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A Novel Algorithm for Wafer Sojourn Time
Analysis of Single-Arm Cluster Tools With
Water Residency Time Constraints and
Activity Time Variation
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Abstract—This paper addresses the scheduling problem
of single-arm cluster tools with both wafer residency time
constraints and activity time variation in semiconductor
manufacturing. Based on a Petri net model developed in our
previous work, polynomial algorithms are proposed to obtain
the exact upper bound of the wafer sojourn time delay for the
first time. With the obtained results, one can check the feasibility
of a given schedule or find a feasible and optimal one if it exists.
Illustrative examples are given to show the applications of the
proposed method.

Index Terms—Cluster tools, discrete event system, Petri
net (PN), scheduling, semiconductor manufacturing.

NOMENCLATURE
a; The shortest time needed for completing a wafer at
Step i, i € Nj.
B; The upper bound of the wafer sojourn time delay
at Step i.
b; The longest time needed for completing a wafer at
Step i, i € N,,.

1 Input function in a Petri net (PN).
K Capacity function in a PN.

M Marking in a PN.

N= {012,...}.

{1,2, ..., n}.
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Output function in a PN.

Process module.

Petri net.

PN place modeling loadlocks.

PN place modeling Step i, i € N,.

PN place modeling the robot waiting before loading
a wafer into Step i, i € 2.

PN place modeling the scheduled robot waiting
before unloading a wafer from Step i, i € 2.

PN place modeling the unscheduled robot waiting
before unloading a wafer from Step i, i € 2.
Real-time control policy.

PN place modeling the single-arm robot.

PN transition modeling the robot task of loading a
wafer into Step i, i € N,,.

PN transition modeling the robot task of loading a
completed wafer into a loadlock.

PN transition modeling the robot task of unload-
ing a wafer from a PM at p; and moving to p;+1,
i € Ny—1.

PN transition modeling the robot task of unloading
a wafer from a loadlock at py and moving to pj.
PN transition modeling the robot task of unloading
a wafer from p, and moving to a loadlock.

PN transition modeling robot’s moving from p; 2
to p; without carrying a wafer, i € N,,_» U {0}.
PN transition modeling robot’s moving from pq to
Pn—1 without carrying a wafer.

PN transition modeling robot’s moving from p; to
pn Without carrying a wafer.

Wafer sojourn time at Step i under normal
conditions, i € N,,.

{0} U Nj.

Accumulated robot time delay when the robot
arrives at g;3 for unloading a completed wafer.
Time needed for firing y;1, 7 € £ and w,,, € [a, B].
Cycle time of the system.

Cycle time of Step i, i € N,,.

Transition firing sequence for robot’s going from
Steps i to d in the jth robot cycle.

Time needed for firing s;1, i € 2, and A;; € [c, d].
Time needed for firing s, i € Np, and
A2 € [c + a, d + B).
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(a)
Fig. 1. Cluster tools. (a) Single-arm robot. (b) Dual-arm robot.

A02 Time needed for firing sop and Ap2 € [co + o,
do + Bl

Ti Wafer sojourn time in Step i, i € Nj.

wi1 Scheduled robot waiting time before loading a
wafer to Step i, i € Q.

w2 Scheduled robot waiting time before unloading a
wafer from Step i, i € .

w;3 Unscheduled robot waiting time before unloading a
wafer from Step i, i € Q.

8 The longest time for which a wafer can stay in a
PM at Step i after it is processed, i € N,,.

Gi Time needed for processing a wafer at Step i,
i€ Nn, and Gi € [ai, b,‘].

¢/ The actual time taken for completing the jth activity.

v Robot cycle time.

(/31 Robot cycle time with no robot waiting.

/2 Robot waiting time in a cycle.

[lol] The exact upper bound of time delay during the

execution of an activity sequence.

I. INTRODUCTION

N SEMICONDUCTOR manufacturing, more and more

manufacturers adopt cluster tools to process wafers by
using single-wafer processing technology. A cluster tool
consists of several process modules (PMs), an aligner, a
wafer handling robot, and two loadlocks for wafer cassette
loading/unloading. In general, raw wafers in a cassette have
an identical recipe [1], [2]. They are loaded into a cluster tool
through its loadlock, and then processed in one or more PMs
with a prespecified order. After all operations are completed,
they are returned to their loadlocks by the robot [3]. Such
a tool can provide a flexible, reconfigurable, and efficient
environment for semiconductor manufacturing, resulting in
higher yield, shorter cycle time, better utilization of costly
space, and lower capital cost [4]-[8]. With one or two robot
arms, it is called a single and dual-arm cluster tool as shown
in Fig. 1, respectively.

(b)

Extensive work has been done about modeling and analysis
of cluster tools [5], [7]-[17]. It is found that, under the steady
state, they operate in either the process or transport-bound
region. For the former, the robot has idle time and the pro-
cessing time in PMs determines the cycle time. For the latter,
the robot is always busy and the cycle time is determined by its
activity time. It is also shown that the PM activities follow the
robot tasks [18], [19]. Hence, the key is to schedule the robot.
Dispatching or priority rules are developed to do so [14], [20].
The robot moving time from one PM to another can be treated
as a constant and is much shorter than the wafer processing
time [1]. For single-arm cluster tools, a backward scheduling
strategy is optimal [21], [22]. This is true only if there is no
limit on how long a wafer can stay in PMs after it is done.

Some wafer fabrication processes pose a strict constraint on
the wafer sojourn time in a PM called a wafer residency time
constraint [1]-[3], [23]-[27]. With such constraints, methods
for finding an optimal periodic schedule for dual-arm cluster
tools are proposed in [1], [2], and [24]. Their computational
efficiency is improved by deriving necessary and sufficient
schedulability conditions for both single and dual-arm cluster
tools as revealed in [3] and [28]. If schedulable, closed-form
algorithms are given to find an optimal one.

Some wafer fabrication processes are repeated processes,
or there is wafer revisiting. In [5], [7], [8], [37], and [38],
scheduling strategies are presented for such tools dealing with
wafer revisiting. Furthermore, an efficient technique is pro-
posed in [39] to schedule a dual-arm cluster tool coping with
both wafer revisiting and residency time constraints.

PMs in cluster tools are failure-prone. Thus, effective con-
trol policies are proposed to respond to such failures for
single-arm cluster tools in [35] and [36].

All the above studies are conducted without considering
activity time variation that occurs in practice. Such variation
can make a feasible schedule obtained under the assumption
of deterministic activity time infeasible. Methods are proposed
to deal with abnormal events and activity time fluctuation
in [18] and [29]. Kim and Lee [30] studied the schedulability
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problem for dual-arm cluster tools with bounded activity time
variation. They identify so-called always schedulable and never
schedulable cases by using PNs and a branching technique.

Wu and Zhou [25] show that some never schedulable cases
identified in [30], in fact, are always schedulable by using
their newly proposed real-time controller. By using PNs, for
dual-arm cluster tools with wafer residency time constraints
and activity time variation, the wafer sojourn time fluctua-
tion is analyzed and closed-form scheduling algorithms are
proposed to find an optimal schedule [25], [26], [31]. With
wafer residency time constraints and activity time variation,
it is much more complex to schedule single-arm cluster tools
than dual-arm ones [23], [32]. Thus, by following the idea
in [25] and [26], the scheduling problem of single-arm cluster
tools is solved in [23], [32], and [34].

Since the time variation of both robot activities and wafer
processing affects the wafer sojourn time delay in a PM in
a complex way, it is very difficult to calculate the wafer
sojourn time delay in a PM. In fact, the upper bound of
wafer sojourn time delay in a PM obtained in [32] is not the
exact one but overestimated. This makes the schedulability
conditions in [23] and [34] sufficient only, but not necessary.
This implies that, by the method in [23] and [34], some
nonschedulable cases are, in fact, schedulable. Then, can an
exact upper bound of the wafer sojourn time delay in a PM
be found? If so, the schedulability conditions in [23] and [34]
become necessary and sufficient conditions. This motivates
us to conduct this investigation.

This work makes the following contributions: 1) the mech-
anism about how the activity time variation affects the wafer
sojourn time is revealed; 2) algorithms are derived to cal-
culate its exact upper bound; and 3) they are shown to be
polynomial with respect to the number of parallel PMs and
number of operations. Therefore, the results are significant in
this research field.

The remainder of this paper is organized as follows. The
next section introduces a Petri net (PN) model and real-time
control policy (RCP). Then, Section III presents the algorithms
for calculating the exact upper bound of wafer sojourn time
delay. Illustrative examples are used to show their applications
in Section IV. Finally, the conclusion is given in Section V.

II. PN MODELING AND RCP

In this section, we briefly introduce the PN model developed
in [32] and [33] such that this paper is self-complete.

A. PN Model for the Wafer Flow

PNs are widely used in modeling and analysis of dis-
crete event systems [1], [17], [29], [40]-[53]. The PN model
in [32] and [33] is a kind of finite capacity PN whose
concept is based on [19] and [54]. It is defined as
PN = (P, T, I, O, M, K), where P is a finite set of places;
T is a finite set of transitions with PUT £ @ and PNT = ¢;
I: P x T—N=1{0, 1, 2, ...} is an input function; O: P x
T — N is an output function; M: P— N is a marking repre-
senting the number of tokens in places with M being the ini-
tial marking; and K: P — N\{0} is a capacity function, where
K(p) represents the largest number of tokens that p can hold.

Fig. 2. PN model for a single-arm cluster tool with n steps.

The preset of transition ¢ is the set of all input places to ¢,
ie., *t={p:pe PandI(p,t) > 0}. Its postset is the set of
all output places from #, i.e.,* = {p : p € P and O(p, t) > O}.
Similarly, p’s preset °p = {t € T : O(p, t) > 0} and postset
p® ={teT:Ip,r) > 0}. The transition enabling and firing
rules can be found in [19] and [41].

The wafer flow pattern can be denoted as
(my, mp, ..., my) [1], [55], where n is the number of
steps for processing a wafer and m; is the number of PMs
used to process wafers at Step i, i € N, = {1, 2, ..., n}.
Let & = {0} U N,. Based on the wafer flow pattern, the
PN model [32], [33] for a single-arm cluster tool is shown
in Fig. 2 with the meaning of places and transitions being
presented in Table L.

By K(po) = mo = 0o, we mean that the loadlocks can
handle all raw and finished wafers in a tool. With a backward
strategy, m; wafers are being processed at Step i, i € N,.
Thus, without loss of generality, we let Mo(p;) = m;, i € N,
Mo(r) = 1 to indicate that the robot is idle, and My (pg) = n to
indicate that there are always wafers to be processed. To avoid
deadlock [56]-[58], we give a control policy to make the PN
model live [33].

Definition 1 [33]: At marking M, transition Yy,
i € N,—1U{0} is said to be control-enabled if M(p;y1) =
miy1 — 1; and y,; is said to be control-enabled if
M(p,) =m;, i€ Nn.

Under the control policy given in Definition 1, the PN is
shown to be deadlock-free [33].

B. Modeling Activity Time

In the developed PN model, time is associated with both
places and transitions. Time duration [{1, ¢2] is used to
denote a robot task’s time interval. The wafer processing
time is denoted as ([{1, ¢2], ) which indicates that after
the completion of a wafer with ¢ € [{1, {3] time units at
Step i, the longest time delay in its corresponding PM must
be no more than §. For a robot task or wafer processing at
a PM, ¢ € [¢1, ¢2] is obtained by measuring the real-time
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TABLE I
MEANING OF PLACES AND TRANSITIONS OF PN IN FIG. 2

Transition
Meaning
or place
PoEP The loadlocks called Step 0 with K(po) = my
pieP The PMs for Step i with K(p;) = m;, ieN,
reP The single-arm robot with K(r) = 1
The scheduled robot waiting before loading a wafer to Step i,
qgineP .
ieQ
gneP The scheduled robot waiting before unloading a wafer from Step 7, ieQ
gneP The unscheduled robot waiting before unloading a wafer from Step i, ieQ
sqel Loading a wafer into a PM at Step i modeled by p;, ieN,
soneT Loading a completed wafer into a loadlock modeled by py
speT Unloading a wafer from a PM at p; and moving to p;i1, i€ Nyt
spel Unloading a wafer from a loadlock at py and moving to p,
sieT Unloading a wafer from p, and moving to a loadlock
yneT The robot moves from p;, to p; without carrying a wafer, ieN,, {0}
Yon€T The robot moves from p, to p,.; without carrying a wafer
ymeT The robot moves from p, to p, without carrying a wafer

operational time. If { € [{1, ¢2] represents a scheduled robot
waiting time, ¢ can be set to be any number in [{, {3].
However, if ¢ € [, ¢2] represents an unscheduled robot
waiting time, ¢ is obtained by real-time measurement and is
variable. The time durations for different transitions and places
are shown in Table II. Note that the time taken for the robot to
move from one PM to another is same under normal conditions
defined later.

With wafer residency time constraints, we need to define
the liveness for the PN shown in Fig. 2. Let 7; denote the
sojourn time of a token in p; and ¢; be a sample in [a;, b;].
Then, the liveness condition of the PN for single-arm cluster
tools with residency time constraints can be defined.

Definition 2 [33]: A PN for single-arm cluster tools with
residency time constraints is said to be live, if at any marking
reached and for any wafer in p;, Vi € N,,, and any ¢; sampled
in [a;, b;] such that whenever s;» is enabled, 7; — ¢; < §;
holds.

C. RCP

To understand the activity time variation, we may view a
system as if it operates under normal conditions with random
disturbance. A cluster tool is said to be operated under nor-
mal conditions if, for any activity with time duration [{ 1, ¢2],
it takes ¢ = ¢ time units only. With this definition, in a
real-time, the time needed for an activity can be denoted as
1+ A¢ with ¢ < ¢1 + A¢ < ¢2. In this way, nonzero
A¢ can be seen as a disturbance and ¢ can be any number
in [¢1, ¢2]. In this way, to obtain a feasible periodic schedule
under normal conditions is to determine w;; and w;, such that
a; < t; <a; + 6;, Vi € N,.

Let ¢/ denote the actual time taken by completing the
Jjth activity. The random activity time variation can be seen
as random disturbance to normal conditions. Thus, we let
W, = o+ oy, and k] = c+p} forall jand i € 2;

)‘02 =co+oa+ ,002 for all j; A\, = c+a + ,olj2 for all j and
i € N. We then dynamically regulate wp’s and w;1’s so as to
adapt to the random dlsturbance based on the real-time obser-
vation. With Uym 1012’ and ,0 K observed 1n real-time, if there

exists a nonzero value of ay,l, plz, and ,o =P the robot waiting
time in g;» and g;; can be shortened by adjusting w; and w;;
on-line. We have the following RCP [33].

1) Under the normal conditions, find a periodic schedule

by determining w;> and w1, i € .

2) Transition sqg; is fired if the jth token stays in go; for
o}, = max{(wor — pjy), 0} time units, and transition
sit is fired if the jth token stays in g;; for o) =
max{(w;; — p'(’l._l)z), 0}, i € Ny.

3) Transition y;» is fired if the jth token stays in g;> for
w), = max{(wp — oy,), 0}, i € Q.

4) Transitions s;2, and y;; fire once they are enabled.

By RCP, s;» can fire when there is a token in g;3 and a
wafer (token) in p; is completed. This implies that the token
waiting time wig in g;3 (or firing s;2) depends on whether a
wafer in p; is completed or not.

III. EXAcT UPPER BOUND OF SOJOURN TIME DELAY
A. Effect of Activity Time Variation

Under the normal conditions, a single-arm cluster tool
with residency time constraints should be scheduled such that
a; < t; < a; + §;. Thus, we need to know how the activity time
variation affects the wafer sojourn time delay in a PM. We first
summarize the results of wafer sojourn time delay caused by
activity time variation as obtained in [32].

Under the normal conditions, w;> and w;j, i € R, are the
scheduled waiting time and are constant, while a),g, i € Q,
should be zero. Hence, )‘02 = ¢ + o for all ],' d2 =c+u«o
fqr all j and d € Np; u}dl =, wd2 = W, a)d1 = wy; and
XL’“ = ¢ for all j and d. Thus, at any steady state marking M,
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TABLE II
TIME DURATIONS ASSOCIATED WITH TRANSITIONS AND PLACES
Transition Allowed time
Symbol Actions
or place duration
Ail saneT Robot loads a wafer into Step 7,i€ Q [c, d]
spel Robot unloads a wafer from Step i and moves to p;+1, i€Ny1
A [cta, d+f]
speT Robot unloads a wafer from Step » and moves to a loadlock
Aoz speT Robot unloads a wafer from a loadlock, aligns it, and moves to p; [cota, dotp]
,Uy yaeT Robot moves from Steps i + 2 to i, ieNy2U {0}
il
,Lly( o Ya-in€T  Robot moves from Steps 0 to n-1 e, £l
e
el Robot moves from Steps 1 to n
'Lly nl y ! p
% pieP A wafer being processed and waiting in p;, ieN, ([ai, b1, &)
W gneP Scheduled robot waiting before unloading a wafer from Step 7, icQ
wn gneP Scheduled robot waiting before loading a wafer to Step 7, ieQ [0, o]
[0 gneP Unscheduled robot waiting before unloading a wafer from Step i, icQ
we have processing steps, that is
n n
n=mm{ﬂme+QmHk+m+§Lﬂwﬂ+zLﬂ@@ 0=0=0=---=0, (5)

— Bc+co+ 30+ we + w11 + wa1)
=my X ¥ — (Bc+co+ 30 4+ wp + w11 + w21) (D
T =m; X [2(11 + Do+ 2n+ e+ co + Z:=o o + ZZ:O wdl:|
— (4c+ 30 + wi—1)2 + wi1 + 0ir1)
=m; x ¥ — (4c+ 3 + wi—12 + it + i)
i=23,...,n—1 2)
Ty, = My, X [Z(n + Do+ 2n+ 1)c+co + ZZ:O wpn + ZZ:O wdl]
— (4e+ 30 + _1)2 + @n1 + w01)
=my ><1//—(4c+3a+w(n_1)2+wn1 +w01). (3)

Also, under normal conditions, the robot cycle time is

Y =2+ Da+ 2n+ l)c+co + ZZ:O wa2 + Zzzo @d1
=Y+ @)

where V| =2(n+ 1)aa+ 2n+ 1)c 4+ cp is a constant and
known in advance and Yo = > (@2 + Y y_o@dl is to
be determined by a schedule. It should be noticed that v is
independent of the wafer processing time.

Let 81 = (t1 + 3¢ 4+ ¢co + 3a + wppr + w11 + w21)/(my),
0i = (t;i + 4¢c + 30 + wi-12 + wi1 + oirny)/m),
i € Np—i\{1}, and 0, = (r, + 4¢ + 3o + WOm-12 +
wn1 + wo1)/(my) denote the cycle time for Step i, i € N,,.
Further, let 6 be the production cycle time of the system.
Since the process of single-arm cluster tools is a serial one, the
production rate is same for all the steps and this production
rate is the cycle time for the system. We have the following
proposition.

Proposition 1: In the steady state, a single-arm cluster tool
with a backward strategy has the same cycle time for all

Then, the relationship between the production cycle and
robot cycle can be analyzed based on the model shown
in Fig. 2. Assume that wafer Wy is loaded into Step i at
time t; and Wp4 is loaded into it at txy1. Then, [y,
Tx+1] forms a cycle for Step i. During this time, s;; fires
twice, and the robot completes the following activities: fir-
ing s;1 — y@—2)1 — waiting in g—2y2 — s(G—2)2 — waiting
in qi-n1 —> Si-n1 —> Yi-3)1 —> ...—> Yo1 —> waiting
in goo — Sp2 — waiting in g1 — S;1 — Yp1 — wait-
ing in g,o — spp — waiting in go1 — So1 = Y(n-1)1 —
o> Vil — waiting in gip — sip — waiting in qi+nH1 —
S(i+D1 = Yi-DH1 —> waiting in qi—12 — S@i-1)2 — waiting
in gj1 — ;1 again. Note that, during this time, the robot
completes exactly one cycle. Thus, we have the following
proposition.

Proposition 2: In the steady state, under the normal condi-
tions, a single-arm cluster tool with a backward strategy has
the same cycle time for the robot and each step, that is

=0, = (©6)

According to (4), «, ¢, and co are all deterministic, while
wg2 and wy1, d € R, are changeable, i.e., 1 is deterministic
while the robot waiting time in ¥, can be regulated. Thus, to
schedule the system under the normal conditions is to appro-
priately set wg2 and wg1, d € R, such that (6) holds and at
the same time the wafer residency time constraints are satis-
fied. With activity time variation considered, there may exist
a nonzero value of oy,, pJ,, and pj, obtained by real-time
measurement. Thus, RCP reduces the effects of the time vari-
ation on the wafer sojourn time delay as much as possible. Let
17}, be the time delay that is caused by oy}, and can be offset
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by adjusting w4, and ’761 and nljl be the time delay that is
caused by p’ vo and ,o(l 12 and can be offset by adjusting wo1
and a),l, respectlvely Then, we have a)[2 + O'yll = wp + nlz,

or nj, = max{(ay,1 wp), 0}. In this way, the effect of oy,
on 7; can be made as small as possible. Similarly, we have

“’01 +'OnZ = Wil +’7m or ’701 =

max{(,on2 wo1), 0} and 77,1 = max{(p(1,1)2 — wj1), 0}. Then,
according to [32], the wafer sojourn time in p; is

0’01+7701 and wzl + 0 D2 =

n n
T] = my X |:2(n+ 1)01+(2n+1)6+00+2wd2+2(0d1j|

d=0 d=0
n k+mp—1 ) n ktmp—1 ) n k+mp—1 )
J J J
00D Mt ) D Y. D P
d=0 j=k d=0 j=k d=0 j=k
n k+mp—1

+Z Z w£3—<3c+co+3(x+w02+w11+a)21
J

+ wp + o) + ) —w — w1
k k k
— w21 + w3 + P+ P
k
+ P21 + )002 + O'y()l)

=A1+ 0 (N

n n
T, = m; X |:2(n+ Da+ 2n+ 1)C+C0+de2+zwd1j|

d=0 d=0
n k+mi—1 i n k+mi—1 i n k+mi—1 i
j j j
2D M Do ma+d D e
d=0 j=k d=0 j=k d=0 j=k
n k+mi—1 )
+ Z Z “’313 — <4C + 30 + w(i—1)2 + i1 + @@+
d=0 j=k
k k k
1T @Gy T o T Oy T @612
— i1 — ©@G+11 + w’fi—1)3 + pf
+ p12 + p(l+1)1 + p(l 1)2 to y(, 1)1)
=A+0;,1<i<n ®)
n n
T, = my, X |:2(n + Da+ 2n+1)c+co+ Za)dz + de1:|
d=0 d=0
n k+m,—1 n k+my,—1 n k+m,—1
+Z Z nd2+Z Z Tt Y D P
d=0 j=k
n k+mn—l )
+ Z Z chZB — (40 +3a + oup—1)2 + w41 + wo1
d=0  j=k
k k k
+ W12 T @y T @0 — O@-1)2
— wyp) — wo1 + w’(‘n 3t /0;];1
+ opy + Pl1 + P(n nto y(n 1>1>
_ A, 40, ©)

where A1 = my x ¥ — B¢+ ¢o + 30 + w2 + w11 + w21),
A = mp X ¥ — (e + 3a + wi-1)2 + w1 + ©@+1),

i€ Ny—1\{1}, and A, = myxy — (4c + 3a + wp-12 +
wn1 + wo1) are the scheduled sojourn time under the normal
conditions given by (1)—(3) and are constant when the periodic
schedule is determined.

Now, the sojourn time disturbance is given as

n k+mp—1 ) n k+mp—1 ] n k+mp—1 )
J J J
0 = Z Z '7d2+2 Z Na1 +Z Z Pa
d=0 j=k d=0 j=k d=0 j=k
n k+mp—1

j k k k
+ Z Z w§3—(w02+w1]+w21—woz—wn
J

— w21 + oy + Py + ol
k
+ P21 + ,002 + 0)01)

n  k4+m;— n k+m;i—1 ) n k+mi—1 )
J J
Z M+ D Mty D e
d=0 j=k d=0 j=k d=0 j=k
n k+m;i—1
J k k k
T @z — (‘%‘—1)2 + i+ Gy — @6-12
d=0 j=k
. . k k
- Wil — a)(H—l)] +(1)(i_1)3 + ,Oil
k k k
+ P+ Piviyt T Pi—1)2
+0f )i € N\l
n  k+m,— n k+m,—1 n k+m,—1
Z Tty D mu+Z Z Pin
=0 j=k d=0 j=k
n k+m,—
k k k
+ Z W) (w(n—l)Z + W, + Wy — O@-1)2
d=0 j=k

k k
— wp1 — wo1 + D—1)3 + /On]

+ P+ Ph1 F Pl—ny2 F Iy, 1)1)

Note that n},, n7;. ok, ok, pé‘iH)l, pé‘ifl)z, and cry | are
obtained via real-time observation, while wg; and wg are
determined by an off-line schedule and thus known in advance.
“%]13 is uncontrollable and varies with j. In fact, ®; represents
the accumulated robot time delay when the robot arrives at
qi3 for unloading a completed wafer there. Under the nor-
mal conditions, the necessary and sufficient schedulability
conditions are presented in [3]. Thus, if we can find a method
to obtain ®; for the worst case, with the results in [3], can we
find the necessary and sufficient schedulability conditions for
single-arm cluster tools with wafer residency time constraints
and activity time variation? To answer it, we are required to
find the exact upper bound of the wafer sojourn time delay.

B. Computing Exact Upper Bound

With wafer flow pattern (my, mo, ..., my,), m = m
+ my + --- + m, wafers are being processed concur-
rently. We number them as W;—W,,. Let E; denote the
set of wafers that are being processed in p;. Further, let
El=my+---+my, + 1, L1 = m, Ei = mjy1 +---+my,
+ 1, Li = mj +---+my, i € Ny—1, En = 1, and Ln
= m,, such that Wg; and Wy, are the earliest and lat-
est wafers released into p;, respectively. Let Ei_j = Ei + j,



PAN et al.: NOVEL ALGORITHM FOR WAFER SOJOURN TIME ANALYSIS OF SINGLE-ARM CLUSTER TOOLS 811

then, we have E; = {Wg, WEi_l» ..., Wi, i €N,
Assume that it takes v; € [a;, b;] time units to com-
plete Wg;, leading to a time delay max{(v; — A;), 0}. Let
H; = max{(b; — A;), 0}, i € N,, be the longest time delay
caused by processing a wafer at p; and Hy = O since there
is no processing time delay at Step 0. Further let 51, =
max{(do— co) + (B — o) — w11, 0}, ni1 = max{(d — o) +
(B — @) — w1, 0}, and n;p = max{(8 — o) — w2, 0}.

The infeasibility of a schedule is caused by delay 7;,i € N,.
It follows from (7)—(9) that t; = A; + ®;, where A; is
the robot task time in a cycle under the normal conditions,
while ®; is the accumulated robot time delay. Under the
normal conditions, the system can be scheduled such that
ai < t; = A; <a; + 6;. With activity time variation, it is
required that t; = A; + ©; < a; + Aa; + §;, where Ag;
€ [0, b; — a;]. To do so, with A; being known, we have
to find ®;. When ©; reaches its largest value, or the upper
bound, in the worst case, if 7; = A; + ©; < a; + Aa; + §;
holds, the system operates in a feasible state. Thus, the key is
to calculate the upper bound of ®;. Notice that the worst case
occurs when Ag; is zero such that the robot does not need to
wait at ¢;3 for unloading a processed wafer from p; since a; <
A;, or a)% = 0. Thus, to check the feasibility of a schedule,
we need to find the exact upper bound of B; = ©; — ;.
To do so, based on the PN model, we analyze the fabrication
process as follows.

After loading a wafer Wg; into p;, the robot goes to
Step i — 2 by firing y(;—2)1 for unloading a processed wafer
there. Then, a sequence of tasks is executed. Finally, the robot
comes back to Step i for unloading WEg;. This process under-
goes m; robot cycles. This implies that, before the robot comes
back to Step i again, it goes through every Step d ¢ {i, i — 1}
for m; times. Hence, to calculate the exact time delay during
this process, the robot task sequence can be divided into a
number of small segments such that the time delay of each
segment can be calculated straightforwardly. Then, the time
delay can be calculated in a sequential way. With this idea,
we analyze how it can be divided into small segments next.

Let /cijd denote the transition firing sequence for the robot
to go from Steps i to d in the jth robot cycle. After loading
a wafer into p;, starting from Step i, in the first robot cycle,
the robot goes to Step i — 2 by firing y(;_2);. Then, through a
number of steps, it goes to Step d for any given d € N,, and
waits there for unloading a wafer, or a token goes into ¢g43 by
executing the following transition sequence:

Kig = (firing y(;—2)1 — waiting in g(;—2)2 — Y(i-2)2 —>
waiting in g(;_2)3 — S§(j—2)2 — waiting in g(;_1)]
— S(i—)1 = ...—> Yq1 — Wwaiting in gz2 — ya2
— waiting in ¢43), d € Nj— U {0}

k= (K — s — waiting in g11 — 511 = yu1 —
waiting in ¢,2 — y,2 — waiting in ¢,,3), d = n, or

Kild = (Kiln — sy2 — waiting in gg; — So| — ...—
Yq1 — waiting in gg2 — yg2 — waiting in ¢g43),
d e N,,_l\N,'_z.

Similarly, in the second robot cycle, starting from Step i,
the robot goes to Step i — 2, or a token goes into
q(i—2)3,» by executing the following sequence in the PN
in Fig. 2:

Ki2(i72) = <Kil(i71) — S(i-1)2 — waiting in qgi1 — Si1 —
Y(i—2)1 — walling in g ;—2)2 — y(i—2)2 — waiting
in g(i-2)3).

After undergoing (j — 1) < m; robot cycles, the robot con-

tinues its jth cycle. With j > 1, the robot goes to Step d in
the jth robot cycle by executing the following sequence:

Kl = (K{(;l]) — S@i—1)2 — waiting in g1 — si1 —
Yi-2)1 —> waiting in q@i-2)2 = Y(i-2)2 —> wait-
ing in q(i-2)3 = S(i-2)2 —> waiting in qi-n1 —
S(i—1)1 = ...—> Yq1 — waiting in gq» — ya2 —
waiting in ¢g43), d € N;_2U{0} and 1 <j < m;

K= (k) = so2 — waiting in gi1 — 511 = yu1 —
waiting in ¢, — y,2 — waiting in g,3), d = n

. and 1 <j < my, or

S = (Kl.Jn — §y2 — waiting in go; — So1 — ... —> Yd1

— waiting in gg» — yg2 — waiting in q43), d €

Nu—1\WN;—z and | < j < m;.

Similarly,
kM= (ke s — waiting in ¢;; — si1 —
id = ii—1) (i—1)2 g qi1 il

Yi-2)1 —> waiting in q@i-2)2 = Y(i-2)2 —> wait-
ing in q(;—2)3 —> S(i—2)2 — waiting in g_1)1 —>
S(i—1)l —> ...—> Yq1 —> waiting in gg» — ya2 —>
waiting in gg3), d € Nj_2U{0},

mi m; .. .

Kig = (K — So2 — waiting in g — s;1 —
Y1 — waiting in ¢,2 — Y2 — Wwaiting in
gn3), d = n, or

ki = (kj — sy;p — waiting in go; — so1 —> ...~
Y41 — waiting in g4 — ygo — waiting in ¢43),
d € Ny-1\N;.

. m;
Then, after performing KiGi+1)> the robot performs task

sequence k1 = (S(i+1)2 — waiting in qi+2)1 — S@i+2)1 —
yi1 — waiting in g;j»). Let Il®ll denote the exact upper bound
of time delay during the execution of an activity sequence and
'/, = lik,ll. Note that the exact upper bound of time delay
for executing (K;Z.’H) — K1) is B;. Because llk 1l = n¢;42)1 +
p + np and lii, Il = Tji, . we have B = Tji ) +
ni+21+ o + ni2, i € Ny—p. Similarly, we have

Ciity + N1 +p + i, i € Nuoz
ny,— .

Lo+ not+ p+ np—12,i=n—1
nmy, .

F,‘() +nu+p+nei=n

B; = (10)

The remaining problem is how to calculate Fl’?; 1)

i € Ny\{n}, or F:S”, i = n. To do so, we divide it into several
cases. First, we consider the case when m; < m,, for any i # u.
Without loss of generality, for Step i, we analyze the longest
SO_]"Ol'lI'n Fime delay of WEi. We have kg, | = {K;?; 12 K2 >
waiting in g(;41)3) with k2 = (s(;42)2 — waiting in g(;13)1 —>
S(i+3)1 —> Y(i+1)1 —> waiting in g(;4+1)2 — firing y(i+1)2), or
m; . . m; .. .
Ki(i+1) can be divided into Kii+2)» K2» and (waiting in g(;4+1)3).
By the RCP and that firing y(;41)2 takes no time, we have
koIl = %;%)1 + p + n+1)2. Thus, I|K%’+l)ll = ||K;ZI+2) —
Kol = Fi(;+2.).+ N@i+3)1 + p + n(+1)2. Note that, under the
normal conditions, the robot can unload the wafer from PM; |
immediately after performing «,. However, with activity time
variation, it should go to g(;41)3 for waiting after perform-
ing k7, since there may be a disturbance on wafer processing
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in PM;y1. Wg; and Wg(41) are the first wafers loaded into
Steps i and i + 1 in different cycles, respectively, if m; #
mi+1). When m; = m;y1, Wg; and Wg(;y1) are loaded into
Steps i and i 4+ 1 in the same cycle. Then, with a backward
strategy, it follows from m; < m, for any i # u that wafer
WE(i+1) 18 loaded into Step i + 1 before Wg; into Step i.

With the above analysis, in order to analyze the exact
longest activity time delay on wafer sojourn time at Step i, we
should calculate the robot’s accumulated activity time delay
by starting from the time when Wg; has just been loaded into
Step i. Thus, when the robot goes to g(;+1)3 in the m;th cycle,
we should check if the robot waiting in g(;4+1)3 is necessary.
In other words, at this time, the robot should wait in g(;41)3
for max{Hit1 — (Tji,5 + na+31 + p + ngi+1)2), 0} time
units. After the robot leaves g(;+1)3, its accumulated activity
time delay is F;?ZH) = max{F;?;H) + na+31 + o+ N6+n2,
Hi1}. For the sake of clarity, it is assumed that m,, < m,, u €
N,,—1, holds. Then, for Step n, we analyze the longest sojourn
time delay of Wg,. The loadlocks, or Step O can hold all the
wafers, and this is equivalent to my > max{m;j, j € N,}. In
order to calculate B, the key is to calculate F;’g’. Thus, we
have k" = (k)" — K2 — waiting in go3) with k2 = (512 —
waiting in go1 — $21 — Yo1 — waiting in gop — firing yo2),
or K”Z)" can be divided into Knl , k2, and (waiting in go3).

By RCP, firing yo; takes no time. Thus we have llk2ll = 17
+ p 4 no2. Hence, 1 )" — koll =TI + no1 + p + nop. It is
known that, under the normal conditions, the robot can unload
a wafer from Step O (loadlocks) immediately after performing
k>. Then, with activity time variation, we have to check if
the robot task delay caused by ":Tln — ko is larger than the
processing time delay at Step 0. After the robot leaves g3, its
accumulated activity time delay is I = max{F:ll” + 21 +
0 + no2, Ho}. In fact, Hy = 0 leads to Fm” =T + 1+ p
+ no2. This 1mp11es that we can obtain FnO by calculating Fn
first. Similarly, I' max{F + 131 + p + n12, H1} implies
that we can 0bta1n I by calculating o first, ..., I
= max{T) G, 1) + N1 + o + M2, Hi, 0 < k< n =3,

implies that we can obtain I')" by calculating FZL(’}( Ly first.

Note that Kn(n_z) can be divided into KZE’};]I), K3 = (S(i—1)2
— waiting in gi1 — Ssi1 — V(i-2)1 — waiting in q(i-22 —
firing y(;—2)2), and (waiting in g(;—2)3), since the robot per-

forms (K’(';l 11) — K3 — waiting in g(;— 2)3) in the (m, — 1)th

my

cycle. With RCP, lkn” | — «3ll = = Tt b F I+ o+

my

N(n—2)2- Thus, Fn(n—2) = max{l"n(n 1) + Mn1 + P+ Nw-2)2,
H,-2)}. Then, F,T(';,:ll) = max{Tjm ™" + not + p + N(n—1)2
H(nfl)} and FZ’Z’ ! + 011 + o + a2, Hal
Furthermore, we have I'/, = max{l“r{(kH) + Niks2)1 + P
+ M2, Hil, 0<k<n—3and2<1<m,,—1 and
Fn(n 2 = max{l"n(n y T+ o+ Nw-22, Hu-2)}. By
continuously doing so, we have Fn(n—Z) = max{Fn(n_l) + nu1
+ 0 + Nm-22, Hu-2}, F,i(,, y = = max{l'}, + no1 + p +
Nn—12s Hu-1}, and T, = maX{Flo + nu + o+ N2,
H,}. Generally, we have F;ik = max{I‘n(kH) + N1 + p
+ nk2, Hi}, 0 < k < n — 4, and Frll(n—3) = max{l“,i(n_z)
+ Nn-n1 + P + Nn-32, Hn-3)}. According to [23], the

- max{I"

Algorithm 1: Calculate '’ when m, < my, u € N,_1

mn

If m, < my, u € Ny—1, find T, § as follows.

1) Fn(n—z) = max{n(-2)2, n—2};

2) If n>2

3) k=n-3;

4)  Otherwise k = n;
50j=1

6) While j < m,
7)  While k #n — 2
8) fO0<k<n-3

9 Fik = max{(Fi(kH) + nk+2)1 + 0 + nk2)s Hils
10) Ifj=my,and k =0

1) Go to (24);

12)  Ifk=n—1

13) F;i(n_l) = max{(T, + no1 + p + Nm-12), Hu—1};

14)  Ifk=n

15) Ty = max{(I'}y + n11 + p + na2), Hals

16) Ifk=0

17) k = n;

18) Otherwise k = k — 1;

19) F{:(rn -2 = max{(Fi(n_l) + M1 + o+ Nu-2)2)s
H, - 2},

200 Ifn>2

21) k=k—1,

22) Otherwise k = n

23) j=j+1;

24) Stop;

activity time variation before loading wafer Wg, has no effect
on the wafer sojourn time of Wg, at Step n. Thus, we have
F,lz(n o) = max{nu-22, H,—2} where 1(,—22 and H,_»
are known in advance. This implies that T’ 0” can be com-

f 1
puted by calculating Fn(n—2)’ Fn(n_3), coos Thgs Tas Fn(n 1y
2 J J J J J+1
Fn(n 2)° ""Fn(n—2)’ Fn(n—3)’ T IﬁnO’ F""’ Fn(n 1)’ 1_‘n(n 2)°
. F;"(n_z), F;’;’;l_S), ..., and I/ in a sequential way. Then,

by (10), we can obtain B,. Note that, in a cluster tool,
there are at least two steps, or n > 2. Algorithm 1 finds

”1fmn<mu,u€N,, 1.

By Algorithm 1, we follow the transition firing sequence to
calculate the time delay. After firing s,1, wafer Wg, is loaded
into a PM for processing at Step n modeled by p,. Then,
the robot goes to Step n — 2 for unloading a wafer. Hence,
Fl(n 2 = = max{n—2)2, H,—2} (Line 1 in Algorithm 1) is the
exact longest time delay for this process. Lines 3 and 4 lead
to a different activity sequence for different n, i.e., (s(,—2)2 —
S(i—D1 = Y(n-3)1 = Y(n—3)2) if n> 2, and (s(,—2)2 = S(u—1)1
— yu1 — Yn2) if n = 2. Then, via Lines 9, 13, and 15, Frllk,
Frlz(n—l)’ and T}, are obtained for different k. Based on the

above results, I is obtained at Line 19. Continue this

2
n(n—2) "
. Fno, T, 1/ r/

process, Ffl(n 2> Fi(n 3 - o1y Daay -+
and I‘n(';l y) are obtained. Finally, when I'"" 40 1S obtained at
Line 9, the procedure stops.

If my, <my,, u e N,_1, Fzg’ can be obtained by Algorithm 1

such that the exact upper bound of B, can be calculated
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by (10). If m; < m, and i < n, u € N,\{i}, to calculate B;,
we have to obtain "7 i(i+1)" To do so, we need to renumber the
steps as follows: 1) Step i as n; 2) Step j as Step (j+ n — i),
0<j<i3)StepjasStep —i—1),i<j<n;and 4) m;j,
Hj, nj1, and 5> are numbered in the same way. In this way,
B; can be calculated just as B, by using Algorithm 1 and (10).

Theorem 1: Assume that: 1) m, < my, u € N,_1; and
2) FZS’ is obtained by Algorithm 1. Then, B, given in (10)
is the exact upper bound of the accumulated robot time delay
when the robot arrives at ¢,3 again in the my,th cycle after
loading a wafer into Step n.

Proof: Tt is known that the robot tasks performed before
loading a wafer into Step n have no effect on B,,, n € Nj,. Thus,
to calculate B,, we need to consider the activity sequence
that starts from loading a wafer into Step n only as done in
Algorithm 1. Assume that after firing 5,1, wafer W is loaded
into Step n, and then the robot goes to Step n —2 by per-
forming the robot task of y(,—2)1 and waits in g(,—2)3 for
the completion of a wafer there. By scheduling, when the
robot arrives at ¢(,—2)3 under the normal conditions, there is a
wafer completed with sojourn time A,_». With activity time
variation, 1",1(”_2) = max{n,—2)2, H,—2} is the exact upper
bound for this process. Then, after robot activity sequence
K4 = (S(n—2)2 = Wailing in g—1y1 = S(r—1)1 = Y(n-3)1 —
waiting in ¢(,—3)2 —> Y(n—3)2), the robot arrives at g(,_3)3 for
unloading a wafer there. With llk4ll = n—1)1 + 0 + n(u=3)2,
when the robot arrives at g(,—3)3, the longest delay is F,l(n—z)"‘
N(n—11 + p + N—3)2. Meanwhile, the longest delay caused
by processing a wafer at Step n — 3 is H,,—3. Thus, as done in
Algorithm 1, F}l(n_3)= max{F;(n_z)—l— Nn—n1 +p + M(n-3)25
H, _3} is the exact upper bound. By Algorithm 1, every F"ik
is calculated sequentially in this way, which guarantees that
Fik is the exact upper bound. After F% is obtained, the robot
comes back to ¢,3 for unloading wafer Wy. At this time, the
longest time delay happens when W is completed normally.
It does not need to consider the time delay caused by its pro-
cessing. Then, B, is calculated according to (10) and it is the
exact upper bound. |

In [23] and [32], to obtain the time delay analytically, H =
max{Hy, ..., H,} is used as the delay in processing a wafer
for all steps. Robot activities are similarly handled. Thus, they
fail to obtain the exact upper bund. This problem is solved
by Algorithm 1 in a sequential way. In Theorem 1, we con-
sider just the situation that m, < m,, u € N,_1. However,
if this condition is not true, Algorithm 1 is not applicable.
Thus, we give Algorithm 2 for the case: 3f 7# n such that
my, > my.

To calculate B, consider the activity sequence that starts
from loading wafer W, into Step n. For this case, if f #
n—2,f #n—1, and f # n hold, a wafer named as W3 is
loaded into Step f in the first cycle when transition sy fires.
At this time, by Algorithm 1, the longest accumulated robot
delay time is I }l( -1 T N1t P After my robot cycles, the
robot goes to Step f for unloading W3, or it arrives at g3 in the

(my + l)th robot cycle. By Algorithm 1, we have that I', f el

max{Fn<f+1) + n(r+2)1 + o + np2, Hy}. However, note that,
before loading W3 into Step f, the longest robot delay is

Algorithm 2: Calculate Fm" when 3f # n such that m, > my

my

If 3f # n such that m, > my, calculate I',j as follows.
1) Frlz(n—Z) = max{n(-2)2, Hp-2};

2) Ifi > 2

3) k=n-3;

4)  Otherwise k = n;
50 j=1

6) While j < m,
7)  While k #n — 2
8) fO0<k<n-3

9) Top = max{(Ty ) + N1 + p + me2), Hids
10) If]_mf+g,g€Nn,andk f
11) F/k = max{f‘](k 1 + k1 + p + Hg, 1-‘n(k+l)

+ N1 + o + N2)s
12) Ifj=m,and k =0

13) Go to Statement (30);

14) Ifk=n-1 '

15) Fli(n—l) = max{(l—%n + not + o + Nw-12),
H,_ l};

16) If]—mf—}—g,geflandk f

17) . Fn(n—l) = maX{r‘](n 2) + Nn-n1 +p + H,_1,
Tin + no1 + 0 + N2}

18) Ifk=n )

19) Fén = max{(rijo + 111 + o + nw2), Hals

200 Ifk=0

21) k = n;

22) Otherwise k = k — 1;

23) r*’(n 5 = max{(Fn(n y + et + e+ Nw-22)s

Hn 2},

24) If/~|—1_mf+g,geN,,,andf_n—2
1
25) L, = max{l"fz(n 3+ -1 + o+ Hpeo),
Fn(nfl) + a1 + P+ N-22};
26) If n > 2
27) k=k—1,
28) Otherwise k = n;
29) j=j+1;
30) Stop;

Frll(ffl) + ng1+ p. Thus, with the delay of the processing time
at Step f considered, the accumulated delay time is F;( o+

ns1 + p + Hy. Therefore, with the delay from both of wafer
processing time at Step f and the robot task delay considered,
we have F:Zf“ = max{l"rll _p Tt e+ Hy, I"Zl(’f—:_l) +
n(r+21 + p + ny2}, when the robot leaves place gr3 in the
(my + 1)th cycle. Hence, Lines 10 and 11 in Algorithm 2 are
used to calculate it. If f = n — 1, the robot goes to place g3
for unloading the wafer in the myth cycle which was loaded

into Step f in the first cycle. Thus, with the processing time

delay, l":l{n_l) = max{Fi(n_Z) + Nm-n1 + o +Hp-1), FZZ +
no1 + p + Nu-1)2}. Lines 16 and 17 are used to calculate
it. If f = n — 2, the robot goes to place gr3 for unloading the
wafer in the myth cycle that was loaded into Step f in the first
cycle. The next robot activity is performed in the (my + 1)th

. . . —+1
cycle. Therefore, with processing time delay, F::?,,tz) =
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Fig. 3. Tllustration of Algorithm 2 with wafer flow pattern (1, 2). (a) Schedule under the normal condition. (b) Schedule for the worst case by considering

activity time variation.

max{r,l,(n_:,‘) + -1 + 0 + Hn-2), F;n(fn_l) + N1 + p+
Nn—2)2}, n > 3. Lines 24 and 25 are used to calculate it. The
explanation of Algorithm 2 is shown in Fig. 3 via an example.

The example shown in Fig. 3 has two steps. PM; is used
to process wafers at Step 1. PM, and PM3 together are
used to process wafers at Step 2. Thus, m; = 1 < mp =
2 holds. In this case, we explain how to obtain B,. The
accumulated robot delay at Step 2 is calculated when the
robot starts from loading wafer W4 into PM3 as shown by
the time point T in Fig. 3. Then, it moves to the load-
locks. At this time, delay F%O is obtained by Algorithm 2.
The next robot task is (sgp — s11) such that wafer Ws is
loaded into PM;. At this time, the accumulated time delay
is F;O + n11 + p as shown in Fig. 3(b). Then, y;; fires.
Let x5 (Soo — waiting in g1 — s11 — Y21 — waiting
in g — y»). With the RCP, we have llksll = 11 + p
+ n2. With T}, = max{Tl, + n11 + p + nx, Ha} = Ho,
when the robot arrives at PMj, W3 is not completed yet.
Thus, the robot goes to gp3 for an unscheduled waiting
as shown in Fig. 3(b). Then, after W3 is completed and

(22 — so1 — y11) is performed, the robot goes to PM; for
unloading Ws. Note that, W5 is loaded into PM; after Wy is
loaded into PM3. By Lines 16 and 17 in Algorithm 2, we have
Tl =max{T), + nu + p + Hi, Ty + not + p + 012}

For this case, Fél = max{l";o + n + p + Hip,
Th + noi + p + n2b =T + not + p + 012

holds. Then, similar to Algorithm 1, we can obtain F%O. Thus,
by (10), B, = I'3; + no1 + p + n12.

Similarly, with (10) and Algorithm 2, we can calculate
B;, i # n, by renumbering the steps and their corresponding
parameters. In this way, Fik can be calculated in a sequen-
tial way, which guarantees that Fik is the exact upper bound.
Thus, B, given in (10) must be the exact upper bound of the
accumulated robot time delay. Hence, we have the following
theorem immediately.

Theorem 2: Assume that 1) 3f # n such that m, > my; and
2) I ZE)” is obtained via Algorithm 2. Then, B, given in (10)
is the exact upper bound of the accumulated robot time delay
when the robot arrives at ¢,3 again in the my,th cycle after
loading a wafer into Step n.
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Algorithm 3: Calculate I',' when 3f and h,f # h # n such
that m,, > my and my > my,
If 3f and h, f # h # n, such that m,, > my and my > my,

calculate I'' as follows.

1y Frlz(n—Z) = max{nm-2)2, Hn—2};
2) If n > 2

3) k=n-3;

4)  Otherwise k = n;

50j=1

6) While j < my,

7) Whilek #n —2

8 If0O<k<n-—3

9 r, = max{(Fi(kH) + nk+21 + o + Nk2), Hi}s

10) If]—mh—l—g,geNn,andk—h

11) ) = max{TV ™+ ner + o+ Hi Ty +
Nk+21 + o + ni2l;

12) If]—mf+g,geN,,,andk f

13) Fik = max{f‘](k i + k1 +p + H, T n(kJrl) +
Nik+2)1 + P + izl

14) Ifj=m,and k =0

15) Go to Statement (34);

16) Ifk=n—1

17) F,,<n = = max{(Tjy + no1 + o + m2), Hil

18) IfJ_mh+g,geSZ a}ldk—h

19) ] Fn(n—l) - max{rﬁ,(,:nh;)— + Nn—1)1 +p+ Hy-1,

Tin + 101 + 0 + Nu—1)2}s

20) Ifj—mf+g,g€SZandk f
21) ‘ Fn(n—l) = max{[‘](n 2) + Nm-n1 +p + Hy—1,
rjm + no1 + p + n(n—l)Z}’

22) Ifk=n

23) Fén = max{(F w0 T M+ o+ ma2), Hals

24y Ifk=0

25) k = n;

26) Otl}erwise k=k—1;

27) Fi;(rn —2) = max{(F,]l(n_l) + M1+ 0+ N-2)2)s
H,_ 2}

28) If]—lrll—mh—l—g,gle Ny,and h =n—2

29) 0L, = max{Th0 0" + ot + o + Hoo),

Fn(n y + o+ nw-22)
30) If]+1—mf+g,geN,,,andf_n—2

1
31) Fii_n 2) = max{r‘](n 3) + -1 + p + Hn-2),

Fn(n—l) + M1 + o+ Nu-2)2};
32) If n>2
33) k=k-—1;
34)  Otherwise k = n;
%) j=j+1L
36) Stop;

Based on Algorithms 1 and 2, we have Algorithm 3 for the
case: 3f and h, f # h # n, such that m,, > my and my > my,.

For this case, similar to Algorithm 2, every time the robot
goes to gx3, k = f or h, for unloading the wafer that was loaded
into Step k in or after the first cycle, Fl.jk can be calculated
according to Lines 10-13, 18-21, and 28-31 in Algorithm 3.
Similar to Algorithms 1 and 2, the calculation of B; can be

done by renumbering the steps and their parameters. Then,
by this algorithm, every Fik is calculated sequentially such
that Fik is the exact upper bound. Hence, based on Theorems
1 and 2, we have the following theorem.

Theorem 3: Assume that: 1) if 3f and &, f # h # n, such
that m, > my and my > my; and 2) T0 is obtained via
Algorithm 3. Then, B, given in (10) is the exact upper bound
of the accumulated robot time delay when the robot arrives at
qn3 again in the m,th cycle after loading a wafer into Step n.

Note that, our results can easily be extended to the case
when my, > m; > my > my > --- > m,, whereu Zi #f #h
# ... # e. Thus, up to now, we present a method to calculate
the exact upper bound of wafer sojourn time delay caused
by activity time variation. By Algorithms 1-3, the number of
the iteration times depends on the number of parallel PMs
at a step and the number of steps. If there are m, parallel
PMs at Step n, we need to do the iteration for m, cycles and,
for each cycle, with n steps, we need to do it for n times.
Thus, the computational complexity of the proposed method
is O(n x my). In a cluster tool, both n and m,, are limited.
Therefore, it is very efficient.

In [32], the upper bound of the wafer sojourn time delay
is calculated by using analytical expressions. However, it is
overestimated such that the schedulability conditions proposed
in [23] are sufficient, but not necessary. By Algorithms 1-3,
the exact upper bound for different cases can be obtained.
Then, we can exactly check if a given off-line schedule is fea-
sible. To make it feasible, i.e., making the PN model live, we
require that a; < t; < a; + §;, Vi € Np. Thus, if a schedule
is feasible under normal conditions, then, a; < A; < a; +
8; must hold. With the activity time variation considered, A;
< 7; is always true. Thus, a; < 7; holds. Based on the pre-
sented results, we have 7; < A; + B;, where B; obtained via
Algorithms 1-3 is the exact upper bound of the wafer sojourn
time at Step i. Hence, if, at the worst case, A; + B; < a; +
8; holds, the wafer residency constraints are never violated, or
the schedule is feasible even if the activity time varies. With
this perspective, by replacing the so-called upper bound of the
wafer sojourn time in [23] by B; calculated by Algorithms 1-3,
the necessary and sufficient schedulability conditions are
obtained. Thus, an optimal and feasible schedule can be found
by using the scheduling algorithms presented in [23].

IV. ILLUSTRATIVE EXAMPLES

In this section, examples are used to show the applications
and usefulness of the proposed approach.

Example 1: 1t is from [23] and the flow pattern is (1, 1).
Under normal conditions, it takes 15 time units for the robot to
unload a wafer from a loadlock and moves to Step 1 (co = 15),
and 10 time units for the robot to load a wafer into a PM or
loadlock, or unload a wafer from a PM (¢ = 10), 2 time units to
move from p; to p; (e = 2). It needs 100 time units for a PM at
both Steps 1 and 2 to process a wafer (a; = a; = 100), respec-
tively. After being processed, a wafer at Steps 1 and 2 can
stay there for no more than 20 time units (§; = §2 = 20).
The activity time is subject to random variation with dyp = 20,
d=12, 8 =3, and b; = by = 105.



816 IEEE TRANSACTIONS ON SYSTEMS, MAN, AND CYBERNETICS: SYSTEMS, VOL. 45, NO. 5, MAY 2015

By applying the approach [23], it is obtained that w; = 0,
w1 =0, wep =0, wo; =3, wip =1, wyp =70, By =8, and
B> = 9. For this case, m; = my holds. Thus, by the proposed
method in this paper, Algorithm 1 and (10) are applied to
obtain By = 6 and B, = 9. It shows that, for B, the exact
upper bound of the wafer sojourn time delay is obtained by the
methods presented both in this paper and in [32]. However, B
is overestimated by 25% if the method in [32] is applied. This
implies that, by the method proposed in this paper, a significant
improvement is made. If a cluster tool is schedulable under
normal conditions, we have a; < A; < a; + §;. With activity
time variation, to check the feasibility, one needs to check
if t; = A; + B; < a; + §; holds. Therefore, overestimation
of B; may result in a feasible schedule being treated as an
infeasible one. This situation can be completely avoided by
the proposed method, which is further discussed via the next
example.

Example 2: Tt is also from [23] and the flow pattern is
(2, 2, 1). Under the normal conditions, ¢g = 14, ¢ = 10,
a =2 a = 150, ap = 140, a3 = 48, §; = §, = 25, and
83 = 20. An activity time is subject to random variations, and
we have dg = 19, by = 156, by = 146, and b3 = 53.

Under the normal conditions, we have ¥; = 2(n + Do +
2n 4+ 1)c 4+ ¢ = 100. By examining this case
with the approach in [23], all the robot waiting times
are set to be zero. Then, from (7)-(9), we have
A1 = 150, Ar = 154, and A3 = 54. Thus, with the activity
time variation, by using the method in [32], one has By = 11,
B> = 16, and Bz = 11. For this case, m; = my > m3 holds.
Thus, by Algorithm 2 and (10), we have By = B, = 11. By
Algorithm 1 and (10), we have Bz = 11. B is overestimated
by 31.25% if the method in [32] is applied.

Next, we compare the schedule feasibility check via two
methods. With the results obtained by using the approaches
presented in [32], we have By + (A1 — a1) = 11 +
(150 — 150) = 11 < 61, B + (A2 — @) =
16 + (154 — 140) = 30 > 42, and B3 + (A3 —a3) = 11 +
(54 — 48) = 17 < é3. In other words, for Step 2, the residency
time constraints are violated. This implies that the schedule is
infeasible. However, by the method presented in this paper,
we have By + (A1 — a;) = 11 + (150 — 150) = 11 < §y,
By + (Ay —ax) = 11 4+ (154 — 140) = 25 = 4, and B3 +
(A3 — a3z) = 11 + (54 — 48) = 17 < §3. This implies that
the schedule is, in fact, feasible.

Example 3: The flow pattern is (1, 1, 1, 1, 1). Under normal
conditions, co = 12, c =8, = 3, a; =90, ap = 80, az = 95,
a4=90,a5:90,and81 252253254255225.
An activity time is subject to random variation, and we have
do = 16, by =95, b, = 85, b3 = 105, by = 95, and b5 = 95.

Under normal conditions, we have ¥ = 2(n + Do +
2n + 1)c + co = 136. By examining this case with the
approach in [23], all the robot waiting times are set to be
zero. Then, from (7)-(9), we have A} = 91, and Ay = A3
= A4 = A5 = 95. Thus, with the activity time variation, by
using the method in [32], one has By = 10, B, = 14, B3 = 8§,
B4 = 8, and Bs = 14. For this case, m; = mp = m3 = my4 =
ms = 1 holds. Thus, by Algorithm 1 and (10) in this paper,
we have By = 10, B, = 10, B3 = 8, B4 = 8, and Bs = 14.

Therefore, B; is overestimated by about 28.6% if the method
in [32] is applied.

Then, we compare the schedule feasibility check via two
methods. With the results obtained by using the approach pre-
sented in [32], we have By + (A} — a;) = 10 + (91 —
90) = 11 < 61, B2 + (A2 — ap) = 14 4+ (95 — 80) = 29
> 82, B3 + (A3 —a3) =8 + (95 — 95) =8 < 63, By +
(Ag —ag) =84+ (95 —90) =13 < 84, Bs + (A5 — as) =
14 + (95 — 90) = 19 < §5. In other words, for Step 2, the
residency time constraints are not satisfied. This implies that
the schedule is infeasible. However, by the method presented
in this paper, we have By + (A1 — a;) = 10 + (91 — 90) =
11 <81, By + (A2 — a2) = 10 + (95 — 80) = 25 = 47,
By + (As —az) =84+ (95 — 95) =8 < 83, B4 + (A4 —
ag) =84 (95 —90) = 13 < 84, Bs + (As — as) = 14 +
(95 — 90) = 19 < J5. This implies that the schedule is, in
fact, feasible.

V. CONCLUSION

Wafers in PMs in cluster tools face strict wafer resi-
dency time constraints. Such constraints greatly complicate
the scheduling problem of cluster tools. Moreover, activity
time variation may make a feasible schedule obtained under
the deterministic activity time assumption infeasible. Thus,
it is very challenging to operate a cluster tool with wafer
residency time constraints and activity time variation. This
problem is studied in [23], [25], [26], [31], and [32] for both
single and dual-arm cluster tools. Based on a PN model and
RCP, analytical expressions are derived to calculate the upper
bound of wafer sojourn time delay in a PM. Then, real-time
scheduling algorithms are proposed to find an optimal sched-
ule. Nevertheless, the upper bound of wafer sojourn time delay
is not the exact one but overestimated. Such overestimation
may fail to identify some schedulable cases. To solve such a
problem, this paper presents polynomial algorithms to find the
exact upper bound of the wafer sojourn time delay. Based on
it, one can check if a given schedule is feasible and find a
feasible one if it is schedulable. The proposed method is of
polynomial complexity.

For some wafer processing processes, a wafer needs to be
processed in some PMs more than once, or there is wafer revis-
iting, which makes the scheduling problem more challenging.
Our future work will deal with such cases.
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