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Family-Based Scheduling Rules of a
Sequence-Dependent Wafer Fabrication System

Ching-Chin Chern and Yu-Lien Liu

Abstract—Consider the dispatch problem for a wafer fab- particularly difficult as elaborated in Uzost al. [13], [14] as
rication where production process is divided into hundreds of el as in Hughes and Schott [7] and Bai and Gershwin [2].

operations and takes a few months to complete. In the process, o thorough description of wafer fabrication and its specific
wafers have to go through similar operations several times repeat- deli d VS bl in Johri I8

edly for different layers of circuit, called job re-entrances. General modeling {:m gna yS|§ Prodiems are seen |_n ohri [8]. .
family-based scheduling rules are proved to perform better than From this point of view, to have an effective scheduling and

the individual job scheduling rule in terms of machine utilization ~ dispatching algorithm is urgent for wafer fabrication. The dis-
for multiserver and multiple job re-entrance manufacturing sys-  cussion of general scheduling and dispatching algorithms could
tems u_nder the condition that_ with a posmve_possmmty, aqueue pa found in 5], [9], and [12] though they are not directly re-
exists in front of steppers. Five special family-based scheduling lated t f f, b » Hi Wein 115 B . -
rules are constructed, of which FCFS-F, SRPT-F, EDD-F, and 'at€d 10 waleriabrica |on.. ein [ ]us_esa rowma_n queueing
LS-F are modified from previous well-known scheduling rules, Network model to approximate a multiclass queueing network
while SDA-F is a rule-based algorithm, using threshold control model with dynamic control capability which emulates wafer
and least slack principles and being developed in this research. A faprication. However, they did not consider the effect of family-
simulation model is built to evaluate the performances of these five |)5504 rules on the setup time and their conclusion that input con-

;ngég?;g ?nrlﬂgfn?éﬁjm-?aticvzlnnf%;n :trlgguﬁ? Ilgngj':fr;n;ﬁov:var:‘% trol methods are more effective than dispatch rules is obtained

perform best among all five rules, followed by LS-F and FCFS-F.  from a large development laboratory which is different from
the regular wafer manufacturing processes. Adathal. [1]

adopt a rule-based control method in a decision support expert
system, called a rule-based decision support system (RBDSS),
whose construction requires the involvement of experts from
. INTRODUCTION different areas and thus are suitable only for a few specific en-

HE PRODUCTION of integrated circuit (IC) chips is avironments. Glassey and Petrakian [4] develop a dispatch rule
T very complex process. The first stage of IC productioﬁased on the principle of starvation avoidance. However, their
is usually referred to as wafer processing or wafer fabric@lgorithm continuously adjusts the priorities of the jobs waiting
tion, which is different from general production procességefore work units which results in requirements of large ca-
in such a way that producing one wafer needs hundreds Rsicity and longer processing time of a computer unit. Lu and
operation and takes a few months to complete. The ba&émar [10], on the other hand, evaluate buffer-based policies
operations for wafer fabrication are diffusion, thin film deVersus due-date-based policies through a control theory to de-
position, etching, photolithography, and ion implant. Th¥elop the bounds of delays for a wafer fabrication plant. They
bottleneck is photolithography process including operatioh$€ simulation in their study to compare these two types of poli-
such as coating, photomasking, and developing, of whi§ifs- Cheng and Liao [3] develop a three-layer real-time sched-
photomasking operations performed on steppers receive md§tg and dispatching control framework for a semiconductor
attention because steppers are very expensive tools. To aFyWer.fab. They adopt Lagrangian Relgxatlon and Netwo_rk flow
capital effectively, most wafer fabrications schedule the wofRChniques to solve this problem, while no setup effect is con-
on steppers efficiently to avoid idleness. Each photomaskiﬁtﬁjered in their model. In all of the above studies, simulation is
operation requires a different mask and mask changes Heed as a tool to either evaluate the algorithms or justify their
troublesome and time-consuming tasks. In addition, the factgf@uments. This research is different from the above studies in
of wafer re-entrances, equipment downtime, random yield¥ays that it includes setup factor, which is ignored in [3], [4],

and so on make scheduling and dispatching in wafer fabricatiB?], and [15]. This research also modifies the buffer-based and
due-date-based scheduling rules and re-evaluates their effects as
done in [10] as well as utilizes the concept of a rule base as in
Manuscript received February 15, 2001; revised May 9, 2002. This wok#] and deV_e|0p5 a hel_Jr'St'C family-based scheduling rule.
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Fig. 1. Wafer fab as two manufacturing systems.

better under most scenarios. However, their result is bassm@tion 2 of a wafer is performed on stepper 2, operations 3,
on a shop flow system, which is very different from wafed, and 5 of this particular wafer are performed on stepper 2
fabrication, in terms of makespan computations and multisertsgy requirement, while operation 6 could be done on any avail-
scheduling. Missbauer [11] studies the schedule of the johble stepper. All steppers are assumed to have the capabilities of
with sequence-dependent setup times in a one-stage one-peaforming either critical, noncritical, or both operations. Each
chine system and concludes a potential savings in setupsaifer of circuit needs a distinguishing photomask, which im-
an appropriate family-based sequencing rule is used. In lighifes that whenever steppers process wafers for different layers
of the above two studies, this work adopts and modifies thg circuit from the previous ones, they have to change pho-
family-based scheduling rules for a multiserver and multipl® masks. For example, a stepper just finishes operation 2 for a
job re-entrance system such as wafer fabrication by minimizifg ¢ \wafers. The stepper needs to change photomask if it is to
the numbers of photomask changes. process operation 4 for other lot of wafers, while it needs not to

The rest of the paper is organize_d as follows. Sectiqn I d@hange the mask if it continues processing operation 2 for an-
scribes the problem and characterizes a general famﬂy—baga;?er lot of wafers

scheduling rule. Section Il presents several modified family- From the above description, a wafer fab could be simplified

based scheduling rules. Section 1V illustrates the simulati(t)ga manufacturing system with more than one machine as seen

model and displays the results of simulations. Section V SunPfFig 1. Like in Missbauer [11], consider two scheduling rules:

marizes the results, finally, and Appendix A demonstrates t‘}%FS. \;vhich puts no control ;)n the job sequence except ér-
roofs of theorems shown in Section II. o . . )

P rival time, and the family-based scheduling rule, which puts the

job of the same type ahead of other jobs. Missbauer [11] has

IIl. A GENERAL FAMILY -BASED SCHEDULING RULE proven that the family scheduling rule performs better in saving

A typical production cycle of a wafer starts with nonphothe setup times for a single-server system. This study will ex-
tolithography processes such as diffusion, thin film depositionand the result to a more complicated system with multiservers
or etching. Once the wafer enters photolithography area, itd8d multiple job re-entrances. Definas the job types where
coated, photomasked, and developed. The wafer is then trahds the total number of types andas the index of visit to
ferred to nonphotolithography area and stays there for soffeéppers wherd; is the total number of visits of type Be-
other processes such as ion implant, diffusion, and etc. Tigge the theorems are stated, define the following state variables
wafer returns to the photolithography area for the second-lay€f a system with multiservers and multiple job re-entrances,
circuit and so on. The production cycle of a wafer stops when &l namely, some Vvisits to steppers are critical and some are
the required layers of circuit are properly produced. Each lay@@ncritical.
of circuit needs to go through photomask operations once, which Prcrs: Probability that a setup is necessary if we apply
are processed on steppers. Two types of photomasking opera- FCFS rule.
tions are usually performed on a stepper: critical or noncritical. Ugcrs: Actual utilization rate if we apply FCFS.

Critical operations of a wafer are performed on the same step- Prsr: Probability that a setup is necessary if we apply the
pers by requirement while noncritical operations do not have family-based scheduling rule.

this restriction. For instance, photomasking operations 2, 3, 4, Ursr: Actual utilization rate if we apply the family-based
and 5 are critical operations and 6 is noncritical. That is, if op-  scheduling rule.
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Assume the arrival of each job type follows a Poisson process3. When a stepper is available, check whether there are jobs
with arrival rate); for types. Thus, the arrival rate of typeto belong to CAS. If yes, assign the job to this stepper. Other-
steppers is/;\; and the total arrival rate i3 = Zle T wise, assign the jobs based on “special family-based sched-
Assume that; is the total number of critical visits anf is the uling rules.”
total number of noncritical visits of type Thus,J; = J; + J. In this algorithm, “special family-based scheduling rules” ap-
Further, assume that there are totalysteppers to be utilized. plied in Steps 2 and 3 need to be developed next.

The following theorems are stated here first and proved later in
Appendix A.
Theorem 1: Prsg < Prcrs. Thistheorem simply states that

the family-based scheduling rule can never increase the probal—n this section, five Spec'.al f_amﬂy-bas_ed sche_dullng rules
- . are proposed for wafer fabrication, of which the first four are
bility that a setup is necessary for FCFS sequences.

i PRGN S 4 modified from the previous studies such as [10] and [16]. The
) Th;oremozf. PFStfl‘ < fFCFS if Szbil i > .1’ta‘ > Ogo[).?ltl last one, SDA-F, is developed in this research and is currently
- andp, > D1oratieastone > 5 wherep,, 1S the probabiiity adopted by a large wafer fab in Taiwan. Assume that each job
with n jobs in the system.

) == o has an assigned due date at its first arrival. Define slack of job
This theorem implies that the probabilities of Necessajy g,  as the due date minus current time and total processing

setups can be reduced if applying family-based schedulifigye for all the remaining operations including operations in
rules, more than one product type exists, total number Bﬁotolithography and nonphotolithography areas.
re-entrances-1, and for a positive possibility, a queue existsin Family-Based First Come First Serve (FCFS-F): FCFS-F

front of the steppers. S ) e is modified from the general FCFS rule, which sched-
Let a;; be the processing time of typdor the jth visit and ules jobs according to their arrival times in the job family.

r be the setup time for each group change, or in this case, each |, addition, FCFS-F processes the job families based on
photomask change. Defirteas the mean duration of a job (in- FCFS principle when certain steppers are available and no
cluding service and setup) on a stepper whenasetupis necessary caAs presents.

for each job, 06 = 37, 371 Xi/A(ai; + 7). However, not o Family-Based Shortest Remaining Process Time
each job needs a setup when applying FCFS or the family-based (SRPT-F): SRPT-F schedules jobs in ascending order
scheduling rule. The probabilities of setup savings from FCFS of their remaining processing times in the iob famiiy_

Il. SPECIAL FAMILY -BASED SCHEDULING RULES

and from family-based rule are— Ppcrs and1 — Ppgg, re-

spectively. Therefore, the mean duration of a job on steppers for

FCFS and for the family-based scheduling rule &re r(1 —
PFCFS) and§ — ’I”(l — PFSR)- SinceUFCFS = /\[6 — ’I”(l —
Prcrs)], Ursr = A[0 — r(1 — Prsr)], andPrsr < Prcrs,

When certain steppers are available and no CAS presents,
SRPT-F processes the job families based on the shortest
remaining processing time first principle, namely, the
job family with the shortest remaining processing time
is processed first. If more than two job families have the

the utilization rate of applying the family-based scheduling rule  same shortest remaining processing time, FCFS is used
is higher than one of applying the FCFS rule, or equivalently, to be the tie-breaking rule.

Urcrs < Ursr, under the conditions mentioned in Theorems * Family-Based Earliest Due Date (EDD-F): EDD-F sched-
1 and 2. When examining wafer fabrication, the required condi-  Ules jobs in ascending order of their due dates in the job
tions mentioned above are met, especially in photolithography ~ family. When certain steppers are available and no CAS
processes. Therefore, a general family-based scheduling rule for Presents, EDD-F processes the job families based on the
steppers can be constructed based on the above theorems to re- Earliest Due Date principle, namely, the job family with
duce the numbers of photomask changes. Define CAS as “cur- the earllgst due date is processed first. FCFS is also the
rent available set,” or “current photomask family” in wafer fab-  ti€-breaking rule. .
fication, which includes the job families waiting in the queues ° Family-Based Least Slack (LS-F): LS-F schedules jobs
that need the same photomask and can be processed on cer- N ascending order of their slacks, in the job family.

; o : L When certain steppers are available and no CAS presents
tain steppers for critical operations or all steppers for noncritical _ . '
operatigrﬁ)s P PP LS-F processes the job families based on the Least Slack

. . . principle, namely, the job family with the least slack is
A General Fam|iy—Ba_sed Scheduling Algorithm: processed first. FCFS is the tie-breaking rule.
1. Schedule all jobs in front of steppers that needs the sameryg |5t family-based scheduling rule, Family-Based Stepper
photomask together as job families. Each stepper has its OWRpatch Algorithm (SDA-F), is specially developed for sched-
critical job queue and there is also a joint noncritical jog”ng jobs on steppers. SDA-F is also a rule-based algorithm
queue for all steppers. Place the job families into differeQfnich not only adopts the rule-based scheduling concept from
queues according to their designated steppers and thgjbut also includes threshold control and least slack principles.
criticality. The development of SDA-F is based on the following two ratio-
2.When ajob, orawafer, arrives to the queues, check whethgiles: 1) The critical photomask operations need to come back
any family the job belongs to is presented in the queues. If yes the same steppers, and thus, should be assigned higher priori-
the job is placed in a certain position of that family based aies than noncritical ones; and 2) Among critical photomask op-
the “special family-based scheduling rules.” If no, the job ierations, the one with longer processing time should have more
placed at the end of the queues to start another job family.savings on setup than ones with shorter processing time since



18

IEEE TRANSACTIONS O

on-photolithography Coaters
processes

time see table 1

(6 available units)
35 minutes per lot

N SEMICONDUCTOR MANUFACTURING, VOL. 16, NO. 1, FEBRUARY 2003

Steppers
(9 available units)
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Fig. 2. Operations of the simulation model.

longer processing time results in more arrivals, which in turn,
results in more jobs waiting in front of steppers. From Theorem
2, morep,, > 0 for n > S results in larger differences between

Rework ?
(% see table 3)

on-photolithography
processes
time see table 1)

Delay 24 hours plus
a variable time~Exp(36 hours),

TABLE |
TIMES OF OPERATIONS ONSTEPPER ANDNONPHOTOLITHOGRAPHY
AREAS FORALL LOT 7 (IN MIN)

Ppsr andPrcrs. As aresult, critical operations are divided intc Stepper procossing time ] Non-photolithography ime
two groups based om, the threshold of photomask processing Operation  For L For S For L For S Critical ?
time. The processing times of critical operations of group 1 a (1) - 1‘;400 14400
all greater tham while those of group 2 are less than or equal t 3 ? 7 3?2 7?23 ;z;’g e
w.'From the simulation experiments, the; rule ofthumb to choo:—— R 2 70080 705001 Yes
w is that no more than 30% of total critical operations are a: 4 33 36 10560 11280]  Yes
signed to group 1. Based on the above grouping result, the st(__3 32 45 3210 3350| Yes
6 35 37 5050 5220 No
of SDA-F are as f.0||OV\-/S. _ _ _ > ' = 590 00T Vos
1) Schedules jobs in ascending order of their slacks in tt ™ g 35 42 5350 5820]  No
job family. 9 34 40 4220 3960 Yes
2) When certain steppers are available and no CAS preser — 34 36 14760 13610] No

SDA-F processes the job families based on the sequence
of group 1 first, followed by group 2, and finally the non-

and in the nonphotolithography area as seen in Table |. More

critical jobs. In other words, the job families of group 1y3rameters and assumptions made in this simulation model are

are chosen to be processed first, those of group 2 secojg

isted as follows.

and noncritical jobs last, based on SDA-F. Within each
group, the job family with least slack is processed first.
3) Finally, FCFS is the tie-breaking rule.

IV. SIMULATION MODEL AND ANALYSIS

MAXIM, a platform specially designed for wafer fab is used

to build the simulation model to evaluate the five special family-
based scheduling rules. The operations, resources, and time in-
formation needed in this simulation model are shown in Fig. 2
and are collected from a wafer fabrication located in Hsin-Chu,
Taiwan, R.O.C. Two types of products, L and S, are assumed in
this simulation model with 60% and 40% shares of production,
respectively. Each product has to go through similar processes
but takes different lengths of processing times on the stepper

» The outcome of each finished photomasking operation is

an independent Bernoulli trial with reworking probabili-
ties listed in Table Il and is either good or rework but not
scraped.

The time between machine failures and repair time for
each stepper are both assumed to be random variables
following exponential distributions with means listed in
Table Ill. Each machine is also scheduled for regular main-
tenance as seen in Table IV.

In a wafer fabrication process, special requirements for
certain products with various quantities, called hot lot in a
wafer fab, arise occasionally. Hot lots are assigned highest
priorities, according to the engineering principle in gen-
eral wafer fabs. In this simulation model, hot lot percent-
ages are 0.07% for product L and 0.1% for product S.
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TABLE I simulation model can be used to evaluate these family-based
REWORK RATE (IN %) scheduling rules.
Operation | For L | For S It is also interesting to see how close the approximations of
1 7.0 7.2 Prcrs andPrsg computed in Appendix A are to the simulation
2 12 1.2 results. Ten visits to steppers, including six critical and three
3 3.2 6.0 noncritical visits, are assumed for each lot as seen in Table I.
= 1.2 o The average processing time for each photomask operation is
5 4.0 14.8
3 22 24 36.06 min with nine steppers available. Ignoring the mainte-
7 1.1 1.2 nance and rework factors and based on the approximations in
8 1.6 0.0 Appendix A, Prcrs ~ 93.61%, Prsr = 7133%, Urcrs &~
190 gi 1'20 99.69%, andUpsg ~ 96.49%, respectively. As mentioned in
Appendix A, Prcrs and Prsg are computed by adopting the
TABLE I formulafromM /M /1 andM /M /S models. Based on the prop-
MACHINE FAILURE OF STEPPERS(IN H) erties of the functl_ons as explained in the Appendix, they are
overestimated, which means thgicrs should be greater than
Mcan time between 93.61% andPgsg should be greater than 71.33%. From the
Stepper failures Mean repair time derivation in Section IUVpcrs = A[6 — 7(1 — Prcrs)] and
! [4 L3 Ursr = A[6 — r(1 — Ppsr)]. Therefore, the overestimations
2 388 0.5 . o
3 7 05 of Prcrs andPrsr als_o resu_lt in the overestlmaypns_ldfcm
7 138 03 andUrsg. From the simulation, the average utilization rate of
5 388 0.5 steppers after the warmup period is 93.70% without the ma-
6 482 0.1 chine down time which is almost 3% lower than the approxi-
7 482 0.1 mation result olUrsr = 96.49% as expected. However, it is
3 gé fé still clear that family-based scheduling rule performs more than
‘ 20% better in terms of setup probability. Since a 6-min mask
changing time is assumed, the savings in setup reflects more
TABLE IV than 3% in utilization. That is, the larger the setup time is, the
REGULAR MAINTENANCE OF WORK UNITS IN PHOTOLITHOGRAPHY AREA greater the percentage of savings in utilization will be, which
Type ol regular| Interval | Repair Time implies larger throughput if varying arrival rates or shorter cycle
Work units maintenances | (in days) | (in minutes) time in fixing arrival rate.
Coater 1 60 120 From the above analysis, family-based scheduling rules can
ﬁcf’CIO‘ier 5 610 ’1200 always increase the utilization rate through the savings in setup
R 5 0 P time. More savings in setup result in more job processing ca-
3 180 480 pacities, which means that different job arrival rates should be
Measurer 1 7 20 applied for different rules. For comparison reasons, the average
for precision 2 30 60 utilization rate is set at around 95% for all the simulation runs
Stepper 1 30 84 of these five rules while theoretical results in Section Il and
j 1:00 Zg a trial-and-error method are used to find the appropriate ar-

rival rates for different rules. It is also assumed that the spe-
cial family-based rules are applied to steppers as well as all
» Four photomasks are available for each photomasking agher resources. The measurements to evaluate the performance
eration. Usually, the mask changing time is ranged froof these five family-based scheduling rules are average weekly
6—20 min. In this model, mask changing time is assumelroughput (in wafers) and mean cycle time per wafer (in hours).
to be 6 min. Fig. 4 shows the time plots of average weekly throughput rate
To validate the simulation model, 31 lots are input into thand cycle time per wafer of these five rules. It should be noted
system every day with lot size equal to 25 wafers, of whicthat SDA-F is the one with larger weekly throughput and lower
18.6 lots are product L and 12.4 lots are product S. The time hmrcle time among all. The reason is that SDA-F saves more setup
tween each input is a constant of 45 min. The simulation modehe, or photomask changing time, on steppers and thus, better
is run for 360 days with a 90-day warmup period since aftetilizes the steppers in processing wafers. It is also clear that
90 days (or 3 months), the process becomes stable as seethénweekly throughputs from SRPT-F and from EDD-F are less
Fig. 3(a)—(c). The scheduling rule used for this simulation rwtable than the weekly throughputs from the other rules. It is
is FCFS-F for all resources, including coaters, steppers, meaused by the principle adopted by these two rules that the jobs
surements, and developers, as used in the wafer fab locateden higher priorities as jobs get close to the ending processes.
Hsin-Chu, Taiwan, R.O.C., before SDA-F is adopted. Table When the system is highly utilized, SRPT-F and EDD-F tend
shows the information collected and summarized from the plawtschedule the lots that has been processed ahead of the new
and from the simulation run. The average monthly throughp@mntry lot. Thus, the system has a higher weekly throughput for
the average WIP, and the mean cycle time all show that the siome week followed by a lower one the next week and vice versa
ulation is close to the current plant situations. Therefore, thighen applying these two rules. It is also worth mentioning that



20 IEEE TRANSACTIONS ON SEMICONDUCTOR MANUFACTURING, VOL. 16, NO. 1, FEBRUARY 2003

70000

60000 [

50000 ( —#— throughput — XX X
—X—WIP x X X7
40000

30000 - —

Throughput & WII
(in wafers)

20000

10000

0

Time (in months)

@

2000
1800

1600
1400 ‘F‘?'_-w
21200

8

i 21000 /

5» £ 800 /
600 /
400

200 /
0 ‘ | 1 1 1 1 1 1 1 1 1 1

Time (in months)

(b)

120

100 — —
el —o——o—o—9—9
80

4
ol f
20 /

1 2 3 4 N 6 7 8 9 10 11 12

Machine Utilization
(in%)

Time (in months)

()
Fig. 3. (a) Time plots of throughput and WIP. (b) Time plot of cycle time. (c) Time plot of utilization.

TABLE V further examine these five rules statistically, ten runs of simula-
DATA COLLECTED FROM THE SAMPLED PLANT AND THE SIMULATION tion are done for each rules. The means and standard deviations
Average Monthly | Mcan Cycle of the ten-run average weekly throughputs and mean cycle times
Sources Average WIP | Throughput Time among five rules for two products are plotted in Fig. 5(a)—(d).
Plant 53000 22000 08 It is clear that the reduction in cycle time or increase in weekly
Simulation 30000 23000 6 throughput is significantly better from SDA-F to the others for

both products.
FCFS-F, the rule currently used in the fab located in Hsin-Chu,After the results of this study presented to the management
Taiwan, R.O.C., and LS-F performs almost the same and th@fythis wafer fab located in Hsin-Chu, Taiwan, R.O.C., SDA-F
are second best among these five rules, following SDA-F. Vs adopted immediately in 1998. It was estimated that over 120
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Fig. 4. (a) Time plots of weekly throughput. (b) Time plots of cycle time.

wafers or five lots more were produced per week, which is morele that benefits from setup time reduction, or photomask
than half of the difference between the results of previous plasftange reduction, by including threshold control schemes and
situation and the simulation. This wafer fab was later mergéehst slack principles. A simulation model is created to evaluate
with another IC chip manufacturer and another DRAM manuhe performances of these five family-based scheduling rules.
facturer in Taiwan, R.O.C., has adopted the SDA-F rule singewafer fab located in Hsin-Chu, Taiwan, R.O.C., is used as an
then. There is no information reported regarding to how muegxample in this study. The data needed in the simulation model
it saves or earns after the plant adopts SDA-F. is collected from this wafer fab. As a result of this work, SDA-F
performs significantly better than other rules when comparing
the average weekly throughput and mean cycle time. Some
assumptions made in this study to simplify the model might be
This research studies the effect of applying family-basedlaxed for future research, of which is one assuming that all
scheduling rules to wafer fabrication and concludes thsteppers can process both critical and no-critical operations. In
they increase the utilization of steppers if there is a posihany wafer fabs, only the most recent fine-line tools can handle
tive possibility of at least a job waiting for steppers. Fiveritical layers, so that there are different pools of tools to handle
family-based scheduling rules are introduced with the first fouhe noncritical versus no-critical operations. The family-based
FCFS-F, SRPT-F, EDD-F, and SLACK-F, being modified fronscheduling rule can still apply to this type of system based
well-known scheduling rules and the last one, SDA-F, beiran the proof in Appendix. However, it depends on the future
constructed in this study. SDA-F is a family-based schedulimgsearch to find the suitable special family-based scheduling

V. CONCLUSION
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Fig. 5. (@) Cycle time per wafer for product L. (b) Weekly throughput for product L. (c) Cycle time per wafer for product S. (d) Weekly throughputitirgirod

rule for this type of environment. Another assumption to sindifferent dispatch principles. For example, steppers process
plify the model is for all the resources, including machines iwafers one by one while furnaces for diffusion operations

photolithography and nonphotolithography areas, to follow thprocess wafers in batches. It is of future interest to develop a
same dispatching rule. However, different working machine®mbined family-based scheduling rule for the whole wafer

have different processing characteristics which may neptbcess.
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APPENDIX total amount of setup time, which meapsiepends oPggpR.
Replacep,, = (1 — p)p™ in formula (6.1). Therefore

= Ai - A
A. Proof of the Theorems P..; rsr(p) =po <1 _ 7) n an <1 _ T)
For the sake of simplicity, assume that the processing rates (1 —p+pA o p? & ) (1 - AT)
for all the machines are identical and the processing times of all - [1 _ (1 — )\_)]

visits for all jobs are also the same and constant. To simplify the
computation, assume that the time betweenjth@nd(;j + 1)th  Taking the first derivative o, .Fsr results in
visits of all types follows an independent and identical expo-

nential d|§tr|but|o_n. T_he first step is to evaluate a single-server OP; j rsr(p) N [3pr1 (/\T — 1) — 2]

system with multiple jobs re-entrances. &i-rs be the prob- 8—p Y [ 1 ﬁ)]2 <0.

ability that a setup is necessary if applying the FCFS rule and P A

Prsr be the probability that a setup is necessary if applying t%us it p1 < po, then P psn(py) > P, FSR(,02) which
family scheduling rule for a single-server system with multlple pl|es that P ’ (p1) m:’ ZI _()\ //’\) (p1)>
job re-entrances, or namely, gth visits to steppers are critical FSRAAL B U JbFSR gll
operations. Assume that alloperations are critical. With these, - Sicy A/ N Pijpsn(p2) = PFSR(M) To be able to

mputePFSR, p is assumed to be valued as the average arrival
= = rate divided by average service rate without considering setup
Lemma 1: Prsg < Prcrs. . . . . = .
Proof: From [11], the probability a setup is nec- time, or\/u. Thus,p is underestimated, which meafssy is

averestimated.

essary is when the arrival to have a predecessor SLet s be the index of machine an§l be the total number of

processed for a different operation, or equwalentl . : o .

Prors = S0 Ji /A (1 — Ai/A) = 1 — Z i /) ¥hach|nes fa\vallable. Defin®. g as the probablhtythatas.e_tup

4P =1 o W h is needed if we apply the FCFS rule aRfl as the probability

and P, jrsr = pp_(l - ,/_ ) + _Zn:l P (1 // ) WNETE " that a setup is needed if we apply the family scheduling rule for a

pn is the probability withy: jobs in the system. Thus multiserver system with jobs re-entering the system more than
one times, or namely, alith visits to steppers are noncritical
operations. With these, the following lemmas are derived and

the following lemmas are derived and proved.

I
_ Ai = proved.
Prsr —;Jix i,7,FSR Lemma 3: ]_jfsp. < Plcps- N
; Proof: Since the P(jth visit of type ¢ has a jth
Ai Ai visit of type i as predecessors the system is empt
=S S e (1= 5 ypR P $ the sy pty
i=1 A A ) = Ze 1( )(/\/)‘) (1—=Xi/N) = Xis, P(

0o A" a jth visit of type i Job_ has ajth visit of type ¢
+an <1 — Z) } . (6.1) job as predecessor$ n jobs are in the system and

n < S= YT (S ") (/N (1~ Ai/N)T = Xisin,
P (a jth visit of type i job has ajth visit of typei job as
predecessorsn > S) = \;/A, andP (an arrival job is ofjth
From (6.1), the maximum oPrsg happens whep, = 1 Vvisit and typei) = \;/\

andp, = O forall n > 1. In other words Prsrp <

I = I
Zi:l JL()\L/)\)(l—)\/)\)—l_Z ()\ /)\) —PFCFS- Pl _1_ZJ ﬁ
The result follows. O FCFS = W)

Lemma 2: Ppgr < Prcrs if Zle J; > 1,\; > 0forall g, y [pz=(11 _ X o)
andp,, > 0 for at least one: > 1 wherep,, is the probability 05_1 “S
with n jobs in the system. n Z pn

Proof. Without losing generality, assumg; > 0, )
p» > 0,andp, = Oforaln > 3. 1f S 0 > 1 . N
and \; > 0 for all i, then (1 —X;/A) > (1—X\/N)" + an (1 — J)] . (6.2)
> (1=X\/N)"" for » > 1. From the proof of - A

Lemma 1, it is known thatPpsg < S31, Ji(Ai/N) et P e th bty that & st f
2 et P! ., e the probability that a setup is necessary for a

{po (L= X:/A) +pa (1= /\f/)‘) +p2 (1= X/A) } whose job othhFilrltsn and typei if applying the family-based sched-
right-hand side is less tha%cps = Zz L Jidi /A (1= X /A) ullng rule. FromP (no jth visit of typei job in the system)
{po+p1+po}=1—31_, Ji (\i/N)°. The result followsd = 1- X, s, P (nojth visit of typei job in the systenh n jobs are

If p,, is approximated by the probability @ /M /1 formula  in the system and > S) = (1 — \;/\)", and P (no jth visit
from [6], orp, = (1 —p)p", as did in Missbauer [11], (6.1) canof type: job in the systen n jobs are in the system amd< S)
be calculated. However, the utilization rgtedepends on the = 1 — X; s_,, it is known thatP{7j,7FSR =po(l—-X;s)+

X'i,S—'n,)
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Yoot pn (1= Xison)+ Yor g pn (1= Ai/A)"
the probability withn jobs in the system. Thus

Prsg = Z J
Ai
= Z Jiy {po (1 - Xis)
i=1

wherep,, is

7",FSR
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5-1
X [po (1-Xis)+ an (1 - Xis-n)
n=1
oo A/-
S (1-3)

= =1 X 1
+an (1 _Xi,S—n) l; = 0o n
n=1 _Zj,ﬁ 1_ﬁ _|_Z 1_ﬁ
> A" 6.3 B i=1 A o A n:lpn A
+ Z DPn 1- T . ( . ) /\ S—1
n==S "
. +ZJ£T{P0(1—XLS)+ZPTL(1 Xi.5—n)
Since (1 — \;/\)" < (1 - )\,/)\) whenn — S > 0 and =1 n=1
from (6.2) and (6.3)Pﬁ5R = S Jii/N) {po (1 = Xis) - < x)"
1= + w1 —— 6.5
+Z lpn( Xis—n)+>., _]gpn( = Xi/N)"}, WhICh ;p A (6.5)
's less than or equal t0);_, Ji(Ai/A) {po (1 XlS) Also from Lemmas 1 and 3, the result follows O
, u WS.
+Z'n 1Pn( —Xis—n)+ D e spn(l_/\/)‘)}— FCFS-

The result follows.

Lemma 4: Ppop < Pheps if Y0_, Ji > 1, \; > 0 forall 4,
andp,, > 0 for at least onex > S wherep,, is the probability
with n jobs in the system.

Proof: If Zle Ji > 1land ) > 0 for all 4,
then (1 —X;/\) >(1—-X\/\)" for all » > 1. From
Lemma 3, Pigy < 2 Jilhi/N) {po (1 - Xis)
+ Xt (1= Xison) + 3,0 g2 (1 - /0"
which is less than Z Ji(Ai/X) {po (1 — Xis)
FES (= Xiso) +Senpn (1= XN} =

Pgcrs if pn, > 0 for at least one:. > S. The result follows. O 1]

If Pn is approximated by the proba-
bility of the M/M/S formula from [6], ?r
_ n - 2
po = [SIS1/m /)" + 1St Su/su- )] P
pn =  (A"/nlp™)py for 1T < n < S, and B

(pn = A"/S"=9S1u™)po for n > S wherey is the service
rate of each machine without considering setup, (6.3) can besj
calculated. It should be noted that increases ag increases.
However, since the computation formula is too complicated, al
numeric test is conducted to see when service rate increaseg]
how Pl ~rs and Plqr behave. As expected, whernincreases,
Plcps and Plgr also increas, which implies that when Y
no setup time is assumed or service rate is overestimated
(utilization is underestimated)Pr.rs and Pigp are also  [8]
overestimated.

According to the definitions in Section I, the total arrival
rate of critical operations Elel J;\; and the total arrival rate
of noncritical operations i$;_, J;\;. Based on the above
lemmas, Theorems 1 and 2 can be proved.

Proof of Theorem 1:Sinceji+J{ = J; and from Lemmas
1 and 3, the probabilities could be approximated as follows:

3 (3) (%)
)

[
10]

(11]
(12]

[13]
Prcrs ~

(14]

>| >

Proof of Theorem 2:If there is no critical operation,
Lemma 4 will be the proof. If there is no noncritical operation,
Lemma 2 will be the proof. Thus, assume there exist both
critical and noncritical operations. From the proofs of Lemmas
2, 4, and Theorem 1, the result follows.

To compute the approximations of (6.4) and (6.5), combine
the results from (6.1), (6.2), (6.3),, of M/M/1 formula for
critical operations ang,, of the M//M/S formula for noncrit-
ical operations.

O
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