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This paper focuses on the problem of scheduling wafer lots with limited waiting times between pairs of consec-
utive operations in a semiconductor wafer fabrication facility. For the problem of minimizing total tardiness of 
orders, we develop a priority rule‐based scheduling method in which a scheduling decision for an operation is 
made based on the states of workstations for the operation and its successor or predecessor operation. To eval-
uate performance of the suggested scheduling method, we perform simulation experiments using real factory da-
ta as well as randomly generated data sets. Results of the simulation experiments show that the suggested meth-
od performs better than a method suggested in other research and the one that has been used in practice.
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1. Introduction

We consider a scheduling problem in a semiconductor 
manufacturing system producing multiple product types 
according to customer orders. To survive in today’s com-
petitive business environments, manufacturers including 
those of semiconductor products should satisfy require-
ments of the customers in terms of quantity, quality and 
delivery. Especially in make to order systems, such as those 
producing system large scale integrated-circuit (LSI) pro-
ducts or application specific integrated-circuit (ASIC) pro-
ducts, meeting due dates is very important in maintain-
ing or increasing the competitiveness of the firm.

In general, the semiconductor manufacturing process is 

composed of four major stages, wafer fabrication, elec-
tronic die sorting (EDS), assembly, and final test. Among 
the four, wafer fabrication is the most complex and 
time-consuming, since it involves a complex sequence of 
processing steps with a large number of operations. In 
this paper, we focus on a scheduling problem in a sem-
iconductor wafer fabrication facility (fab) that produces 
multiple types of products to order, and develop an ef-
fective and efficient scheduling method to minimize total 
tardiness of orders.

An order for wafers is specified by the product (wafer) 
type, due date, and number of wafers to be produced. 
In wafer fabs, wafers are usually processed in a lot of 25 
wafers or less. A wafer lot is the basic processing and 
transfer unit, i.e., a set of wafers that are processed and 
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moved together. One or more wafer lots need to be 
processed for an order. An order is considered to be 
completed in the wafer fab, only if all wafer lots for 
the order have been completed. The due date of an order 
for wafers in the fab can be set by considering the due 
date of the order for the final products (semiconductor 
chips) associated with the wafers and the production 
lead time required for the other three stages, i.e., EDS, 
assembly, and final test.

There are two types of workstations in the fab, seri-
al-processing workstations and batch-processing workstations. 
In the former, wafer lots are processed individually, 
while multiple wafer lots can be processed simulta-
neously in batches in the latter type. However, for the 
wafer lots to be processed together on a batch-process-
ing machine, the product types of the lots and production 
specifications on the machine should be compatible. Such 
a group of lots with compatible specifications is called 
a wafer group in this study. Therefore, wafer lots in a 
wafer group can be processed together on a batch-proc-
essing machine. In general, wafers of the same product 
type may have different processing specifications even on 
the same workstation since wafer lots visit the same 
workstation multiple times and hence there may be wa-
fer lots (of the same wafer type) at different degrees of 
completion at the same workstation.

In the fab considered in this research, there is a time 
limit between the completion time of an operation for a 
wafer lot at a workstation and the start time of the 
subsequent operation for the wafer lot at the subsequent 
workstation for several pairs of workstations, such as 
pairs of workstations for deposition, diffusion, dry etch-
ing, metal, and wet etching. In other words, a wafer lot 
must be started at the downstream workstation within a 
certain time period after it is completed at the upstream 
workstation. If a lot cannot be started within the time 
period at the downstream workstation, it must be scrap-
ped or processed again at the upstream workstation be-
cause of chemical characteristics of the processes.

For example, after a cleaning operation for a wafer lot 
is completed on the wet chemical etching workstation, 
the next operation should be started within a certain 
time period on the diffusion workstation so that cleaned 
surfaces of the wafers do not get contaminated or natural 
oxidation does not occur. Such a time period is called 
the waiting time limit and such a constraint is called a 
limited waiting time constraint, in this paper. The lengths 
of these time periods may differ for different wafer lots 
according to their chemical characteristics or processing 
specifications. The managers of the system considered in 

this study think that it is very important but difficult to 
deal with these constraints effectively and that it is nec-
essary to develop an effective method for scheduling 
wafer lots in the fab that considers the waiting time 
constraints explicitly. 

In general, the fab scheduling problem is a dynamic 
version of the static job shop scheduling problem, which 
is proven to be NP-hard (Garey and Johnson, 1975). 
Furthermore, the fab scheduling problem with the lim-
ited waiting time constraints may be considered a gener-
alized version of the one without the constraints, and 
the former may be considered to be more difficult than 
the latter. In addition, if the lots that violate the limited 
waiting time constraints between two subsequent oper-
ations, these operations for the lots should be re-proc-
essed or new lots should be released into the fab, 
which makes the control of the fab more complicated 
and the scheduling problem more difficult.

There have been a number of research papers on sche-
duling problems in semiconductor wafer fabs, including 
those on lot release control problems and lot/batch 
scheduling problems as listed in <Table 1>. A large por-
tion of these studies employ priority rule-based schedul-
ing approaches. Among these, Kim et al. (1998a, 2001) 
present dispatching rules that are designed for fabs with 
low-volume and high-variety production settings for the 
objective of minimizing total tardiness of orders. There 
also have been studies on lot scheduling problems in 
batch processing machines/workstations, such as Glassey 
and W eng (1991), Gurnani et al. (1992), W eng and 
Leachman (1993), Chun and Hong (1996), and Fowler et 
al. (2000).

In addition, researchers give research results on sched-
uling problems in wafer fabs or other related problems. 
Kim et al. (2003), Min and Yih (2003), Upasani et al. 
(2006), and Sourirajan and Uzsoy (2007) propose vari-
ous methods for fab scheduling problems, and Kim et 
al. (2008) suggest order-lot matching algorithms to mini-
mize total tardiness of orders in a fab. Meanwhile, Lee 
et al. (2003) and Yildirim et al. (2006) suggest dis-
patching rules for scheduling problems in printed circuit 
board manufacturing systems, which have similar system 
characteristics to those of semiconductor manufacturing 
systems.

Scheduling problems with the limited waiting time 
constraints have been studied by several researchers in-
cluding Hodson et al. (1985), Johri (1993), Wikum et al. 
(1994), Yang and Chern (1995), Robinson and Giglio 
(1999), Scholl and Domaschke (2000), Su (2003), Chen 
and Yang (2006), Fondrevelle et al. (2006), Artigues et al. 
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Table 1. List of research papers on scheduling problems in semiconductor wafer fabs

Measures

Decisions

Lot release control
Lot scheduling

Based on priority (dispatching) rule Based on optimization 
modeling

Cycle time
Wein (1988)
Lu et al. (1994)
Lee et al. (2002)

Wein (1988)
Kumar (1994)
Lu et al. (1994)
Li et al. (1996)
Scholl and Domaschke (2000)*

Lee et al. (2002)

Workload/WIP 
balance Kim et al. (1998b) Kim et al. (1998b)

Duwayri et al. (2006) Kim et al. (2002)

Cost Liao et al. (1996)
Sloan and Shanthikumar (2002) Sloan and Shanthikumar (2002) Liao et al. (1996)

Setup Chern and Huang (2004)

Tardiness Kim et al. (1998a)
Kim et al. (2001)

Kim et al. (1998a)
Kim et al. (2001) Hung (1998)

Multi-criterion Hsieh et al. (2001)
Lee et al. (2002)

Hsieh et al. (2001)
Dabbas and Fowler (2003)

* Research paper in which the limited waiting time constraints are considered

(2006), Sheen and Liao (2007), Caumond and Lacomme 
(2008), and Joo and Kim (2009). Among these, Scholl 
and Domaschke (2000) suggest a scheduling algorithm for 
operations at the wet etching and diffusion workstations 
in semiconductor wafer fabs for the objective of minimi-
zing mean cycle time. However, to the best of our kno-
wledge, there has been no research on scheduling prob-
lems in wafer fabs with the limited waiting time con-
straints for the objective of minimizing total tardiness of 
orders.

In this paper, we suggest a scheduling method for a 
fab with limited waiting time constraint for the objective 
of minimizing total tardiness of orders. We assume that 
information such as the arrival times of orders and pro-
cessing times of the lots are given and deterministic, and 
we do not consider unexpected events such as arrivals 
of urgent orders and machine breakdowns in this study. 
We suggest a new scheduling policy to deal with the 
constraint effectively, and develop scheduling methods 
based on the new scheduling policy and an existing policy. 
We evaluate the performance of the scheduling methods 
through a simulation study. Throughout the paper, a lot 
or a batch of lots and an operation for a lot or a batch 
are said to be (waiting) time-constrained if the lot or 
the batch is located at one of a pair of workstations at 
which there is a limited waiting time constraint on the 
operations for the lot or batch.

2. Scheduling Policies

In this study, we consider two types of scheduling poli-
cies for time-constrained wafer lots, a successor-focused 
scheduling policy (SFSP) and an interdependent schedul-
ing policy (ISP). The SFSP is suggested by Scholl and 
Domaschke (2000) and may be considered a pull policy. 
Under the SFSP, scheduling decisions in a pair of work-
stations with a waiting time constraint are made based 
on, or with emphasis on, the downstream workstation of 
the pair, that is, a schedule at the downstream work-
station is obtained first, and then scheduling decisions at 
the predecessor (upstream workstation) are made accord-
ing to the schedule at the downstream workstation. At the 
upstream workstation, a time-constrained lot is scheduled 
in a way that it can be started at the downstream 
workstation at its scheduled time. Therefore, to make a 
scheduling decision at the downstream workstation, one 
needs to consider not only lots in the queue for the 
downstream workstation but also in the queue for the 
upstream workstation. 

Under the SFSP, time-constrained lots are pre-sched-
uled on the machines at the downstream workstation 
such that they can be started at the pre-scheduled time 
points when they are completed at the upstream workstation. 
Here, a wafer lot and a machine are said to be pre- 



A Scheduling Algorithm for Workstations with Limited Waiting Time Constraints in a Semiconductor Wafer Fabrication Facility 269

scheduled, if the lot is scheduled to be processed on 
the machine at a specific point of time in the future. 
Hence, a machine at the downstream workstation that is 
pre-scheduled for a time-constrained lot may have to idle 
and wait until the lot arrives at the downstream work-
station after it is completed at the upstream workstation 
although there are other lots that are available for the 
machine. This may result in unnecessary under-utiliza-
tion of the downstream workstation. In addition, if a time- 
constrained lot is pre-scheduled on a machine at the 
downstream workstation, it is to be scheduled on the 
machine as soon as it arrives at the downstream work-
station, although there are more urgent lots in the queue 
at the downstream workstation. See Scholl and Domaschke 
(2000) for more details of the SFSP.

Under the interdependent scheduling policy (ISP) de-
veloped in this research, scheduling decisions at each 
workstation are made based on the states of both work-
stations. Under the ISP, time-constrained lots are started 
at the upstream workstation in a way that prevents the 
waiting time constraints from being violated (too often) 
by using information on the states of both workstations. 
At the downstream workstation, non-time-constrained lots 
are started prior to time-constrained lots if it is found 
that the non-time-constrained lots are more urgent than 
the time-constrained lots. Therefore, unlike under the SFSP, 
neither of the two workstations has dominating influence 
on the schedules under the ISP, and schedules are gen-
erated based on up-to-date information of time-constrained 
and non-time-constrained lots.

Under both scheduling policies, lots are scheduled us-
ing the list scheduling method in this study. In the list 
scheduling method, when a machine becomes available, 
a lot with the highest priority, i.e., a lot with the small-
est priority value, is selected from those that can be 
processed on the machine, and the selected lot is sched-
uled on the machine. List scheduling methods are fre-
quently used in many real manufacturing systems, since 
it can be easily implemented and used in systems with 
complex material flow and under dynamic environment. 
Note that batching decisions should also be made at 
batch-processing workstations. In this study, priorities of 
the lots are computed by using ES/RW2, a priority rule 
suggested in Kim et al. (2001), under both policies. 

In ES/RW2, priorities of lots are determined based on 
the estimated slack time per remaining work. This rule 
is used in this study since it is reported that this rule 
works better than others for the objective of minimizing 
tardiness of orders (Kim et al. 2001). In ES/RW2, the 
priority of lot i at workstation k, πik, is computed as 

  πik      
 

       ∙  


   ∙ ,

where di is the due date of lot i (due date of the 
order associated with lot i),

li is the index of the lot with the least 
progress among lots in the order corre-
sponding to lot i,

Ri is the remaining work of lot i, which can 
be computed as Ri  

  , where 
K is the index of the last operation of 
lot i, 


 is the total waiting time of lot i until it 

is completed in the fab, 
t is the time when the scheduling decision 

is to be made, 
hi is the difference in remaining works of 

lot i and li, 

 is the number of lots with less progress 

than lot i among lots in the order asso-
ciated with lot i, 

pik is the processing time of lot i at work-
station k,

Pi is the total processing time for all oper-
ations of lot i, and

ω, δ are scheduling parameters that have to be 
predetermined.

Here,   is computed using average waiting time 
per layer, which can be estimated through a series of 
preliminary simulation runs. ES/RW2 may be considered 
as an improved version of the slack per remaining work 
rule proposed by Anderson and Nyirenda (1990). See 
Kim et al. (2001) for more details of ES/RW2.

In the fab considered in this study, there are limited 
waiting time constraints between seven pairs of work-
stations as given in <Table 2>, and there are no such 
constraints between any other pair of workstations. Note 
that the same type of operations may have to be per-
formed consecutively in some cases, and in this case, 
lots have to visit the same workstation consecutively. 
The workstation pairs (for upstream and downstream op-
erations) can be a serial-processing workstation and a 
serial-processing workstation, a serial-processing worksta-
tion and a batch-processing workstation, or a batch-proce-
ssing workstation and a batch-processing workstation. 
Note that there is no case in which the upstream work-
station is a batch-processing workstation and the down-
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Table 2. Workstation pairs with limited waiting 
time constraints

Upstream Downstream Type

Dry etching Dry etching serial-serial

Dry etching Wet etching serial-serial

Wet etching Dry etching serial-serial

Wet etching Metal serial-serial

Wet etching Deposition serial-batch

Wet etching Diffusion serial-batch

Diffusion Diffusion batch-batch

stream workstation is a serial-processing workstation. 
There may also be multiple upstream workstations for a 
downstream workstation, and multiple downstream work-
stations for an upstream workstation, because processing 
routes for different wafer lots (and for different layers 
of the same wafer lot) may differ in the fab considered 
in this study. Note that there are no limited waiting 
time constraints among three or more (consecutive) op-
erations in the fab considered in this research.

3. Scheduling Algorithms for the 
Interdependent Scheduling Policy

The interdependent scheduling policy (ISP) is developed 
for the purpose of scheduling not only time-constrained 
lots but also non-time-constrained lots, unlike other dis-
patching or priority rule-based scheduling policies in-
cluding Kim et al. (1998a) and Kim et al. (2001), in 
which limited waiting time constraints are not con-
sidered. Although Scholl and Dosmaschke (2000) consid-
er the limited waiting time constraints in fabs, they only 
consider a case in which time-constrained lots can be 
processed at the downstream workstations immediately af-
ter they are completed at the upstream workstations. In 
other words, the waiting time constraints of the lots are 
not considered in the priority rule at the upstream work-
stations and the time-constrained lots always have higher 
priority values than the non-time-constrained lots at the 
downstream workstations. 

In the interdependent scheduling policy (ISP), schedul-
ing decisions are made based on the current states as 
well as look-ahead information of both workstations re-
lated to the limited waiting time constraint. In the fol-
lowing, we describe scheduling algorithms used under 

the interdependent scheduling policy for the workstation 
pairs with the limited waiting time constraints.

Before we present the scheduling algorithms, we give 
the notation used for description of the algorithms.

i index of lots 
f index of wafer groups
k index of workstations
Mk number of machines at workstation k
Bk batch capacity (number of lots that can be 

processed together) of the machines at work-
station k (It is assumed in this study that all 
machines at the same workstation have the 
same capacity.)

pik processing time of lot i at workstation k 
zik waiting time limit of lot i between work-

station k and its successor workstation
t time point when the scheduling decision is to 

be made 
πik priority of lot i at workstation k, which is 

computed by using the priority function of a 
priority rule at time t

Lk set of all lots that are waiting at workstation 
k at time t


 set of time-constrained lots that are waiting at 

workstation k at time t

3.1 Algorithms for the pairs of a serial 
workstation and a serial workstation

Although this type of workstation pairs is composed 
of two serial-processing workstations, scheduling procedures 
for the two workstations are different. Each of the sche-
duling procedures is described in detail in the following.

(1) Scheduling procedure for the upstream serial- 
processing workstation

When a machine at the upstream serial-processing work-
station (USW) becomes available, priorities, π ik’s, of the 
lots that are waiting in the queue are computed using 
ES/RW2, and a wafer lot with the highest priority is 
selected. If the selected lot is not time-constrained or if 
it can be started at the downstream serial-processing 
workstation (DSW) within its waiting time limit after it 
is completed at the USW, the selected lot is scheduled 
at the machine immediately. On the other hand, if the 
selected lot is time-constrained and it cannot be started 
within the waiting time limit, a lot with the next high-
est priority is selected and whether this lot can be start-
ed is checked again. If all lots in the queue are time- 
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constrained and cannot be started within their waiting 
time limits, no lot is selected and the machine is kept 
idle until the next scheduling decision point, i.e., the 
time when another machine becomes available.

Since (future) start times of lots at the DSW cannot 
be known exactly at the time when the scheduling deci-
sion is made at the USW, we check whether the se-
lected lot can be started at the DSW within its waiting 
time limit using the following condition, 

t + pik + zik ≥ t + (1)

            ∈ ∪
    ,

where k and k+1 are the indices of the USW and 
DSW, respectively,   is the set of time-constrained 
lots that will arrive at workstation k in time interval [t, 
t + pik], and   is a scheduling parameter which is used 
to estimate the start times of time-constrained lots at 
the DSW. Here, Bk+1 is set to 1 since workstation k+1 
is a serial-processing workstation, but the value for   
should be selected through a test on a few candidate 
values. Note that the second term of the right-hand-side 
of (1) can be regarded as an estimated workload of the 
DSW due to the time-constrained lots. If the value for 
  is set to a larger value, it is less likely that the 
waiting time constraint of the selected time-constrained 
lot will be violated even though the selected lot is di-
rectly processed at the upstream workstation.

Since there is a time delay between the time when 
the scheduling decision for the USW is made and the 
time when the lot arrives at the DSW, for an accurate 
estimation of the workload of the DSW as well as for 
the computation of the right-hand-side of (1), it is nec-
essary to identify   as accurately as possible. Here, 
for the identification of   for each USW, a schedule 
during the time gap is obtained using the list scheduling 
method with ES/RW2 as the priority rule. Lots that be-
come available at workstation k within the time gap in 
the schedule are included in  . Note that there may 
be multiple USWs for a DSW because processing routes 
for different wafer lots may differ in the fab considered 
in this study.

The procedure of selecting and scheduling wafer lots 
at USWs can be summarized as follows. Here, N de-
notes the number of wafer lots waiting in the queue of 
the workstation being considered currently.

Procedure 1. (Lot selection/scheduling procedure for USW)

Step 1. When a machine becomes available at USW, 
compute priorities of the lots that are waiting 
in the queue for USW using a priority rule 
(ES/RW2 is used here).

Step 2. Let n ← 1.
Step 3. If the lot with the n-th highest priority is not 

time-constrained, schedule the lot, and exit 
from the procedure. Otherwise, go to step 4. 

Step 4. If the lot with the n-th highest priority sat-
isfies condition (1), schedule the lot, and exit. 
Otherwise, go to step 5.

Step 5. If n < N, let n ← n + 1, and go back to Step 
3. Otherwise, exit.

(2) Scheduling procedure for a downstream serial- 
processing workstation

If the above procedure is used for USWs, there may 
be cases in which urgent time-constrained lots cannot be 
started at a USW. Such cases occur if there are too 
many time-constrained lots at the DSW, since condition 
(1) cannot be satisfied. To prevent urgent time-con-
strained lots from waiting too long at the USW, time- 
constrained lots waiting at the DSW should be proc-
essed as early as possible. However, if the time-con-
strained lots are less urgent than other lots in the DSW, 
tardiness of these other lots may be increased by proc-
essing the time-constrained lots first at the DSW. 
Therefore, schedules at the DSW should be constructed 
by considering the effects of resulting schedules on 
time-constrained lots at the USW and DSW and non- 
time-constrained lots at the DSW.

We develop an urgency index for the DSW to con-
sider such effects. The urgency index is computed using 
three types of information related to the states of the 
USW and DSW, which are two ratios of the average 
priority values of time-constrained lots to that of all 
lots, and a workload ratio of the workload for time-con-
strained lots to that for all lots at the DSW at the time 
when the scheduling decision is to be made. The ur-
gency index for workstation k is given as

Uk = {․ek–1 + (1– )․ek} (2)

   
∈ 


∈
 ,

where ek≡min{(– πmin) / ( –πmin), 1} is the ra-
tio of priority values at workstation k. Here, πmin is the 
minimum priority value among all lots, and   and   
are the average values of the priorities of all lots and 
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of time-constrained lots that are waiting at workstation 
k, respectively. The priority value of a lot is computed 
by the priority function of ES/RW2 given in Section 2. 
If there are multiple upstream workstations for work-
station k, ek–1 is computed as if all lots waiting at the 
upstream workstations are waiting at a single (artificial) 
upstream workstation, i.e., workstation k–1.

If the urgency index of the DSW is smaller than a 
predetermined level (), priorities of time-constrained 
lots waiting at the DSW are increased with a multiplier,

∙  

   , (3)

where ri is the remaining waiting time limit of lot i 
(after it is completed at the USW), and   and   
are the longest and shortest remaining waiting time lim-
its of all time-constrained lots waiting at workstation k, 
respectively, and G is a parameter with a large value 
that should be pre-determined. (In this study, the value 
of G was set to 10000 after a test on several candidate 
values that range from 10 to 100000.) Then, the lot 
with the highest priority is selected and scheduled on 
the available machine at the DSW. By increasing prior-
ities of the time-constrained lots with this multiplier, we 
let these lots have higher priorities, i.e., smaller priority 
values, so that those lots have to be processed prior to 
the non-time-constrained lots. Also, time-constrained lots 
with shorter remaining waiting time limits will be proc-
essed earlier than those with longer remaining waiting 
time limits. The urgency index ranges from 0 to 1, and 
as the urgency index becomes closer to 0, it is more 
likely that the time-constrained lots waiting at the DSW 
are processed earlier than others.

The following summarizes the procedure for select-
ing/scheduling wafer lots at the DSW. 

Procedure 2. (Lot selection/scheduling procedure for DSW)

Step 1. When a machine becomes available at DSW, 
say workstation k, compute priorities, πik, of 
lots that are waiting in the queue of the 
workstation using a priority rule.

Step 2. If Uk <  , go to Step 3. Otherwise, go to Step 4.
Step 3. For all time-constrained lots i at workstation 

k, let πik ← πik∙  

   .

Step 4. Select a lot with the highest priority and 
schedule it on the machine at the workstation. 
Exit from the procedure.

3.2. Algorithms for the pairs of a serial 
workstation and a batch workstation

For serial-batch pairs, the procedure of selecting/ 
scheduling wafer lots at the upstream serial-processing 
workstation (USW) is the same as that for serial-serial 
pairs. In the procedure of downstream batch-processing 
workstation (DBW), when a machine becomes available, 
the urgency index for the DBW is computed with equa-
tion (2), which is used in the scheduling procedure for 
serial-serial pairs. If the index is smaller than the pre-
determined level, the priorities of the time-constrained 
lots, which are computed with ES/RW2, are increased 
with a multiplier given as 

  

   
∙





    



 



 .    (4)

Then, the average priority values of the groups are 
computed using the priority values of lots waiting at the 
DBW, and a wafer group with the smallest average pri-
ority value is selected for batching.

In batch-processing workstations, a batching rule is 
needed to make batching and scheduling decisions. In 
this research, we use a heuristic method suggested in 
Kim et al. (2001), called the modified dynamic batching 
heuristic (MDBH), for batching at the batch-processing 
machines. In this method, if the number of available 
lots of the selected group is greater than or equal to 
the batch capacity, a full batch is formed with the lots 
with smaller priority values and scheduled on the avail-
able machine immediately. Otherwise, we compare two 
alternatives for batching. One alternative is to form a 
batch with lots that are available at the current time, 
and the other is to form a batch with the currently 
available lots and another lot that is expected to arrive 
first (after the current time). The alternative with a less 
total weighted waiting time is selected. See Kim et al. 
(2001) for more details of MDBH.

If in a batch related to the first alternative there is 
any time-constrained lot for which the waiting time con-
straint will be violated if processing of the batch is de-
layed until the arrival of a new lot, this first alternative 
is selected and the batch is started immediately. 
Otherwise, the second alternative is selected, and in this 
case, no scheduling decision is made at the current time 
point, that is, the available machine is kept idle until a 
new lot arrives at the DBW.

The procedure for batching and scheduling wafer lots 
at the DBW is summarized below.
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Procedure 3. (Batch scheduling procedure for DBW)
Step 1. When a machine becomes available at DBW, 

say workstation k, compute priorities, πik’s, of 
wafer lots that are waiting in the queue of the 
workstation using a priority rule (ES/RW2 is 
used here). If Uk <  , go to Step 2. Otherwise, 
go to Step 3.

Step 2. For all time-constrained lots, i’s, let πik ← πik

  

  
∙





    



 



 .

Step 3. Select a wafer group with the smallest aver-
age priority value. If the number of available 
lots of the selected group is less than the 
batch capacity of the available machine, go to 
Step 4. Otherwise, form a batch with the lots 
with smaller priority values and schedule 
the batch on the machine, and exit from the 
procedure. 

Step 4. Select a batching alternative with the smaller 
total weighted waiting time between two alter-
natives for batching, one with the currently 
available lots and the other with the currently 
available lots and a lot that is expected to ar-
rive at DBW first. Check whether there is 
any time-constrained lot in the batch of the 
first alternative for which the waiting time 
constraint will be violated if processing of the 
batch is delayed until a new lot arrives. If 
there is one, schedule the batch of the first 
batch alternative on the available machine im-
mediately; otherwise, keep the available ma-
chine idle until a new lot arrives at DBW. 
Exit from the procedure.

3.3. Algorithms for the pair of a batch 
workstation and a batch workstation

The scheduling procedure for the downstream batch- 
processing workstation (DBW) of the batch-batch pair is 
identical to that for the DBW of serial-batch pairs. In 
the procedure for the UBW, when a machine becomes 
available at the upstream batch-processing workstation 
(UBW), priorities of the lots that are waiting in the 
queue are computed using a priority rule (ES/RW2 is 
used here too). Then, the average priority values of wa-
fer groups are computed by using priority values of time- 
constrained lots that satisfy condition (1) and non-time- 
constrained lots, and a wafer group is selected for bat-
ching. Batch scheduling is done as in MDBH.

The procedure for batch scheduling at the UBW can 

be summarized as follows. 

Procedure 4. (Batch scheduling procedure for UBW)

Step 1. When a machine becomes available at UBW, 
say workstation k, compute priorities of the 
lots that are waiting in the queue of the 
workstation using a priority rule, ES/RW2.

Step 2. For each wafer group associated with lots that 
are waiting at workstation k, compute the 
average priority value of associated time-con-
strained lots that satisfy condition (1) and 
non-time-constrained lots. Select a group with 
the least average priority value, and let f* be 
the index of the selected group.

Step 3. If the number of available lots of group f* is 
less than the batch capacity, go to Step 4. Other-
wise, form a full batch with the lots with smaller 
average priority values and schedule the batch 
on the available machine, and exit from the 
procedure. 

Step 4. Select a batching alternative with a smaller to-
tal weighted waiting time between two batch-
ing alternatives, one with the currently available 
lots and the other with the currently available 
lots and a lot that is expected to arrive at 
UBW first. If the first batching alternative is 
selected, schedule the batch on the available 
machine; otherwise, keep the available machine 
idle until a new lot arrives at UBW. Exit.

4. Simulation experiments

We performed simulation experiments to evaluate per-
formance of the suggested algorithms. For the experi-
ments, we constructed a simulation model and generated 
problem instances based on data of a fab in a semi-
conductor manufacturing company in Korea. The simu-
lation model (and the real fab data) can be summarized 
as follows.

1) The simulation model includes eight workstations, 
four serial-processing workstations (dry etching, 
metal, photolithography, and wet etching) and four 
batch-processing workstations (deposition, diffusion, 
ion implant, and polishing). There are approx-
imately 530 machines including 200 batch-process-
ing machines. Each workstation is composed of 
multiple identical machines.
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2) There are waiting time constraints between seven 
pairs of workstations, as given in <Table 2>. 
Approximately 40% of the lots for which the 
time-constraints are violated are scrapped, while 
about 60% of those are reworked at the upstream 
workstation.

3) There are approximately 1100 product types proc-
essed in the fab. 

4) Each product is composed of 3 to 31 layers of 
circuits with an average of 17, and the number of 
operations required for a product ranges from 36 
to 388 (with an average of 192).

5) The processing time of a wafer lot on a machine 
ranges from 5 to 430 minutes.

6) The waiting time limits for operation pairs with time 
constraints are set to one of 0.5, 1, 4, 8, and 24 
hours.

7) The number of wafers for each order ranges from 
25 to 300, and hence, the number of wafer lots 
for each order ranges from 1 to 12.

In the simulation model, the orders were generated 
based on the data in an order list of a real fab, in 
which 30 orders arrive daily on average (resulting in 
approximately 3000 wafers a day). According to the da-
ta, the due dates of the orders can be fit to the follow-
ing probability distribution, 

   
․TN(2.268, (0.90)2; 1.01, 6.03),     (5)

where Do is the due date of order o, ao is the arrival 
time of order o,   is the total processing time for all 
operations of order o, and TN(,   ; l, u) is a random 
number generated from the truncated normal distribution 
with mean , variance 2, lower limit l, and upper 
limit u. In the simulation tests, due dates of orders 
were randomly generated using (5). Note that in the re-
al fab considered in this study, the due dates are set 
considering various factors such as priorities of the cus-
tomers (strategic relationships with the customers), the 
current production plan and schedule in the fab, order 
volume, and/or the price of the wafers, and hence the 
range of the due dates is relatively large. Three scenar-
ios were considered. There is no urgent order in scenar-
io O1, and 5% and 10% of orders are urgent in scenar-
ios O2 and O3, respectively. Due dates of the urgent 
orders were set as      for order o in scenar-
ios O2 and O3. 

The limited waiting time constraint was imposed on 
the operation pairs (workstation pairs) based on real da-

ta (process plans for the products) in the simulation 
model. For example, the constraint was imposed on 
36% of pairs of consecutive diffusion and diffusion op-
erations, approximately 23% of pairs of consecutive wet 
etching and diffusion operations, and 6% of pairs of 
consecutive dry etching and wet etching operations. Overall, 
approximately 5% of all operation pairs for all product 
types in the fab have the waiting time constraints, and 
for each product type 10 operation pairs have the wait-
ing time constraints on average. 

To evaluate the performance of the scheduling meth-
ods suggested in this research, we obtained benchmark 
solutions using the method currently used in the semi-
conductor wafer fab considered in this research. In the 
fab, a list scheduling method with a simple slack rule 
was used at the time when this research was conducted. 
Note that the priority of lot i is computed as (di–Ri–t) 
in the slack rule. Also, a simple scheduling policy was 
used for dealing with the waiting time constraints. In 
the scheduling policy, there is no specific method for 
dealing with the waiting time constraints at upstream 
workstations, and the simple slack rule is used for sche-
duling. On the other hand, at downstream workstations, 
time-constrained lots are processed prior to non-time- 
constrained lots. In case of ties, a lot with the smallest 
remaining waiting time limit is scheduled first among 
time-constrained lots, while a lot with the least slack is 
scheduled first among non-time-constrained lots. At 
batch-processing workstations, the minimum batch size 
(MBS) rule was used for batching. This method will be 
denoted as REAL1 in this paper. It is obvious that if 
REAL1 is used for scheduling, time-constrained lots are 
processed first even if they are less urgent than non- 
time-constrained lots. 

In addition to REAL1, we tested another method, de-
noted as REAL2, which is the same as REAL1 except 
that ES/RW2 and MDBH are used instead of the simple 
slack rule and MBS rule, respectively, for scheduling 
non-time-constrained lots. Note that ES/RW2 and MDBH 
are known to work well for the objective of minimizing 
total tardiness of orders (Kim et al. 2001). Recall that 
in the successor-focused scheduling policy (SFSP) and 
the interdependent scheduling policy (ISP) as well, 
ES/RW2 and MDBH are used as priority rules for seri-
al-processing and batch-processing workstations, respec-
tively, without limited waiting time constraints. 

We generated 30 problem instances, 10 problems for 
each of the three scenarios related to the percentage of 
urgent orders. Four scheduling policies (REAL1, REAL2, 
SFSP, and ISP) were tested in the simulation experiments. 
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Table 3. Performance of the scheduling policies 

scenarios

REAL1 REAL2 SFSP ISP

total tardiness
PTO‡

total tardiness
PTO

total tardiness
PTO

total tardiness
PTO

PR† NBR* PR NBR PR NBR PR NBR

O1 0.0
(0.0)

0 4.7
(2.3)

17.1
(2.6)

0 3.8
(1.9)

37.3
(2.4) 

1 2.8
(0.8)

42.5
(4.2)

9 2.7
(0.7)

O2 0.0
(0.0)

0 25.7
(2.9)

16.3
(2.5)

0 19.7
(2.5)

38.7
(3.0) 

2 8.3
(3.7)

44.2
(2.4)

8 7.8
(2.8)

O3 0.0
(0.0)

0 42.9
(3.1)

17.4
(2.8)

0 33.6
(2.1)

38.9
(3.0) 

1 16.8
(3.9)

48.1
(1.8)

9 15.0
(3.6)

overall 0.0 0 24.4 16.9 0 19.1 38.4 4 9.3 45.0 26 8.5
†Average and standard deviation (in parenthesis) of percentage reduction in total tardiness obtained from each scheduling policy from that 

obtained from REAL1
‡Average and standard deviation (in parenthesis) of percentage of tardy orders
* The number of cases (out of 10, and out of 30 in the cells for overall results) in which the policy gave the best result 

The simulation model was coded with Factor/AIM, a 
simulation software package developed by Pritsker 
Corporation, with additional user codes written in the C 
programming language. The simulation experiments were 
performed on a personal computer with a Pentium IV 
processor operating at 3.2GHz clock speed. In each sim-
ulation run, the period of 6 months was simulated and 
results of the last 5 months were used for comparison.

Values of parameters used in the algorithms were de-
termined through a series of preliminary simulation tests. 
Although the results of the tests are not given here, the 
parameter values were set according to the results as 
follows: in ES/RW2, ω and δ were set to 11.0 and 
0.0001, respectively; in SFSP, τ and the minimum batch 
size (MBS) at batch-processing workstation k were set 
to 1 hour and Bk–1, respectively, where Bk is the ca-
pacity of a batch-processing machine in workstation k; and 
in ISP, α and   were set to 0.7 and 0.5, respectively.

Results of the simulation experiments are given in 
<Table 3>, which shows the average of the percentage 
reduction in total tardiness of the three scheduling poli-
cies (REAL2, SFSP and ISP) from that obtained from 
REAL1, the average percentage of (the number of) tar-
dy orders, and the number of cases in which each poli-
cy gave the best solution. As can be seen from the ta-
ble, SFSP and ISP worked better than the others. This 
may be because in ISP and SFSP the states of the lots 
waiting at the downstream workstations are considered 
when the scheduling decision is made at the upstream 
workstations as well, while in REAL1 and REAL2, the 
waiting time constraints are considered only at the 
downstream workstations. Between SFSP and ISP, ISP 

worked better possibly because a non-time-constrained 
lot may be processed prior to time-constrained lots at the 
downstream workstations if the former is very urgent.

As the percentage of urgent orders increases, the per-
formance gap (in terms of the percentage reduction and 
the percentage of tardy orders) between SFSP and ISP 
becomes larger. This may be because scheduling deci-
sions are made based on more up-to-date information in 
ISP than in SFSP. Recall that, under ISP, time-con-
strained lots are not processed prior to other lots at 
downstream workstations if the time-constrained lots are 
less urgent than those other lots so that more urgent 
(non-time-constrained) lots can be processed before the 
time-constrained lots. On the other hand, under SFSP, 
time-constrained lots have to be started in all cases in 
which the waiting time constraints would be violated if 
not started. That is, under ISP, more flexibility is given 
and more up-to-date information is used when schedul-
ing decisions are made. REAL2 worked better than 
REAL1 although the same simple scheduling method is 
used for dealing with the limited waiting time con-
straints in both policies. This shows that ES/RW2 and 
MDBH work better than the methods used in the real 
system. REAL1 did not work well as expected because 
time-constrained lots are always processed first even 
though they are not urgent at downstream workstations.

To see how the relative performance of the scheduling 
policies changes when the number of time-constrained 
lots is increased, we performed an additional series of 
simulation tests. In this series of tests, we considered 
three constraint-related scenarios (scenarios C1, C2 and 
C3) varying the number of time-constrained lots for 
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Table 4. Performance of the scheduling policies for all scenario combinations

scenario 
combinations

REAL1 REAL2 SFSP ISP

PR† PTO‡ PCV* PR PTO PCV PR PTO PCV PR PTO PCV

O1

C1 0.0
(0.0)

4.7
(2.3)

0.2
(0.1)

17.1
(2.6)

3.8
(1.9)

0.2
(0.1)

37.3
(2.4)

2.8
(0.8)

0.0
(0.0)

42.5
(4.2)

2.7
(0.7)

1.1
(0.3)

C2 0.0
(0.0)

11.7
(3.4)

1.1
(0.3)

15.8
(1.9)

9.2
(2.5)

1.0
(0.5)

39.2
(3.8)

2.2
(0.9)

0.0
(0.0)

45.2
(2.8)

1.9
(0.7)

1.1
(0.4)

C3 0.0
(0.0)

24.3
(3.4)

1.9
(0.5)

13.3
(3.1)

17.3
(2.7)

1.9
(0.6)

41.0
(2.6)

3.9
(0.9)

0.0
(0.0)

49.4
(2.6)

3.2
(0.8)

1.4
(0.3)

O2

C1 0.0
(0.0)

25.7
(2.9)

0.6
(0.2)

16.3
(2.5)

19.7
(2.5)

0.6
(0.3)

38.7
(3.0)

8.3
(3.7)

0.0
(0.0)

44.2
(2.4)

7.8
(2.8)

1.1
(0.3)

C2 0.0
(0.0)

37.0
(2.8)

2.2
(0.5)

15.7
(2.0)

26.4
(2.7)

1.6
(0.6)

42.2
(4.4)

13.7
(3.2)

0.0
(0.0)

48.0
(1.9)

10.6
(2.9)

1.3
(0.3)

C3 0.0
(0.0)

52.2
(3.3)

3.1
(0.7)

12.0
(3.0)

37.4
(4.1)

2.5
(0.7)

41.5
(4.4)

20.8
(3.9)

0.0
(0.0)

48.7
(2.9)

18.2
(3.9)

1.7
(0.4)

O3

C1 0.0
(0.0)

42.9
(3.1)

1.0
(0.3)

17.4
(2.8)

33.6
(2.1)

1.0
(0.3)

38.9
(3.0)

16.8
(3.9)

0.0
(0.0)

48.1
(1.8)

15.0
(3.6)

1.3
(0.4)

C2 0.0
(0.0)

49.8
(3.5)

3.1
(0.7)

13.4
(2.1)

47.1
(2.4)

2.5
(0.5)

39.1
(3.3)

28.1
(3.8)

0.0
(0.0)

49.8
(2.3)

22.0
(4.1)

1.4
(0.3)

C3 0.0
(0.0)

63.9
(2.7)

3.6
(0.8)

13.1
(2.4)

54.1
(2.4)

3.1
(0.7)

43.8
(3.1)

40.0
(4.2)

0.0
(0.0)

53.6
(2.9)

34.3
(4.1)

1.8
(0.5)

overall 0.0 34.8 1.9 14.9 27.6 1.6 40.2 15.1 0.0 47.7 12.9 1.4
†Average and standard deviation (in parenthesis) of percentage reduction in total tardiness obtained from each scheduling policy from that 

obtained from REAL1
‡Average and standard deviation (in parenthesis) of percentage of tardy orders
* Average and standard deviation (in parenthesis) of percentage of the lots for which the waiting time constraints are violated

each of the three order-related scenarios (scenario O1, 
O2 and O3). In scenario C1, the real fab data (used in 
the first series of tests) were used without modification, 
while the numbers of operation pairs with the limited 
waiting time constraints were increased by 10% and 
20% in scenarios C2 and C3, respectively. We generated 
90 problem instances, 10 problems for each of the nine 
scenario combinations. <Table 4> shows the average 
percentage reduction in total tardiness from that of 
REAL1, the average percentage of tardy orders, and the 
average percentage of the lots for which the waiting 
time constraints were violated, for the four scheduling 
policies (REAL1, REAL2, SFSP and ISP). The results for 
the average percentage reduction in total tardiness are 
given in <Figure 1> for a better exposition.

As can be seen from the table and figure, ISP showed 
consistently better performance (in terms of total tardi-
ness) than the others for all nine scenario combinations. 
ISP reduced total tardiness by more than a half com-
pared to that from REAL1. Such reduction in the total 
tardiness is larger when there are more urgent orders 

and there are more time-constrained orders, when the 
scheduling problem is generally considered more difficult. 
This may be because better scheduling decisions can be 
made under ISP by not only the procedures for dealing 
with the waiting time constraints effectively but also the 
use of the most up-to-date information on the fab states, 
especially when the scheduling complexity in the fab is 
high. ISP worked best for the measure of the number 
of tardy orders as well, although there are slightly more 
operation pairs for which the limited waiting time con-
straints are violated compared with SFSP. In the simu-
lation results, the waiting time constraints for less than 
2% of the lots are violated, and the majority of wafers 
of which the waiting time constraints are violated can 
be reworked at the upstream workstations. In the fab 
under consideration, the cost incurred by such violation 
of the waiting time constraints is considered to be sig-
nificantly lower than the cost incurred due to due date 
violation (tardiness penalty paid to the customers or loss 
of goodwill). Recall that we focus on the semiconductor 
wafer fab which produces customized products such as 
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Figure 1. Performance of the scheduling policies for different scenarios

Table 5. Result of the paired t-tests

Scenarios Results†

Order-related

O1 ISP (45.7)≻SFSP (40.5) ≻REAL2 (15.4) ≻REAL1 (0.0)

O2 ISP (47.0) ≻SFSP (39.7) ≻REAL2 (14.4) ≻REAL1 (0.0)

O3 ISP (50.5) ≻SFSP (40.2) ≻REAL2 (14.5) ≻REAL1 (0.0)

Constraint-related

C1 ISP (45.0) ≻SFSP (37.6) ≻REAL2 (17.8) ≻REAL1 (0.0)

C2 ISP (47.7) ≻SFSP (39.8) ≻REAL2 (13.9) ≻REAL1 (0.0)

C3 ISP (50.6) ≻SFSP (43.1) ≻REAL2 (12.7) ≻REAL1 (0.0)

overall ISP (47.7) ≻SFSP (40.2) ≻REAL2 (14.9) ≻REAL1 (0.0)

†“A≻B” denotes that there is statistically significant difference at the significance level of 0.01 between policies A and B, that is, 
percentage reduction of policy A is larger than that of policy B. The average percentage reduction is given in the parenthesis.

Table 6.  Flow time of the lots 

scenario 
combinations REAL1 REAL2 SFSP ISP

O1
C1   2.13 (0.61)† 2.07 (0.58) 2.05 (0.53) 2.04 (0.53)
C2 2.19 (0.65) 2.13 (0.59) 2.06 (0.55) 2.05 (0.55)
C3 2.28 (0.73) 2.19 (0.67) 2.10 (0.56) 2.05 (0.53)

O2
C1 2.15 (0.63) 2.09 (0.60) 2.05 (0.55) 2.06 (0.60)
C2 2.23 (0.66) 2.12 (0.64) 2.09 (0.58) 2.09 (0.60)
C3 2.31 (0.76) 2.19 (0.71) 2.11 (0.58) 2.09 (0.58)

O3
C1 2.15 (0.66) 2.12 (0.64) 2.07 (0.60) 2.10 (0.64)
C2 2.25 (0.69) 2.16 (0.67) 2.10 (0.59) 2.12 (0.67)
C3 2.36 (0.79) 2.21 (0.73) 2.16 (0.62) 2.13 (0.67)

overall 2.23 (0.68) 2.14 (0.65) 2.09 (0.57) 2.09 (0.59)
†Average and standard deviation (in parenthesis) of the ratio of the flow time to the total processing time of the lots

system LSI products.
To see if there is significant difference in the per-

formance of the scheduling policies in terms of total 

tardiness, we performed a series of paired t-tests, and the 
results are given in <Table 5>. There were significant 
differences in the (reduction percentages of) total tardi-
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ness at the significance level of 0.01 among the sched-
uling policies, including those between ISP and SFSP, 
for all scenarios. This means that good policies/algo-
rithms work consistently better than the others regardless 
of problem characteristics.

To see if there is significant difference in the per-
formance of the scheduling policies in terms of total 
tardiness, we performed a series of paired t-tests, and 
the results are given in <Table 5>.

Finally, flow times of the lots resulting from the four 
policies are given in <Table 6>. The table shows the 
average and the standard deviation of the ratio of the 
flow time to the total processing time of the lots. Paired 
t-tests showed that there are significant differences (at the 
significance level of 0.01) between the flow time under 
ISP and those under REAL1 and REAL2. However, there 
is no significant difference between the flow times of ISP 
and SFSP. Considering the outperformance of ISP over 
other methods in terms of tardiness and/or flow time, 
we can argue that ISP is an effective and viable meth-
od for scheduling lots in wafer fabs with waiting time 
constraints.

5. Concluding remarks

In this study, we considered a scheduling problem in 
a semiconductor wafer fabrication facility in which there 
are limited waiting time constraints between certain pairs 
of consecutive operations. We presented a new scheduling 
policy, called the interdependent scheduling policy, in 
which scheduling decisions for waiting time-constrained 
lots are made based on up-to-date information of the 
fab and progresses of wafer lots. From a series of sim-
ulation tests, it was found that the suggested scheduling 
policy worked better than existing policies. We expect 
that the scheduling policy suggested in this study can 
be easily adopted in real fabs with limited waiting con-
straints, since the suggested scheduling method employs a 
priority-rule-based scheduling procedure, which can be 
easily implemented and is generally used in practice.

Minimization of tardiness of orders was considered as 
the objective of the scheduling problem in this research, 
since meeting due dates of customers’ orders was con-
sidered the most important operational objective in the 
fab considered in this study, which produces many dif-
ferent types of products according to the customers’ orders. 
However, one may need to consider other objectives, such 
as those related to costs, production lead time or throu-

ghput, for other types of fabs, in which a small number 
of product types are produced in large volume. For in-
stance, in many fabs that produce wafers for memory- 
type products such as random access memory or flash 
memory, there may not be tightly managed due dates 
for orders, or meeting due dates of customer orders 
may be less important. Also, cost incurred by wafer 
loss or rework due to the violation of the waiting time 
constraints may be considered more important in certain 
cases.
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