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This paper evaluates dispatching rules and order release policies in two wafer
fabrication facilities (thereafter referred to as ‘fab’) representing ASIC (applica-
tion specific integrated circuit) and low-mix high-volume production. Order
release policies were fixed-interval (push) release, and constant work-in-process
(CONWIP) (pull) policy. Following rigorous fab modelling and statistical
analysis, new composite dispatching rules were found to be robust for average
and variance of flow time, as well as due-date adherence measures, in both
production modes.

Keywords: Scheduling; Simulation; Dispatching rules; Semiconductor
manufacturing

1. Introduction

The success of a semiconductor manufacturer is determined by its ability to provide
the quantity and quality demanded by customers in an extremely competitive
environment. Although changes in technology such as larger wafer sizes and smaller
chips have enhanced productivity, the highly complex nature of semiconductor
manufacturing, if not managed properly, can result in high levels of work-in-process
(WIP), long flow (cycle) times, and poor due-date performance. The concept of shop
floor control addresses these issues by implementing strategies with the goal of
maximising fab productivity, as defined by faster flow times, lower WIP levels, and
better due date adherence.

This paper addresses two main aspects of shop floor control: dispatching rules
and lot release strategies. The goals of this study are to:

(a) Identify current benchmark and high-claim dispatching rules and commonly
used lot release strategies from the literature.

(b) Develop new composite dispatching rules.
(c) Conduct a rigorous experimental performance evaluation using simulation to

quantitatively compare the effect of the combination of dispatching rules and lot
release strategies on key fab performance measures.
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(d) Identify robust combinations of the shop floor control strategies in ASIC (make-
to-order) and low-mix high-volume (make-to-stock) fabs.

The rest of the paper is organised as follows. Section 2 sets the background for

shop floor control strategies. Section 3 summarises previous studies involving
dispatching rules and lot release strategies. The experimental performance evaluation

and the results are presented in sections 4 and 5, respectively. Finally, the conclusions
of this research are presented in section 6. A list of helpful acronyms is initially
provided in table 1.

2. Background

2.1 Scheduling vs dynamic shop floor control

It is crucial to initially make a broad distinction between scheduling in its traditional
(and mostly-static) sense, and the narrower area of dynamic shop floor control.

Table 1. List of acronyms.

Abbreviation Description

AT Arrival Time (Shop Floor)
ATStep Arrival Time (Processing Step)
ASIC Application Specific Integrated Circuit
CI Confidence Interval
CONWIP CONstant Work IN Process
CR Critical Ratio
DR Dispatching Rule
EDD Earliest Due Date
ESD Earliest Start Date
FCFS First Come First Serve
HXF Highest X Factor
LWNQ Least Work in Next Queue
MBS Minimum Batch Size
MCP Mean Comparison Procedure
MCT Mean Conditional Tardiness
MFT Mean Flow Time
MRP Material Requirements Planning
MRP II Manufacturing Resources Planning
NP Number of Products
OR Order Release
PT Processing Time
RPT Remaining Processing Time
RR Raghu & Rajendran’s (Dispatching Rule)
SDFT Standard Deviation of Flow Time
SPT Shortest Processing Time
SRPT Shortest Remaining Processing Time
TIS Time in the System
WINQ Work in Next Queue
WIP Work in Process
Wt Weighted
XF X Factor (or ‘multiplier of theoretical processing time’)

3802 N. Bahaji and M. E. Kuhl
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Scheduling is concerned with ‘the allocation of resources over time to perform
tasks’ (MacCarthy and Liu 1993). Its approach is to determine well in advance
the exact sequencing and timing of job-starts. Typically, while key decision
variables such as demand patterns and manufacturing lead times are kept static in
the planning horizon, a fixed number of n jobs are to be processed by m machines;
given a set of constraints, and with the goal of optimising a certain performance
measure.

In contrast, dynamic shop floor control, with its two components of input
regulation and dispatching, mostly relies on heuristics in order to decide ‘how much
material to start into the facility, and how to control the material once started’
(Uzsoy et al. 1992). Static scheduling approaches are thus more appropriate for
setting long-term aggregate goals, rather than the ongoing hourly challenges of shop
floor control. Finally, since many of the mathematical programming methods
associated with scheduling are inefficient for the combined computational complex-
ity of the performance measures and system variables of semiconductor manufactur-
ing, discrete event simulation is useful in evaluating the merit of dynamic shop floor
strategies.

2.2 Fab performance measures

Wafer fabrication is characterised by unreliable tools, re-entrant WIP flow, shifting
bottlenecks, mixed batching modes, sequence-dependent set-ups, variable flow times,
and a mix of flow-line and job-shop aspects (Bahaji 2000, Fowler et al. 2002).
Figure 1 illustrates the two major classes of fab performance measures at stake. Job-
oriented measures such as tardiness are due-date dependent, while shop-oriented
ones like flow time (W), also known as cycle time, WIP level (L), and throughput rate
(�) are interrelated via Little’s law (Little 1961): L¼ �W.

Given that � is either the input or bottleneck rate, flow time is proportional to
WIP. WIP not only balances the benefits of buffering with inventory costs, risks of
congestion, late deliveries, and product obsolescence (Graves and Milne 1997); it is
also key for market responsiveness, and for reducing yield loss due to particle
exposure. Further, in the fab context, contrary to typical job-shop scheduling, due-
date based measures such as tardiness, are secondary to Little’s law system-oriented
ones, especially flow time and WIP level. In fact ‘98% cycle time’, which is
semiconductor industry jargon for a performance measure defined as the mean plus

Figure 1. Major classes of performance measures.

Multi-objective scheduling in semiconductor fabs 3803



D
ow

nl
oa

de
d 

B
y:

 [B
ah

aj
i, 

N
iz

ar
] A

t: 
10

:4
6 

10
 J

ul
y 

20
08

 

three standard deviations of flow time, is used as an alternative predictor of due-date
adherence (Sandell and Srinivasan 1996). Note that ‘98% cycle time’ should not be
confused with the 98th percentile of flow time.

2.3 Dynamic shop floor control

2.3.1 Input regulation. Whether of the ‘push’ or ‘pull’ type, input regulation
(also called order release control; see Fowler et al. 2002 for a survey) or targets
‘shorter, more reliable flow times by releasing work to the shop in a controlled
manner’ (Uzsoy et al. 1994). Material requirements planning (MRP) and
manufacturing resources planning (MRP II) illustrate push policies; where lots are
released in fixed intervals, based on static demand and lead time estimates;
and regardless of floor congestion (Gstettner and Kuhn 1996). Pull strategies,
however, stress swift market response without excess inventory (Hopp and Spearman
1996), i.e. WIP is fixed by timing job starts with job completions. WIP can be set to a
constant level at every processing stage (kanban systems), over the entire
fab (CONWIP of Spearman et al. 1990), or up to the bottleneck machine
(Goldratt and Fox 1986).

2.3.2 Dispatching. Dispatching rules dynamically rank queues by computing lot
priority indices (Bhaskaran and Pinedo 1992). Rule effectiveness depends on the
performance measure at stake, shop-load level, and due-date tightness (Kutanoglu
and Sabuncuoglu 1999). Dispatching rules use lot and system attributes such as:
arrival time, due date, processing time(s), queue length(s), work content, and setup
time. Dispatching rule classification schemes are shown in figure 2. For example,
‘simple dispatching rules’ use one attribute; while ‘composite dispatching rules’ use
the attributes’ ratios, exponentiation, truncation, or conditional combinations.
FCFS (first come first serve) is a simple rule based on arrival time. ‘Scaling
parameters’ can also be used to weigh multiple objectives.

A review of key composite rule building blocks of processing time, arrival time,
and due date is presented next. Processing time (PT) information targets mean flow
time and throughput rate; but can also perform well for due-date measures, under
heavy traffic and tight due-dates (Blackstone et al. 1982, Bhaskaran and
Pinedo 1992, Raghu and Rajendran 1993, Kutanoglu and Sabuncuoglu 1999,

Figure 2. Four different schemes of classifying dispatching rules.

3804 N. Bahaji and M. E. Kuhl
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Rajendran and Holthaus 1999). Either the immediate or total remaining processing
times can be used respectively in SPT (shortest processing time) and SRPT (shortest
remaining processing time) rules, respectively. PT-based rules however, marginalise
longer-processing products. Completed processing time is used in the multiplier of

theoretical flow time rule, or X factor (XF) (Fowler et al. 1997), and describes
accrued flow time as a multiple of its theoretical processing (non-queue) time. Arrival
time (AT) refers to initial lot release time, while (ATStep) is the arrival time at a
processing step. Time in the system (TIS), uses the dispatching decision time minus
arrival time. Both AT and TIS reduce flow time variance (Holthaus and Rajendran
1997, Holthaus 1999). Work in the next queue (WINQ) adds all the lots’ processing
times in a given queue. It diverts WIP away from congested queues (Holthaus and
Rajendran 1997 and Holthaus 1999). Finally, due-date attribute use, does

not necessarily improve due-date adherence, and may hinder the all-important
flow time and system throughput measures of the semiconductor context (Wein and
Chevalier 1992).

3. Previous comparative studies

An in-depth review of flow control simulation studies is found in Bahaji (2000).
Table 2 compares representative past works modelling the re-entrant flow common
in semiconductor fabrication. In general, researchers have concluded that ‘a
significant amount of research remains to be done in measuring the effectiveness
of dispatching rules’ (Bhaskaran and Pinedo 1992) and that ‘comprehensive testing
of the previously developed [flow control] approaches in realistic settings’ was needed

(Fowler et al. 2002). Uzsoy et al. (1994) and Cigolini et al. (1998) also found that
‘contradictory’ results were common.

When looking at table 2, there are three aspects to keep in mind in order
to appreciate the effort put forth in this study. The first is the test bed model
used, and how it mirrors the complexity of actual semiconductor fabrication
in terms of including factors such as re-entrant flow, batching, and set-up operations.
The second is the comprehensiveness of the recorded performance measures,
and the breath of the investigated independent design variables. Finally,
semiconductor fab flow studies can benefit from job-shop scheduling literature
findings. Consequently, this study compares some previous shop floor control

strategies in a realistic fab model, while infusing dispatching rule design ideas from
past job shop scheduling research. By reporting performance measures
beyond the average and variance flow time, the attempt was also to mirror
some trends of the job shop scheduling literature where due-date-based measures are
commonplace.

4. Design of experiments

The experimental environment is summarised in table 3. Ample detail for this
2� 2� 14 full factorial experiment is found in Bahaji (2000).

Multi-objective scheduling in semiconductor fabs 3805
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4.1 Experimental factors

4.1.1 Dispatching rules. Benchmark and past research priority indices are given
following figure 3, which lists the notation used in the expressions.

FCFSinj ¼ �inj ð1Þ

ESDin ¼ �in ð2Þ

EDDin ¼ din ð3Þ

LWNQinj ¼ !in ð jþ1Þ ð4Þ

CRinj ¼
din � tPmn

q¼j pnq
ð5Þ

Table 2. Fab modeling and recorded performance measures in selected past studies.

3806 N. Bahaji and M. E. Kuhl
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HXFinj ¼
1

ðt� �inÞ=
Pj

q¼1 pnq

� � ð6Þ

ðAT�RPTÞinj ¼ �in �
Xmn

q¼j

pnq ð7Þ

ðCRþ SPTÞinj ¼ pnj �max
din � tPmn

q¼j pnq
, 1:0

" #
ð8Þ

Table 3. Summary of this study’s experimental factors.

Factor
Number
of levels Levels Remarks

Number of products 2 3 products Low-variety fab (make-to-market)
All 21 original products ASIC fab (make-to-order)

Order release 2 CONWIP
Push

Fixed-WIP
Fixed-interval

Dispatching 14 FCFS Benchmark
CR Benchmark
EDD Benchmark
LWNQ Benchmark
ESD Benchmark
HXF Benchmark
CRþ SPT Anderson and Nyirenda (1990)
AT-RPT Holthaus (1999) & Lu et al. (1994)
PT/TIS Holthaus (1999)
(PTþWINQ)/TIS Holthaus (1999)
(PTþWINQJ/XF New/Proposed
(ATStep-RPT)/XF New/Proposed
Wt(PTþWINQ)/XF New/Proposed
Wt(ATStep-RPT)/XF New/Proposed

Figure 3. Priority index notation.

Multi-objective scheduling in semiconductor fabs 3807



D
ow

nl
oa

de
d 

B
y:

 [B
ah

aj
i, 

N
iz

ar
] A

t: 
10

:4
6 

10
 J

ul
y 

20
08

 

ðPTþWINQÞ=TISinj ¼
pnj þ !inðjþ1Þ

t� �in
ð9Þ

ðPT=TISÞinj ¼
pnj

t� �in
: ð10Þ

Our proposed rules are given as

ðPTþWINQÞ=XFinj ¼
pnj þ !inðjþ1Þ

ðt� �inÞ=
Pj

q¼1 pnq

� � ð11Þ

ðATStep�RPTÞ=XFinj ¼
�inj �

Pmn

q¼j pnq

ðt� �inÞ=
Pj

q¼1 pnq

� � ð12Þ

WtðPTþWINQÞ=XFinj ¼ exp �
t� �inPj
q¼1 pnq

 !
�

pnj þ !inðjþ1Þ

t� �inð Þ=
Pj

q¼1 pnq

� �
8<
:

9=
;

þ exp
ðt� �inÞPj

q¼1 pnq

� � � 1

ðt� �inÞ=
Pj

q¼1 pnq

� �
8<
:

9=
; ð13Þ

WtðATStep�RPTÞ=XFinj ¼ �inj �
Xj
q¼1

pnq

 !
�WtðPTþWINQÞ=XFinj ð14Þ

Consulting the acronym definitions of table 1 will be helpful in understanding the

rules listed above. Also note that since some priority indices are independent of the

lot (or processing step), indices i and j are respectively omitted from some rule

notations. It is also important to keep in mind that the first seven rules were reused

as building blocks for the latter composite rules. Depending on which attribute needs

to be minimised or maximised, summation and multiplication of attributes on the

one hand, and subtraction and division, on the other, can be used. (PTþWINQ)/XF

and Wt(PTþWINQ)/XF (equations 11 and 13) will be used as an illustration.

(PTþWINQ)/XF expedites lots with the least processing time (PT) and work in the

next queue (WINQ) as shown in the numerator expression PTþWINQ. The same

rule also prioritises lots with the greatest X factor quantity found in the

denominator, which is also the HXF rule in equation 6. Recall that the X factor

(XF) is a semiconductor industry jargon describing the ratio of the accumulated flow

time in the system over the sum of the processing time of the operations completed.

Thus, the lots that are lagging behind relative to their theoretical processing time are

expedited. Now, if we consider Wt(PTþWINQ)/XF, in order to see the composite

building blocks, equation 13 may be shown in attribute abbreviated terms, where the

scaling parameters are highlighted:

WtðPTþWINQÞ=XF ¼ expð�XFÞ �
PTþWINQ

XF

� �
þ expðXFÞ �

1

XF

� �
ð15Þ

3808 N. Bahaji and M. E. Kuhl
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This new rule introduced XF, as a priority index building block; and as a

dynamic scaling parameter. System-based scaling parameters eliminate trial-and-

error simulation to find the weight of the parameters (Ovacik and Uzsoy 1994). For

instance, Raghu and Rajendran (1993) weighed the processing time and the due-date

attributes as a function of machine utilisation (�):

RRij ¼
di � t�

Pmi

q¼j piqPmi

q¼j piq

� �
0
@

1
A exp��ð Þpij þ expð�Þpij þWiðjþ1Þ ð16Þ

In our new rules, key lot and fab status attributes such as PT and WINQ are

weighed based on how the lot is faring for its flow time relative to its processing time

(XF). Wt(PTþWINQ)/XF expedites lots with the least sum of (PTþWINQ)/XF

and 1/XF. Further, the greater the XF, the greater the weight of the (1/XF)

component. Stated otherwise, PT and WINQ, are given less weight when the lot lags

behind its processing time. Other comments on the dispatching rules used include the

critical ratio (CR) rule (equation 5) which is common in semiconductor fabs, and

which is the ratio of the remaining processing time and remaining time until the due

date. Finally, Wt(ATStep-RPT)/XF blended (ATStep-RPT)/XF into

Wt(PTþWINQ)/XF, to improve flow time variance performance.

4.1.2 Input regulation. In CONWIP, separate fixed-WIP levels were set for each
product. In each fab, the average product-specific WIP levels recorded as dependent

variables under push and FCFS, were re-used in CONWIP as independent variables.

The push-FCFS WIP levels were used across the rest of the dispatching rules because

we wanted to reduce this experiment’s number of factors.

4.1.3 Number of products/production mode. The number-of-products (or fab type)
factor addresses whether make-to-order (high mix and low volume (ASIC)) and

make-to-market (low mix and high volume) production modes affect dispatching

and lot release performance. In order to have the factory be the controlled variable,

we selected a single fab, fixed all its operating characteristics, and only varied the

number of products, by releasing a fraction of the original ASIC products, and

increasing the individual product release rates, as to end up with the same overall

throughput rate in both fabs. For the low-variety level, 3 products were chosen as to

have similar tool utilisation levels as in the original 21-product case.

4.2 Experimental test bed

SEMATECH set 5 (Feigin et al. 1994) described an anonymous fab’s flow data such

as product routings, processing times, and equipment/operator availability. It was

downloaded via ftp from the Arizona State University Modeling and Analysis for

Semiconductor Manufacturing laboratory site (www.eas.asu.edu/�masmlab). Its

characteristics are summarised in table 4.

Multi-objective scheduling in semiconductor fabs 3809
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4.3 Simulation procedure

AutoSched AP 6.25 was the software package used, along with Cþþ

customisation for some dispatching rules. Model validation used the sample
run data in Feigin et al. (1994). The replication-deletion method (Law and
Kelton 1991) was used to reproduce point estimates and 95% confidence

intervals for the studied response measures. This approach involved running 10
independent replications for each level of the 2� 2� 14 factorial experiment for 5
years, and discarding the first year as initial transient statistics from each

replication. Tool reliability was the main factor behind variability, and different
random stream seed increments were used in each treatment level. Also note that
including batching, set-ups, operator resources, and re-entrant flow sets this

study apart from typical job shop studies.

4.4 Due-date tightness

Due-date tightness was a fixed factor in this study. The total work content method

was used to assign each lot released into the fab a due date based on twice its total
processing time. Note that only EDD, CR, and CRþ SPT incorporated due-date
information.

Table 4. Key characteristics of SEMATECH Set 5 (Feigin et al. 1994)
as modeled in this study.

Modeling aspect Set 5 [31]

Product type ASIC
Number of products 21
Number of routes 14
Lot wafer size 25, 50
Average number of process steps per layer 30
Number of work centers (tool groups) 85
Number of identical machines per work center 1–9
Operators modeled? Yes
Rework modeled? No
Yield loss (scrap) modeled? No
Automated material handling or travel time No
Wafer starts per month (approximately) 10,000
Raw process time range (hours) 172–368
Number of processing steps range 117–259
Total number of processing steps 3824
Preventive maintenance included? Yes
Batching policy MBS (greedy)
Group set-up modeled? No
Job type set-up modeled? Yes
Processing time distributions Constant
Load and unload time distributions Constant
Setup time distributions Constant
MTTF distributions Exponential
MTTR distributions Exponential

3810 N. Bahaji and M. E. Kuhl
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4.5 Statistical analysis methodology

Using SAS 8.0, our analysis referred to 1, 2, and 3-way ANOVAs, and hypothesis tests
for relevant factors at stake. These were followed by the Ryan multiple comparison
procedure (MCP) to rank the factor levels. The response variables collected in this
study are listed and defined in table 5. When ANOVA concludes that a factor has a
significant effect on a response variable, it does not rank the factor levels in order of
best performance. Multiple comparison procedures can be employed to rank the flow
control strategies. Like the often-used Tukey procedure, the RyanMCP uses pair-wise
comparisons based on a studentised range distribution, and was recommended by
Toothhaker (1991) for its general-purpose power and versatility.

5. Results and discussion

5.1 Experimental results

System-oriented performance measures such as mean and standard deviation of flow
time are the focus of this section, given their primordial importance in the
semiconductor manufacturing context. Due-date adherence measures are reported as
secondary. When looking at tables 6 and 7, note that the performance of dispatching
rules is compared alongside the benchmark FCFS performance in the column
under ‘% over FCFS’. Since this is meant to relay the rule’s improvement over
FCFS, a positive percentage value refers to a decrease in the flow time measure
considered.

Table 6 confirms Little’s law in the push case, as smaller average WIP levels
matched shorter MFT. Our proposed rules showed 2% MFT improvements over
FCFS. As for SDFT, 50% and 25% improvements over FCFS were respectively
achieved by AT-RPT and (ATStep-RPT)/XF; in the three- and 21-product cases.
The throughput fluctuation seen under CONWIP was caused by generalising FCFS
fixed-WIP levels across the rest of the rules as described in section 4.1.2. Even
though, compared with push, pull performance deteriorated for most rules other

Table 5. Description of relevant performance measures.

Performance measure Description

Average WIP level (WIPAVG) Average number of lots present in the fab
during the non-transient run time period

Mean flow time (MFT) Average time a lot spends in the fab from
release to completion

Standard deviation of flow time (SDFT) Standard deviation of flow time
98% cycle time (98% CT) MFTþ 3 SDFT (Industry jargon with no

relation to the central limit theorem)

Percentage of tardy lots (%Tardy) Percentage of the lots which were completed
past their respective due-dates

Mean conditional tardiness (MCT) Average time a lot is past due, if late
% over FCFS Rule’s improvement in percentage terms over

FCFS under the same release mechanism

95% confidence interval (�CI) Confidence interval

Multi-objective scheduling in semiconductor fabs 3811
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than FCFS, the proposed Wt(PTþWINQ)/XF was robustly competitive vis-à-vis
FCFS in CONWIP, especially when considering the 98% cycle time measure.
Finally, our proposed rules substantially improved due-date adherence in both fabs
under fixed-interval push release (table 7).

5.2 Analysis of variance and Ryan mean comparison procedure results

The three-way analysis of variance factors (number of products (NP), order release
(OR), and dispatching (DR)) and their interactions; significantly affected MFT and
SDFT. This was followed by relevant two-way ANOVAs (DR�OR) for each and
both fabs combined; and one-way ANOVAS (DR) for combinations of (OR�NP).
As the null hypothesis for equality of means was rejected at the 5% significance level
for all the ANOVAs, Ryan MCP tables will be the focus of this section. Contrary to
tables 6 and 7, the factors are ranked with the best levels at the top of the MCP
tables. They are also grouped as indicated by adjacent vertical lines.

Tables 8 and 9 show the ranking of order release and dispatching rule pairs
for the two factory types. In the 21-product fab, Wt(PTþWINQ)/XF and

Table 7. Experimental results for secondary performance measures for the push case.

No. of Dispatching % Tardy
MCT

Products Rule % (�CI) hours (�CI) % over FCFS

Push 3 FCFS 0.02% (�0.01) 9.6 (�4.0) –
EDD 0.01% (�0.01) 6.4 (�3.3) 33.7%
CR 0.2% (�0.1) 6.5 (�2.9) 33.0%
LWNQ 0.9% (�0.2) 28.3 (�2.8) �193.0%
ESD 1.5% (�0.6) 11.4 (�2.0) �18.3%
HXF 0% 0 100.0%
CRþ SPT 0.1% (�0.1) 6.9 (�2.9) 28.2%
AT-RPT 1.7% (�0.5) 11.6 (�1.1) �20.3%
PT/TIS 0.1% (�0.1) 16.8 (�8.1) �74.4%
(PTþWINQ)/TIS 0.04% (�0.03) 12.5 (�4.9) �29.2%
(PTþWINO)/XF 0% 0 100.0%
(ATStep-RPT)/XF 0% 0 100.0%
Wt(PTþWINO)/XF 0% 0 100.0%
Wt(ATStep-RPT)/XF 0% 0 100.0%

21 FCFS 10.3% (�2.3) 23.9 (�2.7) –
EDD 12.6% (�1.1) 31.9 (�1.6) �33.2%
CR 14.9% (�5.5) 17.3 (�7.0) 27.7%
LWNQ 19.0% (�1.5) 83.1 (�8.8) �247.3%
ESD 13.3% (�3.8) 28.9 (�7.9) �20.9%
HXF 3.0% (�3.6) 13.2 (�4.9) 45.0%
CRþ SPT 13.0% (�3.6) 12.2 (�3.0) 49.1%
AT-RPT 11.8% (�4.6) 22.3 (�3.9) 6.8%
PT/TIS 14.4% (�1.5) 42.3 (�2.6) �76.7%
(PTþWINQ)/TIS 11.2% (�1.9) 41.0 (�4.3) �71.2%
(PTþWINQ)/XF 5.5% (�3.2) 20.1 (�9.1) 16.0%
(ATStep-RPT)/XF 0.7% (�0.6) 9.9 (�3.5) 58.6%
Wt(PTþWINQ)/XF 0.8% (�0.6) 9.3 (�3.2) 61.1%
Wt(ATStep-RPT)/XF 0.3% (�0.2) 5.6 (�2.0) 76.5%

3814 N. Bahaji and M. E. Kuhl
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Wt(ATStep-RPT)/XF under push, were best for MFT, while being distinctly

superior from the (Push�FCFS) pair. Wt(PTþWINQ)/XF was also robust under

pull. FCFS, PT/TIS, and especially CRþSPT were insensitive to OR. Except for

EDD, ESD, and LWNQ, dispatching rules fared better under push. As for SDFT,

ESD, HXF, AT-RPT, (ATStep-RPT)/XF, Wt(PTþWINQ)/XF, and Wt(ATStep-

RPT)/XF, all under push; were best. Further, CONWIP only benefited LWNQ. Best

SDFT performers such as AT-RPT, (ATStep-RPT)/XF, HXF, and Wt(ATStep-

RPT)/XF deteriorated under pull.
In the three-product fab, there is more group overlap for MFT (table 9). The best

combinations (Push�Wt(ATStep-RPT)/XF) and (Push�Wt(PTþWINQ)/XF),

were also in the same group as 14 other pairs. Pull and push pairs of CRþ SPT,

LWNQ, FCFS, PT/TIS, (PTþWINQ)/TIS were not statistically different. Only

EDD and ESD statistically improved from push to pull. Contrary to the 21-product

ASIC fab, we can notice a better pull performance, but without statistically

improving any rule over push. As for SDFT, the best group was made of

(Push�ESD) and (Push�AT-RPT). FCFS, LWNQ, and Wt(PTþWINQ)/XF

were statistically insensitive to OR; and HXF, AT-RPT, (ATStep-RPT)/XF, and CR

were dramatically eroded by pull.
Table 10 ranks the individual dispatching rules for each of the four order release

and factory type combinations. In the 21-product fab under push, (ATStep-RPT)/

XF) and Wt(PTþWINQ)/XF were the best for both MFT and SDFT while being

distinct from FCFS. The same performance was seen for MCT and%Tardy

(table 11), where due-date-based rules such as EDD, were no match to the proposed

rules. In the three-product fab under push, despite more group separation,

21-product fab trends were seen for MFT, with the top rules of Wt(PTþWINQ)/

XF and (ATStep-RPT)/XF), being joined by HXT, (PTþWINQ)/XT, and

Table 8. Ryan MCP ranking for the (OR�DR) factor: 21-product fab.
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Wt(ATStep-RPT)/XF. In contrast, SDFT was dominated by AT-RPT. Table 11
again confirmed the superiority of our new rules for the due-date measures in the
three-product case. In the 21-product fab under pull, top MFT rules were such for
SDFT as well: FCFS, ESD, and Wt(PTþWINQ)/XF. LWNQ was in the best
performing MFT group and was in the second best group for SDCT. HXF, CR, and
(ATStep-RPT)/XF lagged in both MCT and SDCT. In the three-product fab under
pull, the best rules for both SDCT and MCT were FCFS, ESD, Wt(PTþWINQ)/
XF, and LWNQ. As in the 21-product fab, HXF, (ATStep-RPT)/XF,
Wt(ATStep-RPT)/XF, and CR were poor for both MCT and SDCT.

5.3 The 98% cycle time performance measure

We recorded the semiconductor industry’s own ‘98% cycle time’ measure, with the
actual 98th percentile mean flow time (table 12). Recall that the former is defined as
the mean plus three standard deviations of flow time. The latter’s value was found by
merging flow time values from 10 replications, sorting them in ascending order, and
finding the 98th percentile value. The 98% cycle time value overestimated the 98th
percentile mean flow time by about 15%.

6. Conclusions

6.1 Summary

We have assembled a group of current and benchmark dispatching rules, and
compared them alongside the rules that we propose. We have conducted rigorous
simulation and statistical analyses on a realistic semiconductor test bed factory.

Table 9. Ryan MCP ranking for the (OR�DR) factor: 3-product fab.
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We have also identified robust dispatching rule and order release combinations for
both production modes. The principal finding of this work, however, is that a
proposed rule Wt(PTþWINQ)/XF, achieved superior results for multiple objectives
spanning from mean and variance of flow time to due-date adherence performance
measures. This rule was also robust under both order release strategies and both

Table 10. Ryan MCP ranking for the DR factor under the four (OR�NP)
combinations.
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production modes. Researchers and practitioners are invited to test this dispatching
rule in more factory settings.

Table 13 lists the best rules for MFT and SDFT, for combinations of production
modes and order release. Wt(PTþWINQ)/XF was the most versatile of the 14 rules
tested. The simpler (ATStep-RPT)/XF also achieved excellent dual results for MFT
and SDFT, even though it was less robust under pull. Both rules were also in the best
groups for MCT and%Tardy (table 14).

Table 11. Ryan MCP ranking for the DR factor under two (OR�NP) combinations
(secondary performance measures).

Table 12. 98% cycle time versus 98th percentile of flow time.

Experimental assumptions and results

Release policy Push
Number of products 21
Dispatching rule FCFS
Run Length (years) 5
Warm-up (years) 1
Number of independent replications 10
Mean cycle time (hours) 492.9 (�2.4)
Standard deviation of cycle time (hours) 91.8 (�2.7)
98% cycle time (hours) 768.4
98th percentile of cycle time (hours) 662.2
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6.2 Past research retrospective

AT-RPT (Lu et al. (1994) and Holthaus 1999) and ESD confirmed their SDFT
vocation. However, Wt(PTþWINQ)/XF broke their monopoly. LWNQ and similar
WIP-balancing rules of Chevalier and Wein (1993), may only be recommended under
pull policies. PT/TIS and (PTþWINQ)/TIS were proposed by Holthaus (1999) to
dually address MFT and SDFT. Their performance however, was mid-range. No
due-date based rule (CR, CRþ SPT, EDD) outpaced FCFS for MFT or SDFT. This
contrasts the reported extensive usage of CR in fabs by Mosley et al. (1998),
Rippenhagen and Krishnaswamy (1998), and Johal (1998); even though, its
performance might improve under loose due dates, and/or lighter loading levels.
Lu et al. (1994) found that CONWIP lessened the effect of dispatching on MFT. We
found that the benefits of including certain lot or fab-status attributes are mostly
applicable in the push case. In fact, the good performance of the EDD and ESD
under CONWIP for MFT, run counter to the way we understood the basics of
composite rule design.

6.3 Contributions of this work

This work bridged between semiconductor flow control concepts (e.g. multiplier of
theoretical flow time (XF) attribute and 98% cycle time measure), and ideas from the
job shop control literature (e.g. scaling parameters in composite dispatching rule
design and due-date adherence measures). Besides rigorous fab modelling and
statistical analysis, composite rule design trends were adapted to the fab context.
Original use of the multiplier of theoretical flow time (XF) as a priority index
attribute and dynamic system-based scaling parameter; resulted in new versatile rules
for the multiple objectives of MFT, SDFT, MCT, and%Tardy. Achieving a dual
objective for just MFT and SDFT is not easy, as some researchers like Lu et al.
(1994) custom-designed separate rules for each measure.

Push outperformed CONWIP in both the original ASIC fab (for MFT and
SDFT), and the three-product fab (for SDFT). As for MFT in the three-product fab,
pull improved for a tie with push. Up to this study, the effect of dispatching rules on
CONWIP was not fully understood. In general, most rules failed to outpace FCFS in
CONWIP, thus supporting the FCFS recommendation of Hopp and Spearman
(1996). FCFS was also particularly insensitive to OR. Finally, the few available
CONWIP studies for multiple products used a single factory-wide WIP-level, and
careful sequencing of the released product types (Hopp and Roof 1998). Building on
the ideas in Duenyas (1994), we also explored a product-specific WIP implementa-
tion in a large, unreliable, and batching-prone re-entrant fab.

6.4 Recommendations for future research

We reiterate our invitation for researchers inside and outside the semiconductor
manufacturing field to further test some of the proposed dispatching rules. Further
tests in fabs and job shops, will likely confirm the potential of the new rules. Batching
policy and due date tightness can be added as experimental factors. Future research
may also explore the effect of routing and priority attributes on separate product
performance. In implementing CONWIP, one can either look at using fab-wide WIP
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levels, or the optimisation of separate product WIP levels. In composite rule design,
XF was encouraging as a dynamic scaling parameter, and should be further explored
in job shop environments. Further, PT and WINQ can be respectively substituted by
total remaining processing time (RPT), and total work content in all downstream
queues; to make new composite dispatching rules.
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