2790 14  0.6948 7.0115 10.0914 61 61
18 0.6994 17.3010  24.7360 20  0.6995 10.1740 14.5447 70 70
28 0.7015  27.2980 38.9140 30 0.7015 15.2780  21.7795 79 79
Case 10 5 0.5878 4.4122 7.5063 7 0.5890 3.1896 5.4153 38 38
0.5972 7.4028 12.3960 10  0.5978 4.7283 7.9095 57 57
12 0.6026  11.3970  18.9140 14  0.6029 6.8158 11.3050 67 67
18 0.6053 17.3950 28.7370 20 0.6054 9.8771 16.3150 76 76
28 0.6061  27.3940 45.1970 30 0.6061 14.605 24.591 84 84
Case 11 5 0.7595 4.2405 5.5833 7 0.7604 4.0479 5.3234 5 5
0.7740 7.2260 9.3359 10 0.7745 6.6122 8.5374
12 0.7848 11.2152  14.2905 14 0.7851 10.1855  12.9735 10 10
18 0.7928 17.2072 21.7043 20  0.7929 15.7154 19.8202 10 10
28 0.7978  27.2022  34.0965 30 0.7978 25.2611 31.6634 8 8
Case 12 5 0.6740 4.3260 6.4184 7 0.6752 4.3493 6.4415 0 0
0.6863 7.3137 10.6567 10  0.6869 7.1082 10.3482 3 3
12 0.6944 11.3056  16.2811 14  0.6947 10.9004 15.6908 4 4
18 0.6993 17.3007  24.7400 20 0.6994 16.7238  23.9116 3 3
28 0.7013  27.2987  38.9259 30 0.7014 26.6133  37.9431 3 3
Case 13 5 0.5878 4.4122 7.5063 7 0.5890 4.6102 7.8272 -4 -4
0.5972 7.4028 12.3958 10  0.5978 7.4752 12.5045 -1 -1
12 0.6026  11.3974  18.9137 14 0.6028 11.3727 18.8665 0 0
18 0.6052  17.3948  28.7422 20 0.6052 17.3040 28.5922
28 0.6060 27.3940 45.2046 30 0.6060 27.2741  45.0068 1 1

CW: Reference WIP level of CONWIP

L: Reference WIPLOAD level of WIPLCtrl

P: Percentage improvement of WIPLCtrl over CONWIP on
E: Throughput

n: Average system buffer level

nor: Average cycle time (in time units)
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The balanced transfer line cases are considered in Cases 1-7. In this study, the line is
said to be balanced or not depending on whether the availability of M, is equal to that
of Ms. The availability of M; is always 100%. The average throughput rate and the
average cycle time obtained using the Markov process model are listed in Table 5.2. The
last column of Table 5.2 shows the percentage improvements of WIPLCtrl over CONWIP
in terms of the average cycle time, which are equal to the percentage improvements on
the average WIP inventory level since the average cycle time of a steady state system is
proportional to its average WIP level.

For the balanced line cases (Table 5.2), the improvement of WIPLCtrl over CONWIP
in terms of both average WIP level and average cycle time is relatively stable for a certain
throughput level (ranges from 13% to 32%). This improvement becomes more and more
significant with the increase of throughput.

After observing the balanced transfer line, cases of an unbalanced line are considered,
in which the system has a distinct bottleneck machine. The issue of bottleneck location
is taken into account. By adjusting machine parameters (p; and r;), My is set as the
bottleneck in Cases 8-10, and Mj is set as the bottleneck in Cases 11-13. These two types
of scenarios respectively represent the situations when the bottleneck is at the front-end
and the back-end of the transfer line. The results are listed in Table 5.3.

For the cases when M, is the bottleneck machine (Cases 8-10, Table 5.3), the availability
of Ms is kept at around 90%. By adjusting py, the availability of M, is set at 80%,
about 70% and 60% in Cases 8, 9 and 10 respectively. In these three cases, WIPLCtrl
significantly decreases the average system buffer level as well as the average cycle time.
The improvements of WIPLCtrl over CONWIP increase with the increase of the degree
of system unbalance. For example, improvements of WIPLCtrl ranging from 26% to 66%
are observed in Case 8, and these improvements further increase in Case 9 (ranging from
33% to 79%) and Case 10 (range from 38% to 84%). Meanwhile, the higher the system
throughput level, the more significant the improvement.

For the cases when Mj is the bottleneck machine (Cases 11-13, Table 5.3), the availabil-
ity of My is set at about 90%. The availability of M3 in Cases 11, 12 and 13 is 80%, about
70% and 60% respectively. By comparing the results of Cases 8-10 with those of Cases

11-13, it can be observed that when the bottleneck is at the back-end of the transfer line,
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the improvements of WIPLCtrl over CONWIP in terms of WIP level and average cycle
time are not as significant as when the bottleneck is at the front-end. This phenomenon
has been intuitively inferred in Chapter 4 (Section 4.3). Under CONWIP, the last machine
is the trigger machine of release for new jobs so that the variability of the last machine can
be well compensated. In this transfer line case, when the availability of Mj is lower than
60% (i.e. 30% lower than M,), the improvement of WIPLCtr]l over CONWIP in terms of

WIP and average cycle time cannot be observed.

5.4 Simulation of the Transfer Line Case

This section presents the simulation study on the above transfer line model using
AutoSched™ AP to validate the results of the Markov process model, and to observe
the standard deviation of cycle time. In addition, the impact of the type of distribu-
tion to describe machine failures and the relative variability of machine unreliability are
considered.

As presented in Chapter 1 (Section 1.3), cycle time variance significantly influences
the inventory level and service level of a manufacturing system. However, the research on
calculation and investigation of cycle time variance is still very limited.

The variance of cycle time is a measure of how spread out a cycle time distribution
is. Equation 5.35 is used as an unbiased estimate of the cycle time variance of a set of

completed jobs.

N
1
otr = N_1 > (CTi — per)’ (5.35)
=1

o&p:  variance of cycle time
por: mean of cycle time
N : number of completed jobs
CT;: cycle time of job 1.
Standard deviation of cycle time, oor, is the square root of cycle time variance. It is the
most commonly used measure of spread in statistics. To observe the standard deviation of

cycle time for a manufacturing system, a simulation approach is commonly used since the
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variance of cycle time cannot be obtained using any existing analytical models such as the
manufacturing systems models using queueing network theory.

Subsequently, the same transfer line system as used in the Markov model is simulated
using AutoSched™ AP. The simulation results are compared with the results of the
Markov model. The standard deviation of cycle time obtained for each experimental case
is observed.

The thirteen cases described in Table 5.1 are simulated. The collected system perfor-
mance measures include those obtained using Markov process model (average throughput
rate and average cycle time), and in addition standard deviation of cycle time. The simula-
tion model is exactly the same as the one shown in Figure 5.2, consisting of three machines,
which are referred to as M;, M, and M3 in order. As in the Markov process model, M,
only represents the release process so that its availability is always 100%. Random machine
failures are introduced to My and Mj3. The cycle time of each job is counted from the time
it joins the queue before My until it completes the operation on Ms. The operation time
on each machine is set as 1 minute. The simulation length is 7200 minutes, in which the
first 1440 minutes are treated as the warm-up period. The methodologies used to verify
the model and to determine the length of warm-up are the same as those presented in
Chapter 3 (Section 3.2.2 and Section 3.2.3). The average values of twenty replications are
used as the simulation results, as listed in Tables 5.4 and 5.5. The standard error of the

mean based on these twenty replications is also shown.
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Table 5.4: Simulation Results for the Balanced Transfer Line Cases

CONWIP WIPLCtrl P (%)
Case  CW E HeT ocT L E HeT ocT HeT  oCT
1 5 0.8479 4.9040.02 2.97+0.05 7 0.8484 4.28+0.02 2.8710.06 14 4
7 0.8578 7.1640.02 3.3640.06 9 0.8582 5.93+0.03 3.23+0.07 21 4
10 0.8678  10.52+0.03 3.83+0.07 12 0.8681 8.29+0.06 3.84+0.08 27 0
15 0.8783  16.07+0.05 4.4840.09 17  0.8784  12.52+0.10 4.6040.09 28 -3
25 0.8896  27.09+0.07 5.47+0.12 27 0.8896  20.53+0.25 6.13+0.13 32 -11
2 5 0.8262 5.06+0.03 5.1540.15 7 0.8264 4.4240.03 4.8940.16 14 5
7 0.8318 7.4240.04 5.93+£0.17 9 0.8320 6.15+0.05 5.54+0.18 21 7
10 0.8389  10.93+0.06 6.8640.19 12 0.8391 8.5240.08 6.55+0.20 28 5
15 0.8485  16.69+0.09 8.06+0.23 17  0.8487 12.72+0.12 7.62+0.24 31 6
25 0.8618 28.03+0.14 9.7840.30 27 0.8619  20.8140.27 9.52+0.29 35 3
3 5 0.8635 4.7940.01 1.4140.01 7 0.8858 4.1340.01 1.3940.01 16 1
7 0.8987 6.9840.01 1.5740.01 9 0.8769 5.72+0.01 1.63+0.01 22 -4
10 0.8866 10.284+0.01 1.7940.01 12 0.8868 8.10+0.01 2.08+0.01 27 -14
15 0.8940 15.78+0.01 2.1240.02 17  0.8940 12.25+0.03 2.73+0.03 29 -22
25 0.8991  26.80£0.02 2.68+0.04 27  0.8991  20.43+1.05 4.30£0.05 31 -38
4 5 0.6736 6.4340.03 5.05+0.07 7 0.6758 5.71+0.04 4.7440.06 13 7
7 0.7106 9.1140.04 5.6840.08 9 0.6943 7.70+£0.04 5.24+0.06 18 8
10 0.7119  13.05+0.05 6.44+0.09 12 0.7130 10.58+0.06 6.00£0.06 23 7
15 0.7322 19.4940.07 7.50+0.11 17 0.7330 15.4340.09 6.99+0.08 26 7
25 0.7541  32.15+0.10 9.1840.14 27 0.7553  24.96+0.17 8.88+0.10 29 3
5 5 0.5384 8.2940.05 6.6940.05 7 0.5427 7.39+0.04 6.23+0.05 12 7
7 0.5635  11.43+0.06 7.51+0.05 9 0.5667 9.65+0.05 6.83+0.05 18 10
10 0.5889  15.99+0.08 8.5440.06 12 0.5910 13.00+0.06 7.73£0.07 23 10
15 0.6147  23.41+£0.10 9.96+0.09 17 0.6158 18.51+£0.09 8.93+0.11 26 12
25 0.6415  38.00+0.16 12.074+0.18 27 0.6420 29.3440.16 11.154+0.18 29 8
6 5 0.6758 6.41+0.05 7.954+0.10 7 0.6769 5.661+0.05 7.45+0.12 13 7
7 0.6865 9.2240.07 9.134+0.12 9 0.6874 7.70+£0.07 8.40+0.14 20 9
10 0.7000 13.31£0.09 10.5440.13 12 0.7007 10.57+£0.10 9.73+0.16 26 8
15 0.7169  19.96+0.13 12.3740.17 17 0.7174 15.48+0.15 11.1240.21 29 11
25 0.7401  32.90+0.19 15.1541.25 27 0.7388  24.9440.27 13.65+0.25 32 11
7 5 0.5203 8.6540.12 14.7440.22 7 0.5219 7.67£0.13 13.7540.27 13 7
7 0.5310 12.23+0.16 16.9140.24 9 0.5324 10.284+0.17  15.41+0.29 19 10
10 0.5453 17.4040.22 19.514+0.28 12 0.5464 14.0640.22 17.7240.31 24 10
15 0.5650  25.62+0.30 22.76+0.33 17 0.5660 20.01+0.31 19.99+0.38 28 14
25 0.5927  41.32+0.46  27.6440.48 27 0.5933  31.4740.52  23.9940.52 31 15

CW: Reference WIP level under CONWIP
L: Reference WIPLOAD level under WIPLCtrl

P: Percentage improvement of WIPLCtrl over CONWIP in terms of

E: Throughput
puor: Average cycle time £ one standard error across twenty replications (in time units)
ocr: Standard deviation of cycle time 4 one standard error across twenty replications (in time units)
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Table 5.5: Simulation Results for the Unbalanced Transfer Line Cases

CONWIP WIPLCtrl P (%)

Case  CW E HeT ocr L E HeT ocT HeT  oCT
8 5 0.7536 5.64+0.03 4.18+0.06 7 0.7550 4.56+£0.03 3.71+0.06 24 13
8 0.7707 9.3840.04 5.0440.08 10 0.7714 6.7140.05 4.4240.07 40 14

12 0.7836  14.32+0.06 5.95+0.09 14 0.7841 9.71+£0.07 5.08=+0.07 47 17

18 0.7928  21.70+0.08 7.13+0.11 20 0.7930 13.9740.10 5.93+0.08 55 20

28 0.7989  34.04+0.11 8.74+0.14 30  0.7990 20.734+0.14 7.0840.11 64 23

9 5 0.6578 6.6040.04 5.3340.06 7 0.6591 5.17+0.04 4.5740.04 28 17
8 0.6739 10.87+0.06 6.52+0.07 10  0.6746 7.471+0.05 5.50+0.05 46 19

12 0.6847  16.53+0.08 7.83+0.08 14  0.6850 10.62+0.07 6.27+0.05 56 25

18 0.6913  25.03£0.12 9.45+0.10 20 0.6914 15.16%0.10 7.25+0.06 65 30

28 0.6947  39.30+0.19 11.7040.11 30 0.6947  22.554+0.15 8.66+0.07 74 35

10 5 0.5692 7.7940.03 6.4340.05 7 0.5708 5.89+0.03 5.45+0.04 32 18
8 0.5825  12.74+0.06 7.91+£0.08 10 0.5834 8.4940.04 6.60+0.06 50 20

12 0.5913 19.29+0.09 9.47+0.12 14 0.5917 11.9540.06 7.53+£0.07 61 26

18 0.5964  29.17+0.13  11.4940.16 20 0.5965  17.0640.09 8.75+0.10 71 31

28 0.5983  45.77£0.21 14.2240.22 30 0.5983 25.454+0.12  10.45+0.13 80 36

11 5 0.7489 5.68+0.02 4.12+0.05 7 0.7503 5.4240.03 4.1640.05 5 -1
8 0.7657 9.4540.04 4.9840.06 10  0.7665 8.6140.06 5.06+0.05 10 -2

12 0.7782  14.43+0.06 5.88+0.08 14 0.7786  13.00+0.09 6.04+0.06 11 -3

18 0.7879  21.85+0.08 7.00+0.10 20 0.7880 19.8240.13 7.3940.07 10 -5

28 0.7939  34.28+0.12 8.6340.14 30 0.7940 31.6740.20 9.29+0.12 8 -7

12 5 0.6574 6.6140.03 5.1340.05 7 0.6590 6.6340.03 5.3240.05 0 -4
8 0.6737  10.88+0.04 6.24+0.06 10 0.6745 10.52+0.05 6.47+0.07 3 -4

12 0.6851 16.5240.06 7.50+0.09 14 0.6854 15.81+0.08 7.81£0.10 4 -4

18 0.6919  25.03+0.09 9.14+0.13 20 0.6920 24.0240.13 9.56+0.14 4 -4

28 0.6947  39.32+0.15 11.3940.19 30 0.6947 38.08+0.19 11.91+£0.20 3 -4

13 5 0.5707 7.76+£0.03 6.13+£0.04 7 0.5728 8.07+0.04 6.41+0.06 -4 -4
8 0.5850  12.68+0.05 7.51+£0.07 10  0.5861 12.7140.07 7.79+0.08 0 -4

12 0.5940 19.21+£0.08 9.09+0.11 14  0.5945 19.02+0.11 9.41+0.12 1 -3

18 0.5989  29.07+0.14 11.0440.15 20 0.5990 28.714+0.17 11.41+0.14 1 -3

28 0.6002  45.66+£0.22  13.7440.22 30 0.6002 45.254+0.26  14.05£0.20 1 -2

CW: Reference WIP level under CONWIP
L: Reference WIPLOAD level under WIPLCtrl

P: Percentage improvement of WIPLCtrl over CONWIP in terms of

E: Throughput
por: Average cycle time £ one standard error across twenty replications (in time units)
ocr: Standard deviation of cycle time 4 one standard error across twenty replications (in time units)
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The percentage difference (e) between the performance measures (i.e. throughput and
average cycle time) obtained by the simulation model and the Markov model is computed

according to following Equation 5.36:

e, = =M o 100% (5.36)

Ty

y :considered performance measure

e, percentage difference of the simulation result from the Markov
model on performance y

ys :simulated result of y

yar:result of y obtained from Markov process model.

Figure 5.3 compares the system characteristic curves achieved by the Markov model and
the simulation model in two cases (i.e. Case 1 and Case 8) respectively under CONWIP
and WIPLCtrl as an illustration. It is shown that the simulation results are very close to
the results of the Markov model. The percentage differences between the simulation result

and the result of the Markov model for each case are listed in Tables 5.6.

—&=—Case1-CONWIP-
Markov Model

= ® :Case1-CONWIP-
Simulation Model

—H=—Case1-WIPLCtrl-
Markov Model

= 8 -Case1-WIPLCtrl-
Simulation Model

—>¢—Case8-CONWIP-
Markov Model

30 Case8-CONWIP Case1-CONWIP

Average Cycle Time
N
o

15
= X =Case8-CONWIP-
Simulation Model

10
—#— Case8-WIPLCtrl-

5 Markov Model

Case8-WIPLCtrl = A +Case8-WIPLCtrl-
0 Case1-WIPLCtrl Simulation Model

07 072 074 076 0.78 08 0.82 0.84 0.86 0.88 0.9
Throughput

Figure 5.3: Comparison of the Characteristic Curves Achieved by the Markov Model and
the Simulation Model
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Table 5.6: Percentage Difference Between Simulation Results and Markov Model Results

CONWIP WIPLCtrl CONWIP WIPLCtrl
Case CW eg(%) euqr (%) L eg(%) eucr (%) Case CW  eg(%) euqr (%) L ep(%) eucr (%)
1 5 -0.04 0.07 7  -0.05 0.72 8 5 -0.77 1.00 7 -0.71 2.87
7 0.01 -0.01 9 0.02 0.20 8 -0.42 0.52 10 -0.41 2.63
10 0.06 -0.07 12 0.07 -0.13 12 -0.16 0.20 14 -0.14 2.28
15 0.12 -0.16 17 0.13 -0.13 18 -0.01 0.01 20 -0.01 1.59
25 0.25 -0.30 27 0.25 -1.00 28 0.11 -0.14 30 0.11 1.22
2 5 -2.61 3.33 7 -1.62 1.89 9 5 -2.40 2.90 T =237 6.94
7 -1.53 1.88 9 -1.53 1.45 8 -1.81 2.03 10 -1.79 6.33
10 -1.41 1.67 12 -1.41 0.43 12 -1.54 1.52 14 -1.42 5.22
15 -1.22 1.41 17 -1.21 1.24 18 -1.16 1.20 20 -1.16 4.24
25 -0.92 1.06 27  -0.91 2.20 28 -0.97 0.99 30 -0.97 3.56
3 5 -1.83 2.26 7 0.68 4.53 10 5 -3.17 3.76 7 -3.09 8.80
7 0.96 1.77 9 -1.50 3.21 8 -2.47 2.75 10 -2.41 7.39
10 -1.14 1.26 12 -1.12 1.89 12 -1.88 2.01 14 -1.85 5.74
15 -0.81 0.86 17 -0.81 1.46 18 -1.48 1.52 20 -1.47 4.58
25 -0.59 0.60 27 -0.59 1.07 28 -1.29 1.27 30 -1.29 3.51
4 5 -3.26 3.99 7 -3.22 5.74 11 5 -1.40 1.71 7 -1.33 1.85
7 -0.27 3.24 9 -2.74 5.00 8 -1.08 1.24 10 -1.04 0.81
10 -2.36 2.66 12 -2.34 4.35 12 -0.84 0.9 14 -0.82 0.24
15 -1.86 2.04 17 -1.83 3.19 18 -0.62 0.68 20 -0.61 0.01
25 -1.22 1.29 27 -1.10 2.43 28 -0.49 0.54 30 -0.48 0.01
5 5 -7.29 8.96 7 -7.12 10.75 12 5 -2.47 2.94 7 -2.40 2.94
7 -6.11 7.15 9 =597 8.39 8 -1.84 2.05 10 -1.80 1.68
10 -5.02 5.68 12 -4.92 6.78 12 -1.35 1.46 14 -1.33 0.76
15 -3.95 4.34 17 -3.91 4.97 18 -1.06 1.15 20 -1.06 0.44
25 -2.82 3.06 27 -2.80 3.35 28 -0.94 1.01 30 -0.95 0.53
6 5 0.53 0.86 7 0.52 1.18 13 5 -2.92 3.42 7 -2.76 3.07
7 -0.25 0.49 9 -0.24 0.26 8 -2.05 2.28 10 -1.96 1.66
10 0.10 0.10 12 0.10 -0.64 12 -1.43 1.57 14 -1.38 0.80
15 0.46 0.31 17 0.46 -1.56 18 -1.04 1.14 20 -1.03 0.41
25 1.02 -0.67 27 0.81 -2.15 28 -0.95 1.00 30 -0.95 0.53
7 5 -5.58 7.08 7 -5.49 7.44
7 -4.87 5.97 9 -4.78 5.79
10 -3.95 4.71 12 -3.90 4.53
15 -2.77 3.26 17 -2.72 2.20
25 -1.39 1.82 27 -1.37 0.44

CW: Reference WIP level under CONWIP

L: Reference WIPLOAD level under WIPLCtrl

eg%: Percentage difference of the simulation result from the result of Markov model on throughput
eucr %: Percentage different of the simulation result from the result of Markov model on average cycle time
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Similar to throughput and average cycle time, the performance measure of standard
deviation of cycle time (ocr) is also degraded with the increase of system variability
under a certain release methodology. In Cases 1-3, which represent the balanced system
with identical machine availability (90%), ocr distinctly increases in the case with longer,
less frequent machine failures. Further degradation of ocr is observed in Cases 4 and 5
when the machine availability is decreased. For the unbalanced system with a distinct
bottleneck, oo increases with the increase of the gap between the availabilities of M, and
M3 regardless of the location of the bottleneck.

The employed release methodology also has a distinct impact on the standard deviation
of cycle time. The relative impact of the considered release control methodologies on oor
depends on two factors, system variability and bottleneck location. Generally speaking,
the predominance of WIPLCtrl over CONWIP is indicated when the system variability is
increased. For the balanced line cases with higher system variability, better performance
of standard deviation is achieved by WIPLCtrl in comparison with CONWIP (Case 2 and
Cases 4-7 in Table 5.4). When the system variability is low enough, WIPLCtrl does not
show improvement on the standard deviation of cycle time (Cases 1 and 3 in Table 5.4).
For the unbalanced line cases, WIPLCtrl is significantly superior to CONWIP when M is
the constraint machine (Cases 8-11 in Table 5.5).

The time-to-failure and time-to-repair in all of the tested cases so far are assumed to
be exponentially distributed. The type of distribution to describe machine failures and
the relative variability of machine unreliability have not been considered. Note that the
relative variability of a random variable is measured by its coefficient of variation (CV),

which is defined by Equation 5.37.

(5.37)

o
c=—
1

where
c¢: Coefficient of variation
o: Standard deviation of the variable

w:  Mean of the variable

The variability of a random variable is classified into three levels according to its CV.

Note that a random variable has low variability if its CV is less than 0.75, that it has
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moderate variability if its CV is between 0.75 and 1.33, and that it has high variability if
its CV is greater than 1.33 [78]. The CV of a variable with exponential distribution is 1.
In order to observe the impact of the type of distribution and the relative variability of
machine unreliability, another three sets of experiments are carried out using the transfer
line simulation model, in which the distributions of time-to-failure and time-to-repair are
set as normal distributions. The machine parameters are given in Table 5.7. Mean values
of time between failure and time to repair are identical to those in Case 1. Three levels
of standard deviation are tested. For machine M, and machine M3, the values of CV of
time-to-failure and time-to-repair in Case 14 are 0.5 while those in Cases 15 and 16 are 1
and 2, respectively. The system performance measures of concern are still throughput (E),
average cycle time (ucr), and standard deviation of cycle time (ocr) under CONWIP and

WIPLCtrl. The average values of twenty simulation replications are used as the results.

Table 5.7: Machine Parameters for Cases 14-16 of the Transfer Line

]Wl M2 M3
Case MTTF; MTTR, TTF2 TTR2 TTF3 TTR3
14 o] 1 N(50, 25) N(5, 2.5) N(50, 25) N(5, 2.5)
15 oo 1 N(50, 50)  N(5, 5) N(50, 50)  N(5, 5)
16 oo 1 N(50, 100)  N(5, 10) N(50, 100)  N(5, 10)

M;: Machine 1
TTF;: Time-to-failure of machine M;
TTR;: Time-to-repair of machine M;

N(u,0): Normal distribution wih mean g (in time units) and standard deviation o(in time units)

The results listed in Table 5.8 show that both the distribution type and CV of ma-
chine unreliability impact the system performance. Note that the CV of an exponentially
distributed variable is 1. In Case 15, a normal distribution with CV equal 1 is used to
describe the time-to-failure and time-to-repair of machines. By comparing the results of
Case 15 (Table 5.8) with that of Case 1 (Table 5.4), it can be observed that with the
same level of relative variability, better cycle time performance is obtained when machine
unreliability is normally distributed for a certain release methodology. The results of Cases
14-16 in Table 5.8 indicate that under a certain release methodology, the higher CV level
of machine unreliability, the worse is the system cycle time performance as a consequence
of higher system variability level. Most importantly, the improvements of WIPLCtrl over

CONWIP, especially on average cycle time, are relatively stable for all of the tested CV lev-
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Table 5.8: Simulation Results of Cases 14-16 for the Transfer Line

CONWIP WIPLCtrl P(%)
Case  CW E “eT ocr L E UCT ocr ucT  ocT
14 5 0.8533 4.86+0.01 2.18+0.01 7 0.8541 4.25+0.01 2.07+0.01 14 6
7 0.8711 7.04+0.01 2.361+0.01 9 0.8717 5.80+0.01 2.26+0.01 21 4
10 0.8855 10.2940.01 2.61+0.02 12 0.8858 8.08+0.02 2.651+0.02 27 -1
15 0.8947  15.77+0.01 2.95+0.02 17  0.8948 12.15+0.06  3.20+0.03 30 -8
25 0.9001 26.784+0.02 3.44+0.02 27 0.9001 20.244+0.19 4.59+0.08 32 -25
15 5 0.8505 4.88+0.01 2.7440.01 7 0.8511 4.2540.01 2.604+0.01 15 5
7 0.8625 7.12+0.01 3.05+0.02 9 0.8629 5.88+0.01 2.91+0.02 21 5
10 0.8747 10.43+0.01 3.424+0.04 12 0.8750 8.19+0.03 3.44+0.03 27 0
15 0.8861 15.934+0.02 3.93+0.04 17 0.8861 12.324+0.06  4.08+0.05 29 -3
25 0.8963 26.89+0.04 4.7240.06 27  0.8963  20.324+0.18  5.43+0.09 32 -13
16 5 0.8352 4.99+0.02 3.86+0.05 7 0.8356 4.40+0.02 3.68+0.06 13 5
7 0.8438 7.2940.02 4.38+0.06 9 0.8442 6.11+0.04 4.12+0.07 19 6
10 0.8540 10.714+0.03  4.98+0.07 12 0.8543 8.48+0.08 4.8240.08 26 3
15 0.8647 16.34+0.04 5.784+0.08 17  0.8672 12.68+0.09 5.6140.11 29 3
25 0.8817 27.37+£0.06 6.861+0.11 27 0.8817  20.8940.21 7.13+0.15 31 -4

CW: Reference WIP level under CONWIP

L: Reference WIPLOAD level under WIPLCtrl

P: Percentage improvement of WIPLCtrl over CONWIP in terms of

E: Throughput

ner: Average cycle time £ one std. error across twenty replications (in time units)

ocr: Standard deviation of cycle time + one std. error across twenty replications (in time units)

els. The results on the standard deviation of cycle time indicate that relative to CONWIP,

WIPLCtrl is more appropriate for a system with a high level of variability.

5.5 Analysis

After showing the results of both the Markov process model and the simulation model
of the transfer line, an overall analysis concentrating on the major issues is presented in this
section. What is acquired from this study can be summarized from several perspectives.
First of all, the relative performance of WIPLCtrl in comparison with CONWIP is sum-
marized. Second, some underlying characteristics of WIPLCtrl can be understood through
the Markov process model. The reason why WIPLCtrl is superior to CONWIP for certain
system configurations can be partially explained. Meanwhile, as the only source of system
variability considered in this chapter is machine failure, the impact of machine failures
can be understood not only on the isolated machines but also on the overall performance

measures of a manufacturing system.
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5.5.1 Relative Effect of WIPLCtrl in Comparison with CONWIP

The effect of a release control methodology is dependent on the configuration of the
manufacturing system in which it is tested. One of the major purposes of this chapter
is to identify the system configurations in which the advantage of WIPLCtrl can be fully
embodied. This purpose can be partially reached by comparing the effect of WIPLCtrl
with another well studied release control methodology. In this study, CONWIP is chosen
as the reference release methodology. This is because CONWIP is well known by many
researchers and industrial practitioners. Secondly, the study of CONWIP started from
implementing on transfer line cases. Satisfactory performance measures of a transfer line
can be achieved under CONWIP in terms of average WIP level, average cycle time and
variance of cycle time.

For the cases tested in this chapter, the improvements of WIPLCtrl over CONWIP are

summarized as follows.

1. Average Cycle Time

To compare the effect of WIPLCtrl in relation to CONWIP, the characteristic curve
for each tested case is depicted (as shown in Figures 5.4-5.6), which are the tradeoff
curves between throughput and average cycle time. The approach of using system
characteristic curves to compare release methodologies has been presented in Chapter
1 (Section 1.3). Figure 5.7 depicts the percentage improvements of WIPLCtrl over
CONWIP in terms of average cycle time. The five tested throughput (E) levels are
plotted (E; < Ey < ... < Ej5). The data used for Cases 1-13 are the results from
the Markov process model, while the data for Cases 14-16 are from the simulation

model.

WIPLCtrl significantly outperforms CONWIP on average cycle time in most tested
cases. For the balanced system (Cases 1-7 and Cases 14-16), the percentage improve-
ment of WIPLCtrl at each throughput level is relatively stable (ranging from 14%
to 32%). The most distinct improvement (ranging from 26% to 84%) is observed in
the cases when the bottleneck is at the front-end (Cases 8-10). In this setting, with
the increase of the difference between the availability of My and M3, the improve-

ment of WIPLCtrl becomes more and more remarkable. Meanwhile, with higher
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system throughput, more percentage improvement is observed. When the bottleneck
is at the back-end (Cases 11-13), the predominance of WIPLCtr]l becomes much less
significant (ranging from -4% to 10%). In Case 13, the improvement can only be

observed when the system is operating at a relatively high throughput level.
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2. Standard Deviation of Cycle Time

Based on the simulation results, the percentage improvements of WIPLCtrl over

CONWIP in terms of standard deviation of cycle time are depicted by Figure 5.8.
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Figure 5.8: Percentage Improvements of WIPLCtrl over CONWIP on o¢or

The relative effect of WIPLCtrl in comparison with CONWIP on the standard de-
viation of cycle time depends more strongly on the system configuration. For the
balanced line cases, the benefits of WIPLCtrl on the standard deviation of cycle time
are observed when the variability caused by machine outages is high enough. For ex-
ample, when the machine availability levels of machines My and M3 are reduced from
90% (in Cases 1-3) to 80% (in Cases 4 and 6) or 70% (in Cases 5 and 7), WIPLCtrl
achieves better performance on the standard deviation of cycle time. Meanwhile, the
improvement of WIPLCtrl on the standard deviation of cycle time also depends on
the location of the bottleneck station. Better relative performance of WIPLCtrl is

achieved when the bottleneck is at the front-end of the line.

In summary, some inferences can be derived from the above observations. Firstly, the
choice of the release methodology has an important impact on system performance mea-

sures including WIP level, mean and standard deviation of cycle time. Secondly, WIPLCtrl
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is a preferable release control methodology for a balanced system, under which satisfac-
tory inventory and cycle time performance can be achieved. For a system with a distinct
bottleneck, WIPLCtrl performs better than CONWIP when the bottleneck is located at
the front-end of the line. Additionally, a meritorious property of WIPLCtrl should not be
ignored: WIPLCtrl is a reliable release control methodology for a manufacturing system
with higher variabilities. The better performance of WIPLCtrl over CONWIP is robust to

the increase in system variability.

5.5.2 Characteristics of WIPLCtrl

To explain why WIPLCtrl can achieve better cycle time performance than CONWIP
for certain system configurations, the underlying characteristics of WIPLCtrl should be
considered. According to the proportional relationship between WIP and average cycle
time, a lower WIP level corresponds to a lower average cycle time level for a certain
throughput rate. Therefore, the analysis is based on the observation on the average buffer
levels of the two buffers in the transfer line (i.e. 7; and 75) using the Markov process
model. One scenario is chosen in each tested case and plot the corresponding average
buffer levels respectively under CONWIP and WIPLCtrl in Figure 5.9. For Cases 1-7, the
scenarios when CW = 15 and L = 17 are chosen, while for Cases 8-13, the scenarios when
CW =18 and L = 20 are chosen. In Figure 5.9, the x axis is the case index. For each
case, there are four bars. The first two bars depict n; and n, under CONWIP, while the
second two bars depict n; and ny under WIPLCtrl. The throughput under CONWIP is
approximately equal to that under WIPLCtrl in each scenario.

Figure 5.9 shows that when the balanced transfer line is controlled under CONWIP
(Cases 1-7), np is almost equal to ny. With the same throughput rate, 7, is restricted
under WIPLCtrl, because WIPLCtr]l makes use of a reference WIPLOAD level to limit the
release process. Recall that WIPLOAD is defined as the sum of the remaining processing
times of all the jobs in the system. In this transfer line case, the remaining processing
times of the jobs in By are 2 time units, while that of the jobs in B, are 1 time unit.
Therefore, for a certain reference WIPLOAD level, L, the highest possible buffer levels of
By and B, are L/2 and L respectively. The situation under CONWIP is different. For
example, when the target WIP level of CONWIP is CW, the highest possible buffer levels
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Figure 5.9: Sample of Average Buffer Levels under CONWIP and WIPLCtrl

of both By and By are C'W. This can be further understood by observing the probabilities
of the possible buffer levels respectively under CONWIP and WIPLCtrl achieved from the
Markov process model. Figure 5.10 illustrates the probability distributions of the buffer
levels in the balanced line Case 1 when CW = 15 and L = 17. The z axis indicates the
possible values for n; and ns, and the y axis shows the probabilities of n; and nsy at each
possible buffer level under CONWIP and WIPLCtrl.

As Figure 5.10 shows, when the release process of the balanced line (Case 1) is controlled
under CONWIP, the probability distribution of ny (i.e. curve “n;-CONWIP”) is exactly
the same as that of ny (i.e. curve “no-CONWIP”). In other words, in this setting, n; and n
have equal probabilities for each possible buffer level. The possible buffer level ranges from
0 to 15 as CW = 15. As a result, 7y (i.e. the average buffer level of By) is equal to 7y (i.e.
the average buffer level of Bs) according to Equation 5.30. In contrast, under WIPLCtrl,
the possible buffer level of B; is restricted by the reference WIPLOAD level. As shown
in Figure 5.10, for the balanced line Case 1 controlled under WIPLCtrl when L = 17,
the probability of n; to be higher than 8 is zero (i.e. curve “n;-WIPLCtrl”). But the
probability distribution of ny under WIPLCtrl (i.e. curve “no-WIPLCtrl” in Figure 5.10)
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Figure 5.10: Probability Distributions of n; and ny: Balanced Line (Case 1: CW = 15;
L=17)

is very close to that under CONWIP (i.e. curve “no-CONWIP” in Figure 5.10). Therefore,
in this case, the improvement of WIPLCtrl over CONWIP is mainly because WIPLCtrl
effectively reduces the average buffer level of By (i.e. 1) as shown in Figure 5.9.

For the cases when the system bottleneck is at the front-end of the transfer line, for
example, Case 8 when C'W = 18 and L = 20, the behaviors of CONWIP and WIPLCtrl
can also be understood by observing Figures 5.9 and 5.11. In Case 8, machine M, is the
bottleneck since it has a higher failure probability than machine Mj (ps = 0.05; p3 = 0.02).
Note that the probabilities of My and M3 to be repaired in a time unit are equal in this
case (ro = r3 = 0.2). If the line is controlled under CONWIP when CW = 18, the possible
buffer levels of both By and B; range from 0 to 18 as shown by curves “n-CONWIP” and
“ne-CONWIP” in Figure 5.11. However, with the impact of machine failure probabilities
(i.e. py and p3), the level of n; with the highest probability is 16, while the level of ns
with the highest probability is 1. As a result, according to Equation 5.30, n; = 13.22 and
ng = 3.98 as shown in Figure 5.9. Now the situation under WIPLCtrl when L = 20 is
considered. As Figure 5.11 shows, with the restriction of the reference WIPLOAD level,
the possible buffer level of B; ranges from 0 to 10 (curve “ny-WIPLCtrl”), and the highest
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probability is observed when n; = 8. But the buffer level of B, is not restricted since the
remaining processing times of the jobs in it are 1 time unit. The possible levels of ny range
from 0 to 20 (see curve “ny-WIPLCtrl” in Figure 5.11). Therefore, the achieved average
buffer levels under WIPLCtrl are n; = 6.90 and ny = 4.01 as shown in Figure 5.9. With a
much lower value of n; than CONWIP, WIPLCtrl leads to a 58% improvement in terms

of both the average system buffer level and average cycle time.
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Figure 5.11: Probability Distributions of n; and ny: Bottleneck at Front-End (Case 8:
CW =18; L = 20)

Similarly, the cases when the bottleneck is at the back-end of the transfer line can also
be analyzed, for example, Case 11 when CW = 18 and L = 20. The obtained average
values and the probability distributions of the buffer levels are depicted in Figures 5.9 and
5.12. The parameters of Ms and Mj3 in this case are p; = 0.02, p3 = 0.05, ro = 0.2, and
r3 = 0.2. Under this circumstance, the queueing time in B, is a major part of the cycle
time of a job. The average buffer levels are n; = 3.98, ny = 13.22 under CONWIP, and
ny = 2.31, no = 13.40 under WIPLCtrl. In this sense, although WIPLCtrl also restricts the
buffer level of By, this restriction cannot result in significant improvement on the system

performance since the impact of ny is much less than that of ny in this case.
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Figure 5.12: Probability Distributions of n; and ny: Bottleneck at Back-End (Case 11:
CW =18; L = 20)

5.5.3 Variability Caused by Machine Failure

In addition, the variability caused by machine failures can also be well understood

through this study.

1. Machine failure is a significant source of variability in a manufacturing system. Not
only is the performance of an isolated machine impacted by machine failure, they also
seriously influence the overall system performance measures including throughput

rate, mean and variance of cycle time.

2. Longer, less frequent machine failures bring much more variabilities into the system
than shorter, more frequent ones.
In Cases 1, 2 and 3, the availabilities of My and M3 are kept at around 90%. The
values of MTTF and MTTR are adjusted so that different frequencies and lengths
of machine failures are achieved. Among these three cases, Case 2 has the longest
MTTF and the longest MTTR, while Case 3 has the shortest MTTF as well as the
shortest MTTR. Figure 5.4(a) shows the obtained characteristic curves in Cases 1-3.

The system performance is degraded with the increase of MTTF and MTTR.

3. The variability caused by MTTR is more significant than that caused by MTTF.
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Machine availability is controlled in this study by adjusting machine failure frequency

(MTTF) and the length of machine breakdown time (MTTR). For example, the

machine availabilities of My and M3 are lowered down by decreasing MTTF in Cases

4 and 5, and by increasing MTTR in Cases 6 and 7. By comparing the results

of Cases 4 and 5 with that of Cases 6 and 7, it is indicated that the length of

machine down time (MTTR) impacts the system performance measures much more

significantly than the machine failure frequency (MTTF). Figure 5.4(b) illustrates

the characteristic curves obtained in Cases 4-7.

4. The type of the distribution used to describe the time-to-failure and time-to-repair

of machines impacts the system performance as well.

The distribution used to describe machine unreliability is the exponential distribution

in Cases 1-13, while it is a normal distribution in Cases 14-16. The values of MTTF

and MTTR in Cases 14-16 are the same as those in the balanced line Case 1. Three

levels of relative variation of machine unreliability are tested, which are 0.5, 1 and 2

respectively in Cases 14, 15 and 16. The characteristic curves of Cases 14-16 shown in

Figure 5.6 indicate that system cycle time performance deteriorates with the increase

of relative variation of machine unreliability. By comparing the characteristic curve

of Case 15 (Figure 5.6) with that of Case 1 (Figure 5.4(a)), with the same level

of relative variation, a relatively better cycle time performance is achieved when a

normal distribution is used to describe the time-to-failure and time-to-repair of the

machines.

5.6 Summary

In this chapter, Markov process modeling methodology is adoped to study a transfer

line. The behavior of WIPLCtrl is tested and analyzed in comparison with CONWIP to

gain insight into the underlying characteristics of WIPLCtrl, and to understand when and

why the advantages of WIPLCtrl can be observed. To validate the results of the Markov

process model, the same transfer line is simulated. The simulation model is also used to

observe the standard deviation of cycle time, which cannot be obtained using any existing

analytical model. In the model considered in this Chapter, machine unreliability is the
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only stochastic factor in the system. Based on the experimental results of both the Markov
model and the simulation model, the variability caused by machine failure is also observed,

so that useful insights into the characteristics of a manufacturing system itself are obtained.
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Chapter 6

A Case Study

In the previous chapters, WIPLCtrl has been analyzed and evaluated in the Markov
process model of a transfer line system and the simulation models of a general manufac-
turing system and a simplified wafer fab, in which some distinguishing features of a typical
wafer fab are not considered. In this chapter, these assumptions are further relaxed to
study a real-life wafer fab of Chartered Semiconductor Manufacturing Limited (CSM).

The performance of WIPLCtrl is compared with that of CONWIP and Constant release.

6.1 Overview of the Manufacturing System of CSM

Chartered Semiconductor Manufacturing (CSM), founded in 1987 in Singapore, is one
of the world’s top three pure-play silicon foundries, providing advanced technology wafer
manufacturing services for the global semiconductor industry.

As a typical wafer fab, the manufacturing system studied in this chapter consists of
seven basic operations including cleaning, oxidation/diffusion, lithography, etch, ion im-
plant, thin film, and inspection. More than 500 machines are involved to complete the
operations; these machines are subject to scheduled maintenance as well as unpredictable
breakdowns.

The circuit is fabricated in layers, with each layer essentially requiring the above men-
tioned operations. Although each operation is repeatedly visited by a wafer lot, this does
not imply that the wafer goes through the same sequence of steps for fabrication of each

circuit layer; there are always variations. Meanwhile, multiple workstations are involved for
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each operation. Machines that do the same operations can be from different suppliers and,
therefore, are similar yet different. Visiting an operation area several times does not imply
that each step is done on the same set of machines since machines may be dedicated to
performing particular operations, and different visits may be restricted to different groups
of machines.

In addition to these complexities, the other challenge of controlling the wafer fab is the
issue of product mix. As a pure-play silicon foundry, tens or even hundreds of different part
types are simultaneously produced in a fab. Due to the oscillations of customer demands,
the proportion of the fabricated part types is constantly changing. These stochastic factors
make the scheduling issues particularly difficult in a wafer fab.

On the other hand, the highly automated Computer-Integrated-Manufacturing (CIM)
system is able to provide the necessary near real-time data to execute and adjust the short-

term release control. Figure 6.1 [36] illustrates the overall manufacturing control system

at CSM.
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Figure 6.1: Overview of the Manufacturing Control System of CSM [36]

The dynamic fab information is collected using the Manufacturing Execution System

(MES). The production control decisions including the fab wide scheduling decisions are
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implemented by the Material Control System (MCS) and the Advanced Material Handling
System (AMHS).

From the short-term production control perspective, the logic of a release control
methodology can be integrated in the Advanced Planning and Scheduling (APS) mod-
ule, which makes production control decisions based on the information from the higher
level system (Enterprise Resources Planning, ERP) and the shop floor information from

the MES. The overall framework can be described by Figure 6.2 [36].

Sales Order Sales Master Capacity Accounts General Human
Processing Forcasting Scheduling Planning Receivable Ledger Resource
Sales Material Reqt Inventory . Accounts
Analysis Planning Management AR ASEED Payable el
Purchasing Costing Billing
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QA Management Slippling)
WIPLCtrl Schedule Material Factpry Factory
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Dispatching Specification Management Movement Control
Cell Control Material SPC
‘ Control
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Figure 6.2: Integration of WIPLCtrl into the Manufacturing Control System [36]

6.2 Description of the Simulated Wafer Fab

The simulated wafer fab consists of 511 machines, which are grouped into 73 machine
families (workstations). A total of 34 products are processed, which belong to 7 product
categories. The software used to do the simulation is AutoSched?™™ AP. The simulation
model is built with the assistance of the engineers of CSM.

This model takes into account the following features of a typical wafer fab, which are

not considered in the models presented in the previous chapters:
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e Diverse equipment characteristics

The characteristics of the equipment used in semiconductor manufacturing vary

widely. For example, some workstations consist of batch processing machines, where

a number of lots are processed simultaneously as a batch. Usually the machines to

complete the operation of oxidation/diffusion are batch processing machines. The

minimum and the maximum batch size are set for each batch processing machine.

If the minimum batch size has been reached, a maximum wait time to reach the

maximum batch size is used to limit the waiting time of the machine. The employed

batch criterion is the same recipe name, which means the lots with the same recipe

name are authorized to be grouped into one batch. Note that a recipe is a codified

description of the ingredients, steps, and equipment operation involved in a particular

semiconductor operation.

e Detailed process steps of the part types

The operation step of each part type strictly follows its real-life process. The data

used to describe each step are collected from the real fab. The processes of the

considered product usually consist of 200 to 300 steps. The raw processing times

range from 198 to 395 hours. The time interval that a multi-capacity machine must

wait before processing a subsequent batch and the time interval that a machine must

wait before inducting a new piece for processing are modeled.

e Transportation time

In the simulation model, the workstations in the fab are located at 23 areas. The

transportation times between these areas are taken into account.

e Down time

Both preventive maintenance (PM) and unscheduled breakdowns are simulated.

There are five levels of scheduled maintenance for the workstations, specifically

weekly, monthly, quarterly, half-yearly, and yearly PM. The unpredictable break-

downs are assumed to be exponentially distributed with the mean values estimated

according to the historical data.

Additional assumptions are made:
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e The issue of operator availability is not considered.
e Job rework is not modeled.

e Machine set-up times are included in the processing times.

6.3 Model Verification and Validation

The computer program is checked and debugged carefully in developing the simulation
model. The technique of “trace” is used to verify the model. The operational events which
happen to the released lots are traced and compared with the intended schedule. Details
of performing a trace are described in Chapter 3 (Section 3.2.2).

The “correlated inspection approach” [94] is utilized to validate the model. As shown
in Figure 6.3, historical data from the actual fab are collected. The outputs of the actual

fab and the simulation model are compared for selected variables.

Historical Data Historical Data
From Fab From Fab
\ \
Actual System Simulation Model

A y

Output Data From Compare Model Output Data

Fab -t >

Figure 6.3: Correlated Inspection Based Validation

The observed system performance measures include the number of wafers completed
(FABOUT), the average cycle time and the 95 percentile cycle time. The 95 percentile cycle
time is a commonly used measure of cycle time spread in semiconductor manufacturing,
which is defined as the lowest cycle time for which 95% of the lots completed during a
specified period, for example, a month [145]. Table 6.1 shows the validation results of
the model. Products are categorized into four families. The performance measures for

each product family as well as the overall fab are observed. The simulation results are
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Table 6.1: Case Study Model Validation

Cycle Time (days) FABOUT
Product Average 95 Percentile (wafers)
Family  Actual Model e% Actual Model e% Actual  Model e%
1 23.9 18.9 -21% 28.9 30.8 7% 7536 7657 2%
2 7 13.1 87% 26 26.1 0% 2871 2915 2%
3 27.5 17.4 -37% 30.4 31.6 4% 1596 1407 -12%
4 26.6 22.2 -17% 37.9 37.7 -1% 2594 2305 -11%
Overall 24 18.6 -22% 30.7 31.7 3% 14597 14284 2%

e% = (Model Result/Actual Result — 1) x 100%

Overall: Overall Fab Performance

well-matched to the output of the actual fab in terms of the number of wafers completed
(FABOUT) and 95 percentile cycle time. However, the percentage difference (%) on the
average cycle time is relatively large probably because some parameters used in the model
are the approximations of the historical data. For example, when the unscheduled machine
breakdowns are simulated, instead of using the breakdown times actually happened in the
system, the MTTF and MTTR are set as exponential distributions with means estimated
according to the historical data. This kind of approximation is also used to simulate the
transportation times in the system. This simulation model is considered to be accurate
enough to be used to test and compare the relative behavior of different release control

methodologies.

6.4 Warm-Up Period

Since the simulation starts from zero WIP level, the beginning half a year (4320 hours)
is set to warm up the system. The approach to determine the length of warm-up period is
to observe the distribution of WIP and the distribution of cycle time according to Welch’s
procedure [163].

Figure 6.4 shows the WIP and cycle time distribution for one run under WIPLCtrl at
a relatively high throughput level. It is seen that the system settles into the steady state
after about 3000 hours. To give a sufficiently long time, the length of warm-up period is

set as 4320 hours.
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Figure 6.4: Determination of the Warm-Up Period for the CSM Model

6.5 Experiment Results

In this case study, two output levels are considered, which are referred to as low and
high output respectively. The simulation results are the average values of ten independent
replications. The simulation length for each run is three years (25920 hours), in which the
beginning half a year (4320 hours) is used as the warm-up period. Note that the wafer
start volumes and the outputs of the simulation model presented here are not the real
numbers used in CSM due to the confidentiality of data.

The evaluated release control methodologies include Constant release, CONWIP and
WIPLCtrl. The release methodology adopted by CSM is an approach similar to Constant
release. A certain number of new lots are released into the system every day, which are
generated by the higher level planning system according to the customer demand.

Table 6.2 shows the simulation results. These results indicate that the system per-
formance of the wafer fab can be significantly improved by an appropriate choice of the
release control methodology. WIPLCtrl outperforms Constant release as well as CONWIP
in terms of both the mean and the variance of cycle time for a given throughput. The
improvement of WIPLCtrl becomes more significant when the system is operating at a
relatively high output level. From the industrial practice point of view, this is an impor-
tant meritorious characteristic of WIPLCtrl since wafer fabs are usually expected to be
operating at a high output level so that the system capacity can be fully utilized.

Table 6.3 lists the percentage improvements of WIPLCtrl over Constant release and
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CONWITP on average cycle time and standard deviation of cycle time. These improvements
can also be understood as the improvements on throughput for a given cycle time level.
The advantage of WIPLCtrl could potentially lead to a considerable amount of increased
benefits due to the reduced costs and the increased revenue.

It should be clarified that the relative performance of a job release methodology is de-
pendent upon the system configuration in which it is tested. The improvement of WIPLCtrl
is observed in this case study based on the system factor setting considered. The signifi-
cance of WIPLCtrl may be different if some system factors are changed, for example, if a
completely different set of part types are produced. Therefore, the results obtained from

this case study should be used with caution.

Table 6.2: Case Study Simulation Results

Constant Release CONWIP WIPLCtrl
Output  Output CTAVG CTSTD Output CTAVG CTSTD Output CTAVG CTSTD
Level (lots) (hrs) (hrs) (lots) (hrs) (hrs) (lots) (hrs) (hrs)
Low 43282.7 431.72 122.95 43294.6 426.63 105.84 43296.9 408.60 98.49
(£7.06)  (£2.75) (£3.80)  (£1.02) (£1.02)  (40.64)
High 45530.1 687.40 211.09 45622.2 590.54 138.52 45625.4 543.18 123.66
(£34.37)  (£12.67) (£1.28)  (£1.17) (£1.80)  (+1.06)

Table 6.3: Percentage Improvements of WIPLCtrl in Case Study
Output  Percentage improvement of WIPLCtrl Over (%)

Level Constant Release CONWIP
CTAVG CTSTD CTAVG CTSTD

Low 5 20 4 7

High 21 41 8 11

Simulation results in Tables 6.2 and 6.3 are statistically analyzed. For example, the
percentage improvement of WIPLCtrl over Constant release on average cycle time with
a low output level is 5% as shown in Table 6.3. The significance of this improvement is
analyzed by calculating the ¢ statistic, and the results in Table 6.4 indicate the rejection
of the null hypothesis in this scenario with o = 0.05. Similarly, the results of statistical
hypothesis tests for other scenarios are included in Tables 6.4-6.5. These paired student’s
t-tests prove that the improvements of WIPLCtrl over Constant release and CONWIP in

this case study are statistically significant with a 95% confidence level.
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Table 6.4: Results of the Paired Student’s ¢-Test (I)

t-Test: Paired Two Sample for Means of CTAVG of WIPLCtrl vs CONST at a Low Output Level in Case Study
CTAVG(WIPLCtrl) CTAVG(CONST) CTAVG(WIPLCtrl)-CTAVG(CONST)

Mean 408.60 431.72 -23.13
Variance 10.40 498.44 413.60
Observations 10 10

Hypothesized Mean Difference 0

« 0.05

Degrees of Freedom 9

t statistic -3.595

P(T <t) one-tail 0.0029

t critical one-tail 1.833

P(T <t) two-tail 0.0058

t critical two-tail 2.262

t-Test: Paired Two Sample for Means of CTSTD of WIPLCtrl vs CONST at a Low Output Level in Case Study
CTSTD(WIPLCtrl) CTSTD(CONST) CTSTD(WIPLCtrl)-CTSTD(CONST)

Mean 98.49 122.95 -24.46
Variance 4.10 75.63 126.00
Observations 10 10

Hypothesized Mean Difference 0

«a 0.05

Degrees of Freedom 9

t statistic -6.891

P(T <t) one-tail 0.0000

t critical one-tail 1.833

P(T <t) two-tail 0.0001

t critical two-tail 2.262

t-Test: Paired Two Sample for Means of CTAVG of WIPLCtrl vs CONWIP at a Low Output Level in Case Study
CTAVG(WIPLCtrl) CTAVG(CONWIP) CTAVG(WIPLCtrl)-CTAVG(CONWIP)

Mean 408.60 426.63 -18.03
Variance 10.40 144.40 167.35
Observations 10 10

Hypothesized Mean Difference 0

«a 0.05

Degrees of Freedom 9

t statistic -4.407

P(T < t) one-tail 0.0009

t critical one-tail 1.833

P(T <t) two-tail 0.0017

t critical two-tail 2.262

t-Test: Paired Two Sample for Means of CTSTD of WIPLCtrl vs CONWIP at a Low Output Level in Case Study
CTSTD(WIPLCtrl) CTSTD(CONWIP) CTSTD(WIPLCtrl)-CTSTD(CONWIP)

Mean 98.49 105.84 -7.35
Variance 4.10 10.40 41.28
Observations 10 10

Hypothesized Mean Difference 0

@ 0.05

Degrees of Freedom 9

t statistic -3.617

P(T <t) one-tail 0.0028

t critical one-tail 1.833

P(T <t) two-tail 0.0056

t critical two-tail 2.262

CTAVG: Average Cycle Time; CTSTD: Standard Deviation of Cycle Time
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Table 6.5: Results of the Paired Student’s ¢-Test (II)

t-Test: Paired Two Sample for Means of CTAVG of WIPLCtrl vs CONST at a High Output Level in Case Study

CTAVG(WIPLCtrl) CTAVG(CONST) CTAVG(WIPLCtrl)-CTAVG(CONST)
Mean 543.18 687.40 -144.22
Variance 32.40 11811.34 15366.37
Observations 10 10
Hypothesized Mean Difference 0
« 0.05
Degrees of Freedom 9
t statistic -3.679
P(T <t) one-tail 0.0025
t critical one-tail 1.833
P(T <t) two-tail 0.0051
t critical two-tail 2.262

t-Test: Paired Two Sample for Means of CTSTD of WIPLCtrl vs CONST at a High Output Level in Case Study

CTSTD(WIPLCtrl) CTSTD(CONST) CTSTD(WIPLCtrl)-CTSTD(CONST)
Mean 123.66 211.09 -84.43
Variance 11.24 1604.80 7957.51
Observations 10 10
Hypothesized Mean Difference 0
«a 0.05
Degrees of Freedom 9
t statistic -3.099
P(T < t) one-tail 0.0064
t critical one-tail 1.833
P(T <t) two-tail 0.0127
t critical two-tail 2.262

t-Test: Paired Two Sample for Means of CTAVG of WIPLCtrl vs CONWIP at a High Output Level in Case Study

CTAVG(WIPLCtrl) CTAVG(CONWIP) CTAVG(WIPLCtrl)-CTAVG(CONWIP)
Mean 543.18 590.54 -47.36
Variance 32.40 16.38 30.36
Observations 10 10
Hypothesized Mean Difference 0
« 0.05
Degrees of Freedom 9
t statistic -27.180
P(T <t) one-tail 0.0000
t critical one-tail 1.833
P(T <t) two-tail 0.0000
t critical two-tail 2.262

t-Test: Paired Two Sample for Means of CTSTD of WIPLCtrl vs CONWIP at a High Output Level in Case Study

CTSTD(WIPLCtrl) CTSTD(CONWIP) CTSTD(WIPLCtrl)-CTSTD(CONWIP)
Mean 123.66 138.52 -14.86
Variance 11.24 13.69 18.50
Observations 10 10
Hypothesized Mean Difference 0
@ 0.05
Degrees of Freedom 9
t statistic -10.927
P(T <t) one-tail 0.0000
t critical one-tail 1.833
P(T <t) two-tail 0.0000
t critical two-tail 2.262

CTAVG: Average Cycle Time; CTSTD: Standard Deviation of Cycle Time
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6.6 Summary

In this chapter, the effect of WIPLCtrl is further evaluated using a simulation model of a
real-life wafer fab at Chartered Semiconductor Manufacturing Limited (CSM). WIPLCtrl
could be executed by integrating the logic into the Advanced Planning and Scheduling
(APS) system with the support of the data collected by Computer-Integrated Manufac-
turing (CIM) system. The simulation results of the full-fab model indicate that WIPLCtrl
can reliably improve the cycle time performance for a given throughput level in compari-
son with Constant release (CONST) and CONWIP. For example, in relation to CONST, a
similar methodology that used in reality, WIPLCtrl could lead to a 21% reduction on the
average cycle time and a 41% reduction on the standard deviation of cycle time for a rela-
tively high throughput level. These improvements could potentially result in considerable
increased profits because the capital investment and sales revenue are extremely large in

semiconductor manufacturing.
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Chapter 7

Conclusions

This chapter summarizes the conclusions, contributions as well as limitations of this
research. The possible extension directions of this research are proposed to provide per-

spectives on further study.

7.1 Summary of the Research

In this research, WIPLOAD is proposed as a new measure of the overall work quantity
on the shop floor. The corresponding release control methodology based on it, WIPLOAD
Control (WIPLCtrl), aiming to efficiently improve system performances in terms of average
cycle time, standard deviation of cycle time, and throughput, is tested in different system
configurations and proven to be very effective and robust to system variabilities.

The significant impact of the choice of release control methodology on manufacturing
system performance is justified by the constructed experiments. However, the relative
effects of the tested release control methodologies depend upon the system environmental
conditions such as system configuration, product mix, complexity of the process, level of
machine unreliability, and system congestion level. Hence care must be taken when trying
to make inferences from any concrete study about other manufacturing systems. However,
it can be safely concluded that the efficient release control can significantly improve the
system performance.

By taking into consideration the remaining processing times of the jobs in the sys-

tem, WIPLOAD can achieve effective response to system stochastic events. As a result,
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WIPLCtrl can compensate for more system disturbances and reduce the unexpected WIP

accumulation to some extent. In this research, the behavior of WIPLCtrl is analyzed using

the Markov process model of a transfer line system. For more complex job shop environ-

ments, two simulation studies are conducted for the further evaluation of WIPLCtrl on a

general manufacturing system and a simplified wafer fab, respectively. The assumptions

considered in the simulation studies are further relaxed when a case study is carried out

by simulating a real-life semiconductor wafer fab. The proposed job release methodology

appears to be efficient and reliable in improving system performance in the analytical and

simulation models tested in this thesis. The characteristics of WIPLCtrl can be summa-

rized as follows:

e WIPLOAD is a new measure of the work quantity on the shop floor, which takes into

account the location of jobs along a production line. It offers rapid response to the

stochastic events happening in the system, and as a result the system disturbances

can be compensated in time.

o WIPLCtrl offers more effective performance in terms of reducing the average cycle

time and the standard deviation of cycle time for a given throughput level in compari-

son with CONWIP and WR. For example, in a simplified wafer fab model, WIPLCtrl

reduces the average cycle time up to 47% and 22%, and reduces the standard de-

viation of cycle time up to 61% and 52% for a given throughput level, respectively

in relation to CONWIP and WR. These improvements can also be understood from

another aspect, that is, WIPLCtrl can increase the system throughput rate for a

given cycle time level.

e WIPLCtrl can be easily applied in a wide variety of manufacturing systems because

it possesses a simple logic and only one parameter (i.e. the reference WIPLOAD

level) needs to be prescribed.

e The performance of WIPLCtrl is robust to the increase in system variability caused

by stochastic events such as machine failures or processing time variabilities. This is a

meritorious feature of WIPLCtrl, as a manufacturing system is subject to continuous

change due to various stochastic factors. One of the major purposes of improving

production control is to enhance the capability to make an effective response to these
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stochastic factors. Therefore the responsiveness and robustness to system variabilities

is a significant criterion to evaluate a release control methodology.

e The advantage of WIPLCtrl is especially affirmative for a relatively balanced pro-
duction line, or for a system with a shifting bottleneck. For example, in the balanced
transfer line cases considered in Chapter 5, WIPLCtrl achieves consistent improve-
ments over CONWIP on both the average cycle time (up to 35%) and the standard
deviation of cycle time (up to 15%) for a given throughput level, especially when a
relatively high level of variability is introduced into the system. The performance
of WIPLCtrl in a system with a shifting bottleneck is illustrated by the simulation
study constructed in Chapter 4. When two part types with different processes are si-
multaneously produced in a nine-machine manufacturing system, WIPLCtrl greatly
reduces both the mean and the standard deviation of cycle time up to more than
100% for a given throughput level in comparison with CONWIP and WR2, which is

an extended version of WR for a two-bottleneck system.

WIPLCtrl is looked upon as an effective and reliable release control methodology for
semiconductor wafer fabs. First, WIPLCtrl can be easily implemented in a wafer fab en-
vironment; the data needed can be collected by the computer-integrated manufacturing
(CIM) system. Secondly, a typical semiconductor manufacturing system is extremely com-
plex and highly dynamic with the involvement of multiple product types with different
processes and hundreds of unreliable machines. Under this circumstance, a release control
methodology possessing reliable responsiveness and robustness to system disturbances such
as WIPLCtrl is preferable. Moreover, the product types present in a wafer fab greatly vary
with the oscillations of customer demand. Equipment if often out of service for scheduled
maintenance or unpredictable breakdowns. Therefore system bottleneck machine can ap-
pear at different places at different times, especially from the short-term production control
perspective. This practical issue constrains the implementation of the bottleneck-based re-
lease control methodologies such as WR because any mistake in identifying the bottleneck
equipment will significantly deteriorate the system performance. WIPLCtrl overcomes this
inherent limitation of WR by controlling the overall WIPLOAD level of the system. In the
case study carried out using the simulation model of a real-life wafer fab, relative to the

release methodology similar to that used in reality, WIPLCtrl can lead to a 21% reduction
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on the average cycle time and a 41% reduction on the standard deviation of cycle time for
a relatively high throughput level. These improvements can also be understood as the im-
provements on throughput rates for a given cycle time level. The advantage of WIPLCtrl
could potentially lead to a considerable amount of increased benefits due to the reduced
costs and the increased revenue, given the large capital investments and sales revenue of

semiconductor manufacturing.

7.2 Limitations of the Research

WIPLCtrl is a fundamental framework for closed-loop job release based on controlling
system WIPLOAD. The effect of WIPLCtrl is evaluated by observing the cycle time per-
formance under different throughput levels in different kinds of manufacturing systems.
The expected throughput levels are obtained by adjusting the reference WIPLOAD level.
However, from a practical perspective, it is a significant issue to identify an appropriate ref-
erence WIPLOAD level for a manufacturing system, which is not addressed in this research.
This issue can be investigated by characterizing the relationship between WIPLOAD and
other system performance measures, which can be viewed as another research topic worth a
systematical research methodology and an amount of experiments and theoretical analysis.
Therefore it is considered as a possible extension direction of this thesis.

To analyze the underlying characteristics of WIPLCtrl, a transfer line is modeled us-
ing a Markov process modeling methodology in Chapter 5, so that the improvements
of WIPLCtrl over CONWIP in transfer line cases could be understood. For the more
complicated system environmental conditions, the primary focus is on the evaluation and
justification of the effect of WIPLCtrl. Further analysis should be carried out to explain
the observed improvements as a result of implementing WIPLCtrl.

This work has compared WIPLCtrl to CONWIP and Workload Regulating (WR) as
both CONWIP and WR are well-known and widely compared especially in semiconductor
manufacturing systems. However, many other job release approaches reported in the liter-
ature, summarized in Chapter 2, are not considered. An area for future work is to further
evaluate the performance of WIPLCtrl in comparison with other release methodologies,

especially some of the more sophisticated approaches, such as Dynamic Release Control
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Policy (DRCP) and Descending Control (DEC).

In addition, it is observed that the effect of WIPLCtrl is dependent upon the level of

system variability, the degree of system unbalance and the location of bottleneck worksta-

tion. A systematic and quantitative analysis regarding the impacts of these system factors

on the performance of WIPLCtrl could lead to further improvement and development of

the release methodology.

7.3 Possible Extensions

In general, this research has several possible extension directions as follows:

e From the practical perspective, the issue of characterizing the relationship between

WIPLOAD and other system performances including throughput and cycle time

for a specific manufacturing system should be further studied. This relationship

can improve the applicability of WIPLCtrl in real-life manufacturing environments.

Production managers can determine the reference WIPLOAD level based on the re-

lationship so that the system can be controlled to achieve an expected performance

level, such as a certain throughput rate. In other words, the system can be con-

trolled to operate on an intended point along the characteristic curve by adjusting

the reference WIPLOAD level.

e Job release manages the flow of jobs by means of three stages including job entry

phase, pre shop pool management phase, and job release phase. This research only

focuses on the job release phase, which determines if and at what time the jobs in

the pre shop pool should be released. The release decisions addressed in the other

two stages, such as prioritizing the jobs to be released, could be integrated into the

framework of WIPLCtrl to further increase its applicability. In this sense, some

other system performance measures, such as due-date performance, could be taken

into consideration.

e Besides job release control, there are other decision making processes in semiconduc-

tor manufacturing systems, such as dispatching rule and batching policy. The in-

teractions between WIPLCtrl with these control policies could be further evaluated.
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Appropriate dispatching rule and batching policy working together with WIPLCtrl

could be investigated.

e Based on the results of the Markov process model included in Chapter 5, it is observed

that the relative effect of WIPLCtrl in relation to CONWIP is dependent upon the

location of the bottleneck machine. This phenomenon indicates the possibility to

combine WIPLCtrl with another release methodology, for example, a bottleneck-

based release control policy. The combined methodology is potentially more robust

to changes in system configurations.

e The logic of WIPLCtrl could be extended as a production control methodology for

the system wide workstations instead of only controlling the release of jobs into the

system. For example, if a production line could be sub-divided into several stages,

each separated by critical control points, a target WIPLOAD level could be prescribed

for each stage. WIPLCtrl could be applied on each of these control points to restrict

the flow of jobs into the downstream stage. This could be viewed as a multi-stage

WIPLOAD control problem.
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Appendix A

Simulation Results

Tables A.1-A.6 show the detailed simulation results of the simplified wafer fab model

and the 9-machine model addressed in Chapter 3 and Chapter 4 of this thesis.

Table A.1: Simulation Results of the Simplified Wafer Fab Model: Case 1

Case 1: 1 part type; A=90%; deterministic processing times
Release Method Dispatching Rule  Normalized TH CTAVG =+ 1 std. error (hr) CTSTD =+ 1 std. error (hr)

CONST(0.885) FIFO 0.8494 11.75+0.11 4.85£0.04
CONST(0.845) FIFO 0.8992 14.03£0.13 5.46£0.05
CONST(0.790) FIFO 0.9532 18.96+0.15 6.02£0.07
CONST(0.770) FIFO 0.9785 24.0340.20 6.2640.09
CONST(0.750) FIFO 0.9985 60.03+0.41 11.26+0.12
PBB(26.50) FIFO 0.8516 24.4040.24 8.3140.08
PBB(29.15) FIFO 0.9001 27.44£0.21 8.99£0.08
PBB(32.30) FIFO 0.9521 31.684+0.28 9.3840.11
PBB(35.00) FIFO 0.9781 35.75+0.33 9.51£0.12
PBB(40.00) FIFO 1.0000 44.2640.48 9.134+0.10
CONWIP(41.2) FIFO 0.8520 10.44£0.10 2.60£0.02
CONWIP(53.0) FIFO 0.9015 12.87£0.11 2.73£0.02
CONWIP(77.0) FIFO 0.9513 18.15+0.18 2.87+0.02
CONWIP(108.0) FIFO 0.9785 25.034+0.19 3.2640.03
CONWIP(175.0) FIFO 0.9989 40.34+0.48 3.80£0.04
WR(11.45) FIFO 0.8517 12.14+0.08 4.67£0.03
WR(12.80) FIFO 0.9007 14.2240.12 4.9740.03
WR(15.55) FIFO 0.9513 18.85+0.16 5.21£0.05
WR(18.30) FIFO 0.9789 23.6540.28 5.33+0.05
WR(24.00) FIFO 0.9996 33.75+0.51 5.61£0.05
WIPLCtrl(19.0) FIFO 0.8501 9.4140.07 2.34+£0.01
WIPLCtrl(24.0) FIFO 0.9015 11.53+0.09 2.38+0.01
WIPLCtrl(33.1) FIFO 0.9536 15.55+0.10 2.55£0.02
WIPLCtrl(42.0) FIFO 0.9781 19.63£0.17 2.71£0.02
WIPLCtrl(70.0) FIFO 0.9977 33.084+0.43 3.1040.02

A: Machine availability

TH: Throughput

CTAVG: Average cycle time

CTSTD: Standard deviation of cycle time

FIFO: First-in-first-out

CONST(*): Constant release with a release time interval of * minutes

PBB(*): Path Based Bottleneck release with a maximum load of * minutes for each machine
CONWIP(*): CONWIP release with a reference system WIP level of * minutes

WR(*): Workload Regulating release with a reference workload of * minutes for the bottleneck
WIPLCtrl(*): WIPLOAD Control release with a reference system WIPLOAD level of * minutes

170



ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

Table A.2: Simulation Results of the Simplified Wafer Fab Model: Cases 2 & 3

Case 2: 2 part types; A=90%; deterministic processing times

Release Method Dispatching Rule  Normalized TH CTAVG = 1 std. error (hr) CTSTD =+ 1 std. error (hr)

CONST(1.19) FIFO 0.8491 25.70+0.23 15.85+0.19
CONST(1.08) FIFO 0.9026 44.3940.71 29.97+0.44
CONST(0.99) FIFO 0.9500 98.1941.57 51.89+1.08
CONST(0.89) FIFO 0.9793 138.19£1.79 76.89£1.99
CONST(0.80) FIFO 0.9985 198.1942.37 111.8942.01
PBB(27.8) FIFO 0.8501 31.0940.37 8.67+0.09
PBB(33.0) FIFO 0.9006 37.714+0.37 10.10£0.17
PBB(46.8) FIFO 0.9520 56.5240.62 16.70+0.16
PBB(58.0) FIFO 0.9793 72.2740.70 20.86+0.20
PBB(82.0) FIFO 0.9985 108.06£1.29 31.68+0.50
CONWIP(64) FIFO 0.8696 17.33£0.16 4.34+0.03
CONWIP(90) FIFO 0.9031 22.8340.20 5.2240.03
CONWIP(220) FIFO 0.9525 51.08+0.51 13.43£0.16
CONWIP(400) FIFO 0.9803 89.05+1.06 25.3840.50
CONWIP(600) FIFO 0.9990 129.6441.27 40.0440.60
WR(8.5) FIFO 0.8491 14.90+£0.11 4.2940.03
WR(11.5) FIFO 0.9026 20.53+0.16 4.92+0.04
WR(23.0) FIFO 0.9525 43.09+0.31 9.56+0.09
WR(30.0) FIFO 0.9788 57.52+0.53 14.2440.14
WR(40.0) FIFO 1.0000 78.7240.94 22.6940.25
WIPLCtrl(32.5) FIFO 0.9496 15.78+0.11 3.28+0.02
WIPLCtrl(46.8) FIFO 0.9041 21.434+0.15 3.8540.03
WIPLCtr](86.0) FIFO 0.9510 37.79£0.37 7.541+0.06
WIPLCtrl(110.0) FIFO 0.9798 47.371+0.47 10.01£0.07
WIPLCtrl(170.0) FIFO 0.9995 72.2940.64 17.91+0.17

Case 3: 5 part types; A=90%; deterministic processing times

Release Method Dispatching Rule  Normalized TH CTAVG =+ 1 std. error (hr) CTSTD =+ 1 std. error (hr)

CONST(1.14) FIFO 0.8486 30.5940.26 13.67+0.09
CONST(1.06) FIFO 0.9032 49.431+0.43 23.8440.18
CONST(1.02) FIFO 0.9448 59.9240.50 27.01£0.23
CONST(0.99) FIFO 0.9753 77.86+0.77 30.154+0.27
CONST(0.92) FIFO 0.9976 135.0841.28 48.87+0.53
PBB(32.2) FIFO 0.8534 38.8340.30 9.78+0.05
PBB(40.0) FIFO 0.9008 49.18+0.37 11.57+0.07
PBB(46.6) FIFO 0.9478 57.471+0.46 11.9240.08
PBB(60.0) FIFO 0.9787 75.46£0.71 16.19+0.14
PBB(70.0) FIFO 0.9981 88.62+1.32 18.23£0.18
CONWIP(100) FIFO 0.8495 24.424+0.15 5.2440.03
CONWIP(155) FIFO 0.8999 34.9540.24 8.57+0.06
CONWIP(250) FIFO 0.9473 53.9240.42 12.3840.09
CONWIP(350) FIFO 0.9768 72.5340.64 15.95+0.14
CONWIP(480) FIFO 1.0000 97.104£0.95 22.09£0.21
WR(6.5) FIFO 0.8481 20.37£0.14 6.31£0.03
WR(11.5) FIFO 0.9008 31.2240.20 10.53£0.06
WR(16.2) FIFO 0.9473 42.914+0.34 13.7240.10
WR(25.5) FIFO 0.9775 62.024+0.55 15.95+0.14
WR(30.0) FIFO 0.9971 72.534+0.71 18.03£0.16
WIPLCtrl(45.5) FIFO 0.8495 19.86£0.11 4.1040.03
WIPLCtrl(70.0) FIFO 0.9023 29.01£0.20 5.44+0.04
WIPLCtrl(102.0) FIFO 0.9444 40.81+0.31 7.57+0.06
WIPLCtrl(165.0) FIFO 0.9734 62.81+0.48 11.24+0.09
WIPLCtrl(198.0) FIFO 0.9927 74.0340.88 13.57+0.13

A: Machine availability

TH: Throughput

CTAVG: Average cycle time

CTSTD: Standard deviation of cycle time

FIFO: First-in-first-out

CONST(*): Constant release with a release time interval of * minutes

PBB(*): Path Based Bottleneck release with a maximum load of * minutes for each machine
CONWIP(*): CONWIP release with a reference system WIP level of * minutes

WR(*): Workload Regulating release with a reference workload of * minutes for the bottleneck
WIPLCtrl(*): WIPLOAD Control release with a reference system WIPLOAD level of * minutes
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Table A.3: Simulation Results of the Simplified Wafer Fab Model: Case 4 (I)

Case 4: 5 part types; A=80%; deterministic processing times

Release Method Dispatching Rule  Normalized TH CTAVG =+ 1 std. error (hr) CTSTD =+ 1 std. error (hr)

CONST(1.275) FIFO 0.8504 72.1510.62 22.34+0.19
CONST(1.180) FIFO 0.9025 100.78-0.89 32.9740.26
CONST(1.105) FIFO 0.9474 140.44+1.34 41.9040.39
CONST(1.030) FIFO 0.9723 217.2842.15 74.8540.74
CONST(0.990) FIFO 0.9961 310.034+4.65 104.2241.25
PBB(47.0) FIFO 0.8482 77.850.61 19.314£0.13
PBB(60.0) FIFO 0.9014 98.57+0.85 24.23+0.18
PBB(74.5) FIFO 0.9485 117.9841.09 25.7740.22
PBB(90.0) FIFO 0.9789 143.78+1.58 32.8740.32
PBB(101.0) FIFO 1.0000 162.65+2.76 36.7540.42
CONWIP(285) FIFO 0.8499 80.48+0.61 18.7240.14
CONWIP(390) FIFO 0.8997 100.7620.89 25.5340.21
CONWTIP(495) FIFO 0.9468 120.124+1.05 26.660.23
CONWIP(640) FIFO 0.9745 150.87+1.28 36.4840.32
CONWIP(850) FIFO 0.9934 193.7741.74 43.4240.42
WR(21.0) FIFO 0.8504 67.8140.60 19.080.17
WR(28.0) FIFO 0.8997 87.1240.75 25.3540.24
WR(36.2) FIFO 0.9479 110.2120.99 29.9240.26
WR(52.0) FIFO 0.9762 149.80+1.18 36.51-£0.34
WR(60.0) FIFO 0.9961 172.67+1.69 42.314£0.72
WIPLCtrl(135.0) FIFO 0.8482 68.66+0.54 14.99+0.12
WIPLCtrl(169.9) FIFO 0.8981 81.3040.70 16.62+0.11
WIPLCtrl(220.0) FIFO 0.9474 100.74-0.78 21.0940.19
WIPLCtrl(306.0) FIFO 0.9789 134.23+1.31 26.8540.37
WIPLCtr1(350.0) FIFO 0.9972 151.09+1.35 30.8340.30
CONST(1.28) EST 0.8476 81.06£0.72 14.7340.11
CONST(1.16) EST 0.8975 120.74+1.05 30.0740.25
CONST(1.10) EST 0.9496 150.01£1.35 34.0940.30
CONST(1.04) EST 0.9740 175.00+1.55 48.5640.44
CONST(0.97) EST 0.9956 237.7843.32 76.7041.22
PBB(58.5) EST 0.8521 86.6140.62 13.97+0.11
PBB(75.0) EST 0.8997 110.3440.95 15.9140.12
PBB(101.0) EST 0.9524 150.01+1.27 17.01£0.13
PBB(130.0) EST 0.9734 178.01+1.60 20.01+0.19
PBB(148.0) EST 0.9967 203.5542.56 20.3240.19
CONWIP(300) EST 0.8499 82.0040.56 12.54-£0.10
CONWIP(400) EST 0.8986 102.9740.58 13.89:£0.12
CONWIP(600) EST 0.9524 145.84+1.31 15.9240.13
CONWIP(720) EST 0.9756 171.7741.49 16.160.14
CONWIP(820) EST 0.9967 195.014+2.14 17.8540.17
WR(35.0) EST 0.8504 78.1940.68 14.72£0.13
WR(50.0) EST 0.9019 101.66-£0.91 18.84+0.18
WR(68.5) EST 0.9512 131.71£1.29 18.73+1.62
WR(85.0) EST 0.9734 154.2542.62 21.2640.21
WR(110.0) EST 0.9989 197.24+1.77 23.9940.43
WIPLCtrl(230) EST 0.8488 83.2340.56 11.82+40.08
WIPLCtrl(310) EST 0.9025 103.330.72 13.14:£0.11
WIPLCtrl(460) EST 0.9529 142.014+1.23 12.1840.11
WIPLCtrl(520) EST 0.9729 155.6141.24 12.480.08

A: Machine availability

TH: Throughput

CTAVG: Average cycle time

CTSTD: Standard deviation of cycle time

FIFO: First-in-first-out

EST: Earliest Start Time

CONST(*): Constant release with a release time interval of * minutes

PBB(*): Path Based Bottleneck release with a maximum load of * minutes for each machine
CONWIP(*): CONWIP release with a reference system WIP level of * minutes

WR(*): Workload Regulating release with a reference workload of * minutes for the bottleneck
WIPLCtrl(*): WIPLOAD Control release with a reference system WIPLOAD level of * minutes
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Table A.4: Simulation Results of the Simplified Wafer Fab Model: Cases 4 (II) and 5

Case 4: 5 part types; A=80%; deterministic processing times
Release Method — Dispatching Rule  Normalized TH ~ CTAVG =+ 1 std. error (hr) CTSTD =+ 1 std. error (hr)

CONST(1.280) SRPT 0.8510 66.88+0.56 32.8440.28
CONST(1.190) SRPT 0.9003 92.124+0.81 50.8240.34
CONST(1.130) SRPT 0.9479 107.98+0.91 61.67+0.55
CONST(1.085) SRPT 0.9723 129.4541.21 79.244+1.03
CONST(1.035) SRPT 0.9970 155.11£1.86 106.01£1.90
PBB(55.0) SRPT 0.8504 75.9540.56 34.35+0.27
PBB(68.8) SRPT 0.9025 90.41+0.71 44.314+0.39
PBB(95.0) SRPT 0.9568 121.2941.00 61.30+0.57
PBB(100.0) SRPT 0.9751 125.96£1.12 66.8940.59
PBB(135.5) SRPT 0.9983 166.95+1.65 95.26+0.94
CONWIP(282) SRPT 0.8493 73.254+0.55 30.6240.24
CONWIP(369) SRPT 0.8975 87.9540.60 46.45+0.38
CONWIP(480) SRPT 0.9535 107.7440.93 58.331+0.41
CONWIP(550) SRPT 0.9706 121.4141.03 64.531+0.63
CONWIP(750) SRPT 0.9972 160.24£1.42 91.23+0.83
WR(33) SRPT 0.8488 72.08£0.56 31.9240.27
WR(45) SRPT 0.9030 88.214+0.67 43.9440.39
WR(60) SRPT 0.9546 108.04£0.86 57.59£0.43
WR(80) SRPT 0.9734 133.7841.20 78.7940.70
WR(100) SRPT 0.9967 162.1141.60 94.73+1.04
WIPLCtrl(200) SRPT 0.8488 71.154+0.35 30.86+0.27
WIPLCtrl(285) SRPT 0.9008 91.48+0.64 45.5940.31
WIPLCtrl(380) SRPT 0.9557 112.4240.85 61.1840.48
WIPLCtrl(435) SRPT 0.9740 124.00£1.05 72.29£0.86
WIPLCtrl(580) SRPT 0.9928 157.8941.42 91.9340.82

Case 5: 5 part types; A=80%; uniformly distributed processing times
Release Method  Dispatching Rule  Normalized TH ~ CTAVG = 1 std. error (hr) CTSTD =+ 1 std. error (hr)

CONST(1.31) FIFO 0.8587 72.9140.80 26.124+0.25
CONST(2.13) FIFO 0.9038 90.06+0.99 31.66+0.31
CONST(1.15) FIFO 0.9516 131.9041.29 41.4140.40
CONST(1.08) FIFO 0.9802 186.01£2.41 51.01£0.56
CONST(1.00) FIFO 0.9989 260.93+5.21 65.65+1.11
PBB(48.5) FIFO 0.8609 80.01+0.96 18.77£0.18
PBB(62.0) FIFO 0.9043 102.2541.32 24.434+0.41
PBB(82.0) FIFO 0.9505 137.17£1.78 33.2240.66
PBB(91.7) FIFO 0.9808 152.4641.37 35.36+0.74
PBB(99.0) FIFO 1.0000 185.00£2.96 41.05+0.94
CONWIP(317) FIFO 0.8576 84.21+0.73 21.33£0.20
CONWIP(380) FIFO 0.9043 96.3640.94 23.954+0.21
CONWIP(568) FIFO 0.9494 137.4042.33 34.5240.55
CONWIP(610) FIFO 0.9780 145.4242.03 38.60+0.81
CONWIP(800) FIFO 1.0000 181.08+4.16 47.23+1.18
WR(21) FIFO 0.8582 73.104+0.65 24.16+0.21
WR(30) FIFO 0.9049 99.554+0.98 28.54+0.27
WR(37) FIFO 0.9505 119.8441.79 31.184+0.24
WR(42) FIFO 0.9830 132.3242.77 37.60+0.60
WR(51) FIFO 1.0000 157.9342.82 41.9240.75
WIPLCtrl(150) FIFO 0.8576 74.08£0.58 16.36+0.14
WIPLCtrl(195) FIFO 0.9049 93.65+0.91 21.0340.20
WIPLCtrl(260) FIFO 0.9522 109.01£1.07 26.78+0.34
WIPLCtrl(278) FIFO 0.9830 120.0041.20 28.86+0.69
WIPLCtrl(290) FIFO 0.9978 130.41£1.27 30.70£0.49

A: Machine availability

TH: Throughput

CTAVG: Average cycle time

CTSTD: Standard deviation of cycle time

FIFO: First-in-first-out

SRPT: Shortest remaining processing time

CONST(*): Constant release with a release time interval of * minutes

PBB(*): Path Based Bottleneck release with a maximum load of * minutes for each machine
CONWIP(*): CONWIP release with a reference system WIP level of * minutes

WR(*): Workload Regulating release with a reference workload of * minutes for the bottleneck
WIPLCtrl(*): WIPLOAD Control release with a reference system WIPLOAD level of * minutes
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Table A.5: Simulation Results of the 9-Machine Model: Cases 1-3

Case 1: 1 part type; tandem line

Release Method  Dispatching Rule  Normalized TH ~ CTAVG =+ 1 std. error (min) CTSTD =+ 1 std. error (min)

CONWIP(30) FIFO 0.7044 283.86+1.23 157.11£2.33
CONWIP(54) FIFO 0.8128 442.35£3.06 175.334+2.22
CONWIP(115) FIFO 0.9349 818.47+5.27 212.55+5.16
CONWIP(155) FIFO 0.9679 1065.98+5.77 232.03+8.30
WR(6) FIFO 0.7043 251.18+4.13 178.744+4.21
WR(18) FIFO 0.8117 385.82+5.43 201.79+5.18
WR(52) FIFO 0.9321 689.18+8.87 232.224+7.42
WR(85) FIFO 0.9690 943.38+9.85 248.07+7.56
WIPLCtrl(430) FIFO 0.7027 236.48+1.67 132.2242.47
WIPLCtrl(870) FIFO 0.8105 368.04+4.11 150.18£3.62
WIPLCtrl(2090) FIFO 0.9321 681.35+6.56 181.3346.87
WIPLCtrl(2980) FIFO 0.9669 903.29+7.28 199.4047.91

Case 2: 1 part type; tandem line; high machine failure rate

Release Method Dispatching Rule

Normalized TH ~ CTAVG =+ 1 std. error (min)

CTSTD =+ 1 std. error (min)

CONWIP(70) FIFO 0.7457 747.78+4.46 279.46+2.54
CONWIP(119) FIFO 0.8766 1082.1446.18 313.99+4.9
CONWIP(168) FIFO 0.9375 1416.8447.28 348.79+7.44
CONWIP(200) FIFO 0.9682 1633.51+8.81 369.61£8.50
WR(27) FIFO 0.7440 657.16+£4.28 269.79+4.93
WR(55) FIFO 0.8772 994.29+5.38 326.03£4.88
WR(80) FIFO 0.9369 1263.34+8.18 366.71£7.71
WR(120) FIFO 0.9696 1458.36+9.60 387.43£8.21
WIPLCtrl(1200) FIFO 0.7440 618.90+3.57 226.45+2.82
WIPLCtrl(2300) FIFO 0.8772 944.54+4.90 256.00+3.95
WIPLCtrl(3200) FIFO 0.9364 1207.89+7.88 289.36+6.34
WIPLCtrl(4000) FIFO 0.9701 1435.6449.01 312.65£8.20

Case 3: 1 part type; reentrant process

Release Method Dispatching Rule

Normalized TH ~ CTAVG =+ 1 std. error (min)

CTSTD =+ 1 std. error (min)

CONWIP(17) FIFO 0.6006 241.06+2.99 169.73£4.68
CONWIP(41) FIFO 0.7549 461.86£5.10 220.22+4.98
CONWIP(96) FIFO 0.9044 900.94+£7.95 356.78+9.78
CONWIP(150) FIFO 0.9635 1323.28+8.68 356.78+9.78
WR(6) FIFO 0.6023 193.51£3.23 174.05+£4.84
WR(22) FIFO 0.7545 326.49+4.66 211.41+6.54
WR(70) FIFO 0.9003 609.00+7.42 253.36+8.42
WR(140) FIFO 0.9700 955.14+9.03 273.84+9.68
WIPLCtrl(215) FIFO 0.6067 187.0442.04 136.334+4.35
WIPLCtrl(590) FIFO 0.7598 345.79+£2.95 172.734+5.28
WIPLCtrl(1480) FIFO 0.9014 646.10+£6.20 221.33+6.70
WIPLCtrl(2500) FIFO 0.9654 955.16£8.50 252.17+9.16

TH: Throughput

CTAVG: Average cycle time
CTSTD: Standard deviation of cycle time

FIFO: First-in-first-out

CONWIP(*): CONWIP release with a reference system WIP level of * minutes
WR(*): Workload Regulating release with a reference workload of * minutes for the bottleneck
WIPLCtrl(*): WIPLOAD Control release with a reference system WIPLOAD level of * minutes
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Table A.6: Simulation Results of the 9-Machine Model: Cases 4 & 5

Case 4: 2 part type; reentrant process

CTAVG CTSTD

Release Method  Dispatching Rule  Normalized TH =+ 1 std. error (min) =+ 1 std. error (min)
CONWIP(32) FIFO 0.6266 388.244+4.75 195.55+5.31
CONWIP(66) FIFO 0.7523 665.76£5.74 244.79+£8.06
CONWIP(200) FIFO 0.9015 1684.844+9.23 466.84+12.4
CONWIP(330) FIFO 0.9611 2610.69£20.42 673.36£14.25
WR2(18) FIFO 0.6282 291.57+4.85 196.46£5.01
WR2(54) FIFO 0.7480 555.39+5.70 247.65+6.25
WR2(200) FIFO 0.9018 1567.75+9.42 565.55+11.68
WR2(400) FIFO 0.9702 2658.30£20.45 1048.29+25.88
WIPLCtrl(500) FIFO 0.6245 270.79+£2.77 156.7944.46
WIPLCtrl(1000) FIFO 0.7573 457.24+4.45 191.03£5.07
WIPLCtrl(2240) FIFO 0.9049 876.82+7.88 259.21+7.88
WIPLCtrl(3500) FIFO 0.9678 1271.02410.92 325.13£10.74

Case 5: 5 part types
CONWIP(34) FIFO 0.6206 343.72+4.64 183.29£5.24
CONWIP(66) FIFO 0.7371 560.98+5.42 242.0945.17
CONWIP(120) FIFO 0.8363 899.52+7.62 355.98+7.37
CONWIP(340) FIFO 0.9698 2206.82£13.83 857.86+£15.34
WIPLCtrl(500) FIFO 0.6236 244.67+3.17 146.82+4.03
WIPLCtrl(940) FIFO 0.7355 394.00+4.45 186.8646.05
WIPLCtrl(1600) FIFO 0.8361 585.424+5.90 238.73+8.30
WIPLCtrl(2550) FIFO 0.9188 851.27+7.46 318.52+6.26
WIPLCtrl(3500) FIFO 0.9700 1109.15+9.44 390.30+£8.30

TH: Throughput

CTAVG: Average cycle time

CTSTD: Standard deviation of cycle time
FIFO: First-in-first-out
CONWIP(*): CONWIP release with a reference system WIP level of * minutes

WR2(*): Workload Regulating release with a reference workload of * minutes for each of the two bottlenecks
WIPLCtrl(*): WIPLOAD Control release with a reference system WIPLOAD level of * minutes
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