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Abstract

Cluster tools are highly integrated machines that can perform a sequence of semiconductor manufacturing
processes. The sequence of wafer handler moves affects the total time needed to process a set of wafers.
Reducing this time can reduce cycle time, reduce tool utilization, and increase tool capacity. This paper
introduces the cluster tool scheduling problem for sequential cluster tools and describes a branch-and-
bound algorithm that can find an optimal sequence of wafer handler moves. In addition, we enumerate the
set of 1-unit cyclic sequences for two- and three-stage sequential cluster tools. Experimental results show

that the tool performance can be improved significantly if the wafer handler follows a cyclic sequence
instead of using a dispatching rule.



1. Introduction

Manufacturing semiconductor devices involves three main steps: formation of p and n-type regions of the required
conductivity within the semiconductor chip by doping; formation of reliable metal-semiconductor contacts on the
surface of the chip; and encapsulation and packaging of the chip to provide protection and a convenient method of
making electrical connection. In the first and second steps, the chips are processed together as wafers.

Most operations process each wafer individually. However, identical wafers move together from one
process to the next. Each set of wafers is a lot. The container used to move and store the wafers in a lot is called a
cassette.

A cluster tool is a manufacturing system with integrated processing modules linked mechanically. Typical
cluster tools include load locks that store cassettes of wafers (cassette modules), process modules that modify the
properties of the wafers, and single or multiple wafer handler(s) that transport the wafers (transport modules). These
modules are linked together by an evacuated transfer space. Because it has multiple chambers, a cluster tool can
process multiple wafers simultaneously.

After a lot enters the cluster tool, each wafer must undergo a series of activities. Each activity is performed
in a different chamber. The wafer handler transports each wafer from one chamber to another. For example, the
cluster tool shown in Figure 1 has one load lock (LL), which stores the cassette of wafers (unprocessed and
completed), and three process stages. Each wafer starts in the LL and must visit the first-stage chamber, the second-
stage chamber, the third-stage chamber, before returning to LL. Note that there are no locations to store wafers
between process steps.

A sequential cluster tool has one chamber for each stage, so each wafer must visit every chamber. A hybrid
cluster tool will have one or more stages with at least two identical chambers that are used in parallel. In a hybrid
tool, a wafer visits only one of the chambers at each stage. A cluster tool can improve yield and device performance
since wafers are exposed to fewer contaminates between process steps. The tool can include an in-situ metrology
step that provides real-time feedback on process performance. A cluster tool with multiple parallel chambers can
increase capacity and reduce cycle times by reducing the total time needed to process a lot of wafers. Moreover, it
may be more reliable, since a single chamber’s failure does not necessarily stop production. Semiconductor
manufacturers are increasingly using cluster tools. Annual sales of cluster tools is projected to incrédsedrom
billion in 1997 to $21.9 billion in 2000 [1].

The sequence of wafers leaving the LL is not important, since the wafers are identical, and an activity’'s
time is the same for every wafer. But the sequence of wafer handler moves, which determines when each activity
starts, will change the total time needed to process a lot of wafers. We will call this the lot makespan. This paper
addresses the problem of sequencing the wafer handler moves to minimize the lot makespan. Reducing the lot
makespan can reduce cycle time, reduce tool utilization, and increase tool capacity. Moreover, the lot makespan is a
necessary component for calculating overall equipment effectiveness (OEE) and cost-of-ownership (COO), which
are usually used to evaluate cluster tool performance [10, 11].

Like machine tools, cluster tools use controllers that supervise the tool operations, monitor the tool status,
and handle exceptions that abnormal events cause. Under normal operation, sequencing wafer handler moves is an
important responsibility. In practice, cluster tools use a push dispatching rule or a pull dispatching rule to sequence
the wafer handler moves. After completing one move, the wafer handler will wait where it is (if no more wafers are
ready to move) or start another move (if at least one wafer is ready). If multiple wafers are ready to be moved, the
cluster tool must decide which move the wafer handler will perform.

In this case, the dispatching rule selects the next move. The pull rule gives priority to the wafer that has
fewer remaining process steps. The push rule gives priority to the wafer that has more remaining process steps.
Consider the cluster tool in Figure 1. Suppose there are unprocessed wafers in the LL, the first stage chamber is
empty, and the second and third stage chambers each have a wafer that has finished processing and needs to move to
the next stage. The pull rule will give priority to the wafer in the third stage chamber. The push rule will give
priority to the next unprocessed wafer in LL that needs to visit the first stage chamber. Note that the wafer in the
second-stage chamber cannot be moved because the third-stage chamber is full.

Although these rules help the cluster tool sequence the wafer handler moves, the push and pull dispatching
rules do not guarantee that the resulting sequence has the optimal lot makespan for the given lot size, tool
configuration, and activity processing times. For instance, consider a three-stage cluster tool that has one chamber
in each stage. Each first-stage activity requires 5 seconds. Each second-stage activity requires 10 seconds. Each
third-stage activity requires 10 seconds. A wafer handler move requires 5 seconds. The lot has five wafers. Figure
2 presents the Gantt charts of three sequences. The first sequence is an optimal sequence, which has a lot makespan



of 185. The second sequence is the sequence that the push dispatching rule generates. The third sequence is the
sequence that the pull dispatching rule generates. Neither one has an optimal lot makespan. Each Gantt chart has
four rows. The bottom row displays the wafer handler activities. The row above that displays the first-stage
activities. The row above that displays the second-stage activities. The top row displays the third-stage activities.

Cluster tool performance can be improved by determining a good sequence of wafer handler moves and
providing it to the cluster tool controller, which can then use this sequence to direct normal operations. We will
treat the problem as a deterministic machine scheduling problem, since the processing and move times have little
variation, and small variations do not invalidate a given sequence.

This paper presents a branch-and-bound algorithm that can find the optimal sequence of wafer handler
moves. It also discusses and enumerates a special class of cyclic sequences for two- and three-stage sequential
cluster tools. The remainder of this paper is organized as follows. Section 2 reviews the related literature. Section
3 formulates the problem. Section 4 presents the cyclic sequences for two-stage cluster tools. Section 5 presents the
cyclic sequences for three-stage cluster tools. Section 6 describes the branch-and-bound algorithm. Section 7
presents experimental results on a range of problem instances. Section 8 summarizes our results and concludes the
paper.

2. Related Literature

Wood [2] derives formulas that relate the total lot processing time to the number of wafers in the lot for
ideal sequential and parallel tools. Considering the transitions at the beginning and the end of the lot, Berkinson
al. [3] derive a model that relates the total lot processing time to the number of wafers. Both papers present linear
models and identify two operating regions: in one region, the total lot processing time is constrained by the wafer
handling time; in the other region, by the module process time. Venkdtakft] analyze the throughput of a
sequential cluster tool with a dual-blade wafer handler. They also identify conditions when the tool operation is
constrained by the wafer handler. Srinivasan [5] presents more detailed Petri net models for sequential and parallel
tools and uses these to determine the steady state behavior of the tool. Hetrahd6hstudy the impact of
process changes on cluster tool performance. They propose using a network model for a prespecified sequence of
wafer moves and cluster tool simulation software when the controller uses a dispatching rule or scheduling
algorithm to sequence the wafer moves. They choose the cluster tool performance measure of interest is the lot
makespan. None of the previous work addresses the problem of reducing the total lot processing time (lot
makespan) by sequencing the wafer handler moves.

Jenget al.[7] study the problem of sequencing robot activities for a robot-centered parallel-processor
workcell where n jobs and m identical processors exist in the cell. They provide a branch and bound algorithm to
find an optimal sequence of robot activities, which minimizes the total completion timest Hia]B] discuss the
problem of scheduling activities in a serial two or three machine manufacturing cell that is served by a robot. For
multiple part-type problems in a two-machine cell, they provide an algorithm that simultaneously finds sequences of
parts and robot moves to minimize the steady state cycle time. They also address a conjecture about the optimality
of repeating one-unit cycles for a three-machine cell with general data and identical parts. Restricted to a special
problem where the number of machines is arbitrary, but all parts are of the same type, Crama and van de Klundert
[9], relying on the concept of pyramidal permutation, present a dynamic programming approach that finds an
minimum one-unit cycle time in O@ntime.

3. Problem Statement

This paper focuses on single load lock, single wafer handler cluster tools. The following information about
the cluster tool scheduling problem is given. The cluster tool has one load lock (LL) and S stages (S >1). Ina
sequential tool, each stage has one chamber, so the chambers are numbered 1 to S. Edwssiagaef&
processing time;p The wafer handler move time is (he lot has L identical wafers. Since each wafer must visit
each stage and return to LL, the total number of moves is L(S+1).

The sequence of wafers leaving LL is not important, since the wafers are identical. However, the sequence
of moves affects the lot makespag.&the total time needed to complete all moves. The scheduling objective is to
minimize the lot makespan. By convention, scheduling problems are described by triplets of thgfdnm The
o field describes the machine environment. WeauseCT1-1 to describe two-stage sequential cluster tools and
CT1-1-1 to describe three-stage sequential cluster tools. For our problem, the objective funGign

When processing begins, the wafer handler is at LL, and all of the wafers are unprocessed and in LL. For
convenience, we will number the wafers in the order they leave LL. d;eleRote the move that takes wafer j from



LLto S,. Let R;denote the move that takes wafer j fromoSs,, (i = 1, ..., S-1). Let B denote the move that
takes wafer j from $to LL.

A feasible sequence of moves must satisfy the following constraints. All wafers must follow the fixed
sequence of processing steps. Therefore, forallj=1, ..., L, and i =0, ...;;9rlisRprecede ;R ;. Since there
are no buffers (besides LL) to store wafers, the chambey, ah$st be free before;Roegins. That is, the wafer
handler must have moved the previous wafer to the next stage. ThusnRist precedeRforallj=2, ..., L
andi=0, ..., S-1.

The following facts describe the operation of the cluster tool. Each and every move requires the wafer
handler. Since there is just one wafer handler, then, at any time, there is at most one move in process. The wafer
handler cannot unload an empty or busy chamber and cannot load a busy or full chamber. (A full chamber has a
wafer that has completed processing and is waiting to be moved.)

The chamber at stagel&gins processing wafer j when movg jends (i = 1, ..., S). This activity cannot
be interrupted until the chamber is finished processing the wafer. For examp#taifsSprocessing at time t, then
the chamber is busy during the interval [t, t}+ @nd the wafer cannot be unloaded during that time.

Move R; starts when the chamber finishes processing wafer j and the wafer handler completes any
previous move. Rrequires ptime units if the wafer handler is already at the chamber that processed wafer j (at LL
if the move is B;). R, requires 2ptime units otherwise, for the wafer handler must move to the correct chamber at
S before moving the wafer to a chamber at stagg(td LL if the move is B). The wafer handler cannot make
anticipatory moves. That is, the wafer handler cannot move to the chamber before processing ends.

That is, R ; requires ptime units. For k 2, Ry; requires ptime units if and only if the previous move is
Rskfor some k <j. Fork1andj>1, R;requires ptime units if and only if the previous move is R

Special casesWe can identify two special cases. [0, there is no scheduling problem since moves
require no time, and all wafers move as soon as they are ready.; i 8l hen an optimal solution i9RRy, ...,

Rs1, Roz, Rz, -+ Rsy ---y Rowy RuLs ---, Rsi. This sequence has a lot makespan of L(S+1)p

Cyclic sequencesUnless the lot size L is very small, a typical sequence has three phases, which we label
filling-up, steady state (or cyclic), and completion. The chambers are empty when processing begins. Until the first
wafer is completed, the tool is filling up with wafers. Then the tool is in a steady-state phase as it completes wafers
and loads new wafers. When there are no more wafers to start, the tool enters the completion phase and completes
wafers until the last wafer is unloaded from the last stage. Then processing ends.

Let us define a.-unit cycle as a subsequence that loads and unloads each stage and thus completes
A wafers. Complete sequences formed by repeating a cycle in the steady state and completion phase e will call
unit cyclic sequences.

Consider optimal sequence presented in Figure 2. The cyclic phase, which starts at time 55, has three 1-
unit cycles: B p+1— R, p— Ry, pr1— Rs p for p = 2, 3, and 4. In the push sequence, the cyclic phase starts at time 65
and has two 1-unit cycles;R— Ry, gr1— R, q+2— Rs, ¢ fOr g = 2 and 3.

The order of events in the completion phase resembles that in the cyclic phase. The five moves in the
completion phase of the push sequence form two incomplete cycles: the firstjis R, | — Ry (.; and the second
is R, L — R . The cycles are incomplete because there are no unprocessed wafers and some moves are no longer
needed.

Note that the cycle does not define the filling-up phase, which ends with the first wafer being completed.
Although there may exist more than one feasible filling-up phase for a given cycle, the class of cyclic sequences is
small enough to enumerate for CT1-1 and CT1-1-1.

4. Cyclic Sequences for CT1-1

In this section, we analyze the cycle time and lot makespan of the two 1-unit cyclic sequences that are feasible for a
two-stage sequential cluster tool. There are two feasible cycles, which welasdc?2.
cl: RZ,j-l_ RO,j - R]_’j - R2,j (J =2,.., L),
c2: RZ,j-l_ Rl,j_ R),j+l_ RZ,j (J =2,.., L)
Each cycle has only one feasible filling-up phase and thus forms exactly one cyclic seqyene®, Rs the
filling-up phase fowl. Ry 1— R, 1— Ry, 2is the filling-up phase fas2. For x =1 and 2, let,e the cycle time of
oX, and let M§ be the lot makespan of the cyclic sequence formetkby

Theorem 1. P, =3p +p + P, MS, = LP.. P, =4p + max{2p, pu P2}, MS,=3p +p + po + (L-1)P..



Proof. The proof can be found in Appendix A.
Theorem 2 For CT1-1, if p> p; and p > p,, then B> P, and MS > MS;.

Proof. Under these conditions; P 4p + max{2p, p1, p2} = 6p, and R=3p + pp + P < 5p < P.. Then, M$ >
MS; since M$ - MS,;=(L-1)(P,-P;) > 0.

5. Cyclic Sequences for CT1-1-1

In this section, we analyze the cyclic sequences formed by the 1-unit sequences for a three-stage sequential cluster
tool. There are six 1-unit cycles, which we dermtehroughs6. (Note these are the same six cycles that 8ethi
al. [12] identify.)

ol: R3’j_1— RO,j - R]_’j - R2,j — R3’j.

062! R3j1— Rojri— Rj— Rijui— Ry

03! R3j1— Roj— Rojri— Rijui— R

04 Rej1— Rj—Rj—Ryji— R

09! Reju— Rij—Rojri— Ry — Reji

66: Rsju— Roj— Riji— Ryjrz— R
The cycles1 has one feasible filling-up phase. Each of the other five cycles has two feasible filling-up phases.
Thus, there are eleven feasible cyclic sequences for CT1-1-1.

Theorem 3 For CT1-1-1, the cycle time and lot makespan of a 1-unit cyclic sequence that used cy8|es4, or
o5 (and a feasible filling-up phase) will equal the expressions given in the following table.

Cycle | Cycle time Feasible filling-up phase Lot makespan
ol Po=4p+p+p+p | 1=Ra1-Ri-R MSy1 = LP; = 4p+pitpot pst(L-1)P,
3 P, = 4p +max{3p + pu, fl=Ro1—R,1—R, 1= R 2= R 2 | MSz = 4p+pr+p+pst(L-1)Ps
Pa, P+ Put P2} S MSz, =9p+ p+ pst max{p,, 2p}+
f2 = RO 1 Rl, 1 R) 2 RZ 1 R1, 2 max{pl, pZ, p3- zp}+ (L-Z)P3
. P, = 5p+pptmaxi2p, fl=Ry1-R,1—-R1— R MS,; = 4p+pr+potpst(L-1)Py
© Ps, pi} 2= Ro1— R 1—Ros R MS,2 = 8p+ Py + P2+ Ps+ max{py, pr +
oy e e ps+ max(p, 2} (L - 2)P,
. P, = Ap+max{p+pstps, fl=Ry1—-R,1—-R2-R1 MSs; = 4p+pr+potpst(L-1)Ps
N 3pf+p31pl} fZZRO - R —R2 _R) M852:9p+p1+2p2+p3+max{p1- p31
1 4,1 1 2 2pr}+ (L- 2)p5

Proof. The proof can be found in Appendix B.



Theorem 4 For CT1-1-1, the cycle time and lot makespan of the 1-unit cyclic sequences that usé cgdde
determined as follows. For filling-up phase fl57R R 1— Ry »— R, 1— Ry, », the average cycle time is;Rnd

the lot makespan is M§
1 L-1
Py =—" z I321]-

L-24

j=
MS; =13p+p+ s+ a+ b+ ¢+ (L-2) B+ max(p - 2p — 6.1, 0),

where

b, = max(p - 2p, 0) = max(p, 2p) - 2p,

a, = max{p, - max(p, 2p), 0}, and

c1 = max(p - 2p - &, 0);
and, forj=2, ..., L-1,

by = max(p - 3p — G.1, 0),

g =max(n-2p—h, 0),

¢, = max(p - 2p — g, 0), and

Paj=7p+3+h+ga.

For filling-up phase 2 =R;— R, 1— R 1— Ry, 2— Ry, », the average cycle time ig,Rand the lot makespan is MS
1 L-2
F)22 = —z P22' .
L-2 = )

MS,, =8p+ pi+ P+ ps + max{ps, 3p+ put +max{p, — 2p — 9.2, 0} + (L — 2)Px,

where
e; = max{p, + p, — max(p, p. + 3p), 0},
d, = max{p, — 2p — &, 0}, and
o = max{p; — 2p — c, O};
forj=2,...,L-2

§ = max{p, - 3p — g1, 0},
d; = max{p, — 2p — g, 0}, and

g = max{p; — 2p — g, O};
and, forj=1, ..., L-2,

p221:7p+q+q+g,
Proof. The proof can be found in Appendix C.

Theorem 5 For CT1-1-1, the cycle time and lot makespan of the 1-unit cyclic sequences that usé aaebe
determined as follows:

For filling-up phase f1 = R;— R, 1— R 2— R, 1— R, »— Ry, 3 define the following quantities:

w, = max{p, - max{4p, Pz, ps- max[0, p - max(2p, p)]}, O}
Forj=3, ..., L-2,

w;, = max{p-max(p, ps — W1, 4p), 0}.
Forj=2, ..., L-2,

Pe1j = 4p+ W, +max{p,, psw;, 4p}.



Then, the average cycle time

1 L2
Psy=—— > Pay.
61 |——3J§ 61

The lot makespan

MSe1 = 13p+ pr+ p3+ Wiz + Mmax(2p, p1, P2) + max{4g, p, ps- max[o, p -max(2p, )1} +
+ max{2p, P, Ps- W2} + (L —3)Ps;.

For filling-up phase 2 =R;1 - R, 1— R, 1— R, 2— R, 2— Ry, 5 define the following quantities:
V2 = max{p, — max[p. 4p, ps — p. — pl, 0}

Forallj=3, ..., L-2,
v; = max{p-max(p, ps — V-1, 4p), 0}.

Forallj=2, ..., L-2,
Pezj = 4p + Vi + max{pz, ps-vj, 4p}.

Then, the average cycle time

1 L=2
Py =—— Payi.
62 L—3§ 62j

The lot makespan
MSe2 = 12p + pu+ P2 +PgtViot max{p+ pu+ P, Ps, S+ p+max{2p;, pa, - Via}+(L - 3)Pee.
Proof. The proof can be found in Appendix D.

Hall et al.[8] show that, if a mobile-robot cell has three machines and repeatss@ydleen the cycle time
is constant. However, this does not hold for CT1-1-1. For example, Table 1 presents, for some instances, the length
of each cycle, the average cycle time, and the lot makespan of the 1-unit cyclic sequence thataBargcle
filling-up phase f1. Table 2 presents, for the same instances, the length of each cycle, the average cycle time, and
the lot makespan of the 1-unit cyclic sequence that use €9d@d filling-up phase f2. In all instances=(l,
p. =5, and p= 10.



Table 1. One-unit cyclic sequences that use gy2land filling-up phase f1.

P’le
i=2 [ j=3 [ j=4 | j=5| j=6| j=7] j=8] i=9 | "= | M=
p.=20,L=9 24 24 24 24 24 24 24 - 24 232
p.=20,L=10 24 24 24 24 24 24 24 24 24 256
p.=10,L=9 15 17 15 17 15 17 15 - 15.86 158
p.=10,L =10 15 17 15 17 15 17 15 17| 16 173
Table 2. One-unit cyclic sequences that use gy2land filling-up phase f2.
P’ZZ]
=1 [ j=2 | j=3 [ j=4| j=5] j=e| j=7[i=8 | P» | M
p.=20,L=9 30 24 24 24 24 24 24 - 24.85 237
p.=20,L=10 30 24 24 24 24 24 24 24 27.Y5 261
p.=10,L=9 20 15 17 15 17 15 17 - 16.97 160
p.=10,L =10 20 15 17 15 17 15 17 15 16.88 177

The following corollaries follow from Theorems 3, 4, and 5.

Corollary 1. For CT1-1-1, if R= P, then M§, = MS;; for all x, y = 1, 3, 4, and 5.

Proof. Directly from the values of Mg MS;;, MS;,, and M3

Corollary 2. For CT1-1-1, Mg does not necessarily equal M®r x = 2, 3, 4, 5, or 6.

Proof. Consider the following instance: L = 1513, p = 18, p = 14, and p= 37. Table 3 presents the lot
makespan for each of the eleven feasible 1-unit cyclic sequences. Note that, in this instgriseh# Bt

makespan of the best 1-unit cyclic sequence.

Table 3. The eleven 1-unit cyclic sequences when L = 3518, p =18, p =14, p = 37.

X 1 2 3 4 5 6
MS 1815 1561 1647 1745 1913 1587
MS;, 1556 1652 1757 1901 1593

Corollary 3. The shortest 1-unit cycle does not necessarily form an optimal sequence for CT1x}z1 | | C

Proof. We will provide a counterexample. LetL = 1076, p = 20, p = 11, and p= 18. Thers2 is the shortest
cycle, with B; = P,, = 112. The lot makespan of the 1-unit cyclic sequence that@sasd filling-up phase fl1 is
MS,; = 1142. The lot makespan of the 1-unit cyclic sequence thasBsad filling-up phase f2 is M= 1141.
Neither is optimal. The 1-unit cyclic sequence that udesvhose cycle timeP= 113, has a lot makespan MS

1130.

If the lot size L is large, then a shorter cycle will form a shorter cyclic sequence, since the lot makespan, as
a function of L, has a slope equal to the cycle time (as shown in Theorems 3, 4, and 5). For instance, consider again

the last counterexample. Table 4 shows MBd MS, for different values of L. M3 = MS,, when L = 21.
If L> 21, then M$;, is less than Mg.

Table 4. M$; and MS, as functions of L.

L 19 20 21 22 23 24 25
MS1; 2147 2260 2373 2486 2599 2712 2825
MS;, 2149 2261 2373 2485 2597 2709 2821

dominates more complicated 2-unit cycles. However, this result does not hold for CT1-1-1.

Hall et al.[8] prove that, for a mobile-robot cell that produces a single part type, repeating a 1-unit cycle



Theorem & The 1-unit cycles do not necessarily dominate 2-unit cycles for the problems CT1-lahd [CT1-1-
1] Grax

Proof. We will provide a counterexample. Let L = 870l0, p = 30, p = 25, and p=5. The best 1-unit cycle is
65, and the cycle timesP 80. The best 1-unit cyclic sequence is formed by repeafiramd using filling-up phase
fl=Ry1— R 1—- R »— R, 1 The lot makespan Mg= 660. However, there exists an optimal sequence that
repeats the 2-unit cyclegR— Ry, ji2— R, j+1— R, j+1— Ry, j+2— Ro, 13— R, j+2 — Ry, j+a, Which has an average cycle
time of 77.5 time units. The optimal lot makespan is 645. Figure 3 presents the Gantt charts of this optimal
sequence and the 1-unit cyclic sequence thatasesd filling-up phase f1.

6. Branch-and-bound Algorithm

Although the cyclic sequences that use one-unit cycles are a natural class of solutions for the problem, they do not
necessarily include an optimal sequence. Thus, we need to consider an algorithm that can generate an optimal
sequence. This section presents a branch-and-bound algorithm, which is named Algorithm BB.

The algorithm begins by using the push dispatching rule to construct a feasible sequence and then using the
pull dispatching rule to construct another feasible sequence. The smaller lot makespan becomes the initial upper
bound on the optimal lot makespan. For each partial solution constructed, the algorithm creates a lower bound by
calculating the completion time of the last scheduled activity.

4.1. Algorithm BB

Given S, p pu---:ps and L, Algorithm BB proceeds as follows. Note that this algorithm calls Algorithm P
to generate sequences using the push and pull dispatching rules. Section 4.2 describes Algorithm P.

Step 0.
Use the push dispatching rule (Algorithm P) to generate a feasible sequence. Use the pull dispatching rule
(Algorithm P) to generate a second feasible sequence. Save the sequence with the smaller lot makespan as
the current best sequence, and let the upper bound UB equal the lot makespan.

Step 1.
Initialize the cluster tool. All L unprocessed wafers are in LL, and the wafer handler is at LL. All of the
chambers are free. The current sequence is a sequence with no moves. Set C = 0, n = Q,fandlt
stages §i=1, ..., S).

Step 2.
Based on the tool state, let t = C (the last move completion time) and identify all feasible mgiss. R
feasible if n >0 and j = L+1-n and B free. This can begin at time t;; 0 <i < S) is feasible if wafer j
isin Sand $, is free. This can begin at max{#. tRs; is feasible if wafer j is in $ This can begin at
max{t, ts}. Use Theorem 7 to remove any dominated moves from consideration.

Step 3.

For each feasible move, form a new sequence with that move and perform one of the following steps
(which calculates the lower bound LB and updates the tool state). Then go to Step 4.

¢ If the feasible move wasgR then go to Step 3a.
e |Ifthe feasible move was;R0 <i < S, then go to Step 3b.
¢ If the feasible move wasdR then go to Step 3c.

Step 3a.

Reduce n by one. If the wafer handler was at LL, then the move completion time G.=Qthgrwise, the
move completion time C =t + 2pThe wafer handler is now at, $vhich now has wafer j, and+ C + p.
Let LB =t;.. Go to Step 3d.

Step 3b.

If the wafer handler was at, $hen the move completion time C = maxft,# p,. Otherwise, the move
completion time C = max{t;}t+2p,. S is now free. The wafer handler is now at,Svhich now has wafer
j,and t;; = C + 1. Let LB =t,;. Go to Step 3d.



Step 3c.

If the wafer handler was ag,Shen the move completion time C = max§},t p,. Otherwise, the move
completion time C = max{tg} +2p,. Ssis now free. LB = C. Go to Step 3d.

Step 3d.

If LB > UB, then discard this new sequence. If this new sequence includes all L(S+1) moves, the lot
makespan equals C. Consequently, if C < UB, save this new sequence as the current best sequence and set
UB =C.

Step 4.
If any incomplete new sequences remain, select one, identify the corresponding tool state, and go to Step 2.
Otherwise, stop and return the current best sequence and UB, its lot makespan.

For example, consider the following instance of CT1-LJk® =5, p=10, p = 40, and L = 3. Figure 4
shows a graph of all feasible sequences. Any path from the top node (in Level 1) to a node in a lower level
corresponds to a feasible partial sequence. Branch A is the push sequence. The lot makespan is 185. Branch D is
the pull sequence. The lot makespan is 195. The initial upper bound UB = 185. Algorithm BB will fully fathom
Branch A and will prune the other three branches at Level 8 because their lower bounds are greater than or equal to
185.

4.2. Algorithm P

Given S, p p....,ps, and L, Algorithm P proceeds as follows. Note that Algorithm P generates only non-
delay schedules.
Step 1.
Initialize the cluster tool. All L unprocessed wafers are in LL, and the wafer handler is at LL. All of the
chambers are free; =t O for all stages;%i =1, ..., S). Sett=0and n = L.
Step 2.

Based on the tool state, identify any feasible moves that could begin at tigneanMegin at time t if
n>0andj=L+1-n, and;$s free. R (0 <i< S) can begin at time t if wafer j is attS< t, and & is
free. R;;can begin at time t if wafer j is ag 8nd t < t. If there is exactly one feasible move, then perform
that move and go to Step 4. If there is more than one feasible move and the dispatching rule is push, select
the feasible move Rwith the smallest value of i and go to Step 4. If there is more than one feasible move
and the dispatching rule is pull, select the feasible mgveit the largest value of i and go to Step 4.
Otherwise, go to Step 3.

Step 3.
Lett=min{:t%>0,k=1, ..., S}. Goto Step 2.

Step 4.

Update the tool state.

¢ Ifthe selected move wagRthen reduce n by 1. If the wafer handler was at LL, then the move
completion time C =t +p Otherwise, the move completion time C =t + Zphe wafer handler is
now at S, which is now busy processing wafer j, and C + p.

¢ If the selected move was;R0 <i < S, and the wafer handler was jatt&n the move completion time
C =t+p. If the selected move was;R0 <i < S, and the wafer handler was not;attfen the move
completion time C =t +2pS is now free.;t= 0. The wafer handler is now at;Swhich is now busy
processing wafer j, angdt= C + ;.

e Ifthe selected move wassRand the wafer handler was af Shen the move completion time C =t +
pr. If the selected move was;Rand the wafer handler was not af then the move completion time C
=t+2p. Sis now free. $=0. The wafer handler is now at LL.
Step 5.

If all L(S+1) moves are complete, then stop. The lot makespan equals C. Otherwise, lett = C and go to
Step 2.



4.3. Dominance criterion

Algorithm BB uses a dominance criterion to avoid unnecessary searching. Theorem 7 prohibits g move R
if there exists another moveg, Rhat can be done first without delaying the completion; pf Rote that using this
condition limits Algorithm BB to the set of active schedules.

Theorem 7: Given Q1, a feasible partial sequence for a sequential cluster tool, mpderfnates R if both are
feasible and the following conditions hold: The last move in Q1 ends at time t. The wafer handler is at chamber k
after this move (k may be LL). ; Rcan begin at time & t and wafer j is at chambey, evhich is not chamber k. ;R

can begin at timg, & t and wafer q is at chambey. cEither g = k and §+p: < t, or ¢ is not k andg#2p < t,.

Proof. Consider a complete feasible permutation sequence Q that begins with Q} dBidée gis not k, R;

requires 2ptime units. Form a new sequence Q' by movipg lbefore R;. Because R, remained feasible from

the end of Q1 to its position in Q, Q' is also a feasible permutation sequenge. kibad §+p; < t,, the wafer

handler can complete,Rat t+p; and still begin i} at t. Otherwise, gis not k andg#2p < t,. Still, the wafer

handler can complete,Rat t+2p and still begin § at {. Thus, no move must be delayed, and the lot makespan of
Q' is not worse than the lot makespan of Q.

7. Experimental Results

We conducted experiments to determine the performance of Algorithm BB. Specifically, we wanted to
know how much computational effort was required and whether the algorithm generated sequences that were much
better than the cyclic sequences. In addition we wanted to determine how lot size and relative move time affect the
performance of Algorithm BB. In effect we tested Algorithm BB against the unnamed heuristic that evaluates all
feasible 1-unit cyclic sequences and selects the best one. (Note that evaluating the cyclic sequences requires little
computational effort.) The push and pull dispatching rules were the benchmarks. (Note that Algorithm BB begins
with these sequences).

We created 18 problem sets of instances. Each problem set had ten randomly generated instances. Each
problem set used different parameter values to generate its instances. Table 5 lists the parameter values for each
problem set. (Recall that S =2 for CT1-1and S = 3 for CT1-1-1.) Given S, L, and a, b, ¢, d, we used the following
generation scheme to create the instances. Note that all data are integers, so X ~ U[a, b] implies that the random
variable X has a discrete probability distribution and P{X = x} = 1/(b-a+1) for x = a, a+1, ..., b.

pr ~ U[a, b].
pi~Ulc,d], fori=1, ..., S.

The parameter values were chosen so that six problem sets (1, 2, 3, 10, 11, 12) contained instances with
short move times and long processing times, another six problem sets (4, 5, 6, 13, 14, 15) contained instances with
approximately equal move times and processing times, and the remaining six problem sets (7, 8, 9, 16, 17, 18)
contained instances with a long move time and short processing times. We will refer to these three categories as
short, equal, and long move times, respectively.

For each instance, we used Theorem 1 or Theorems 3, 4, and 5 to find the lot makespan of the best 1-unit
cyclic sequence. We also used the branch-and-bound algorithm (Algorithm BB), the push dispatching rule
(Algorithm P), and the pull dispatching rule (Algorithm P) to generate solutions. However, we did stop Algorithm
BB if it reached 100,000 nodes and used the best current sequence at that point. Thus, for some instances,
Algorithm BB may return a suboptimal sequence.

Tables 6 and 7 present the results for each problem set. The second column lists the average CPU time that
Algorithm BB required. The third column shows the number of instances that Algorithm BB completely solved
within 100,000 nodes. The next four columns show the average lot makespan of the best cyclic sequence and the
other sequences that were generated. The last four columns show the average relative improvement from the push
and pull sequences.

For the two-stage sequential cluster tools, Algorithm BB required little effort except when the lot size was
large and the move times were approximately equal to the processing times. However, the best cyclic sequence was
optimal for most of these two-stage sequential cluster tool instances. (In Problem Set 6 we cannot prove optimality.)
As the move times increase (relative to the processing times), the optimal sequences were much better than those
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that the push and pull dispatching rules generated. Indeed, when the move times were long, the performance was
dramatically better, as the relative improvement was approximately forty percent.

For the three-stage sequential cluster tools, Algorithm BB required little effort only when L =5 (Problem
Sets 10, 13, and 16). Otherwise, it was usually unable to complete the search in 100,000 nodes. In these cases, the
best cyclic sequence was often better. For these three-stage sequential cluster tool instances, as the move times
increase (relative to the processing times), the cyclic sequences were much better than those that the push and pull
dispatching rules generated. Again, when the move times were long, the performance was dramatically better, as the
relative improvement was approximately forty percent. Algorithm BB generated sequences that were also
improvements, but they were not as good as the cyclic sequences, except when L = 5.

The computing effort for Algorithm BB increased as the lot size increased. Conducting longer searches or
using more complicated lower bounds did not improve search performance significantly.

Table 5. Parameters for problem sets.

Problem Parameters
Set S L a b c d
1 2 5 1 10 20 40
2 2 10 1 10 20 40
3 2 15 1 10 20 40
4 2 5 10 20 10 20
5 2 10 10 20 10 20
6 2 15 10 20 10 20
7 2 5 20 40 1 10
8 2 10 20 40 1 10
9 2 15 20 40 1 10
10 3 5 1 10 20 40
11 3 10 1 10 20 40
12 3 15 1 10 20 40
13 3 5 10 20 10 20
14 3 10 10 20 10 20
15 3 15 10 20 10 20
16 3 5 20 40 1 10
17 3 10 20 40 1 10
18 3 15 20 40 1 10
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Table 6. The performance of 1-unit cyclic sequences and Algorithm BB on instances of CT1-1.

Problem | CPU time | Instances Average lot makespan % impror\)/szgplent over | % imprO\;)el:JTent over

Set (mm:ss) solved Cycic | BB [ Push | Pul Cyclic | BB Cyclic | BB
1 0:01 10 303.1 303.1 303.1 303.1 0 0 0 0
2 0:02 10 585.6 585.6 585.6 585.6 0 0 0 0
3 0:28 10 868.1 868.1 868.1 868.1 0 0 0 0
4 0:01 10 372.7 372.7 420.3 420.3| 10.33 10.33 10.33 10.33
5 0:02 10 745.2 745.2 852.3 852.3| 11.41 11.41 11.41 11.41
6 1:13 0 1117.7 1117.7 1284.3 1284.3| 11.76 11.76 11.76 11.76
7 0:01 10 510.5 510.5 812.5 812.5| 37.15 37.15 37.15 37.15
8 0:02 10 1021.0 1021.0 1700.5 1700.5| 39.94 39.94 39.94 39.94
9 0:22 10 1531.5 1531.5 2588.5 2588.5| 40.81 40.81 40.81 40.81

Table 7. The performance of 1-unit cyclic sequences and Algorithm BB on instances of CT1-1-1.

Problem CPU time Instances Average lot makespan % improvement over | % improvement over
Set (mm:ss) solved push pull
) Cyclic | BB | Push | Pull Cyclic | BB Cyclic | BB

10 0:01 10 369.0 369.0 369.0 371.1 0 0 0.44 0.44
11 1:04 5 677.5 677.5 677.5 683.1 0 0 0.62 0.62
12 1:44 0 986.0 986.0 986.0 995.1 0 0 0.68 0.68
13 0:03 10 521.7 521.7 591.8 591.8| 11.10 11.10 11.21 11.21
14 1:37 0 1032.2 1083.0 1195.8 1195.8| 13.00 9.07 13.00 9.07
15 2:10 0 1541.7 1687.0 1799.8 1799.8| 13.68 6.03 13.71 6.06
16 0:01 10 670.0 670.0 1095.4 1071.6| 38.63 38.63 37.29 37.29
17 1:28 0 1340.0 1585.6 2267.4 2267.4| 40.70 29.84 40.70 29.84
18 1:54 0 2010.0 2757.6 3439.4 3415.6| 41.35 19.67 40.95 19.12

8. Summary and Conclusions

This paper studied the sequential cluster tool scheduling problem. The goal is to improve tool performance
by reducing the total lot processing time (which we call the lot makespan). This paper enumerated and analyzed the
class of one-unit cyclic sequences. In addition, it presented a branch-and-bound algorithm that can find optimal
solutions. The paper describes the results of experiments performed to understand the performance of the cyclic
sequences and the branch-and-bound algorithm.

Our results show that, for two- and three-stage sequential cluster tools, identifying the best cyclic sequence
can, in some cases, dramatically reduce the lot makespan and thus improve cluster tool performance. The practice
of using a push dispatching rule or a pull dispatching rule yields inferior performance. This is especially true when
the move time and processing times are approximately equal and when the move time is longer than processing
times. Compared to the cyclic sequences, the branch-and-bound algorithm requires additional computational effort
and does not yield better solutions on the instances considered. The computational effort is sensitive to the problem
size (the number of stages and wafers).

We have also studied hybrid cluster tools that have at least one stage with two or more chambers. Those
results have been reported separately [13]. Future work should consider more complex tool configurations and
scheduling anticipatory moves that position the wafer handler at the next chamber before the chamber finishes
processing the wafer. Such anticipatory moves should further improve the cluster tool performance.
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Appendix A. Proof of Theorem 1.

We will analyze the cycle time and lot makespan for each 1-unit cyclic sequence.

Cycleclis R, j1— Ryoj— Rj— R Figure Al presents a Gantt chart of a complete sequence
when L = 3. For convenience, we will consider the cyele-RR; ;- R, . The complete sequence has L
such cycles. Fori=0,1,2,andforallj=1, ..., L, the length oSRy. Thus, the cycle time, 3p + p,

+ ., and the lot makespan MS LP;.

Cyclec2is R, 1 — Ry,j— Roj+1 — Rej. Figure A2 presents a Gantt chart of a complete sequence
when L = 4. For convenience, we will consider the cyele.R- R, —R1, j+1. The complete sequence has
L - 1suchcycles (j =1, ..., L-1). The sequence begins at time 0. The filling-up phase has two moves, R
and R ;, and ends ai & 2p + p.

Let y be the idle time between R, and B ;. y = max{p, 2p} - 2p,. Let x be the idle time
between R;and R j.1.. X = max{p - 2p -y, 0} = max{p, 2p + y} - 2p. - y. Thus, the cycle time

P,=6p + x +y =4p+ max{p, 2p + y} = 4p + max{2p, p1, p}-

The completion phase, which has one moyg,Rtarts att=1t; + (L - 1) and ends apt+ p, +
pr. Thus, the lot makespan

MS;=2p+p+ (LR +p+p=3p+p+p;:+ (L-1)P.
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Appendix B. Proof of Theorem 3.

We will analyze the cycle time and lot makespan for each of the seven 1-unit cyclic sequences.

Cycleclis Rj— Ryj— Rj— Rj— Rsj. Figure B1 presents a Gantt chart of a complete sequence
when L = 3.

For the purposes of this proof, we will consider the cygle-RR j— R j— R ;. The complete
sequence consists of L such cycles. The lengthjaéR fori=0, 1, 2,3, and forallj=1, ..., L. Thus,
the cycle time P=4p + p, + p» + p3, and the lot makespan MS= LP;.

Cyclec3 is Rj1— R j— Ryjr1 — Rijsu — Rsj. There are two feasible filling-up phases, which we
denote f1 and f2.

Filling-up phase flis ;- R, 1— R, 1— Ry, »— Ry, » Figure B2 presents a Gantt chart of a
complete sequence with this filling-up phase when L = 4. We will consider the gygléf3.1 — Ry j+1—

Rs;, which repeats L-2 times (j = 2, ..., L-1). Thus, we add to the filling-up phase the mpove R

Let P; be the length of the interval between the start,ofdRd R j.q, for j = 2, ..., L-1. Note that
the length of the interval between the start of 81d R ,is B — p. Thus, the first cycle starts att2p +
Pt Pt Pa—p=p+ptpit P

In the cyclic phase, the length of s p, and the length of any other move is. 2t t be the
time that move R starts (j = 2,..., L-1). The start and end of each move can be calculated as follows:

Move | Start End

Ra, t t+2p

RO,i+l t+2p t+4p

Rija | t+4p+ps t+5p+p;

Rs, max{ t+5p+p;, t+2p+ps} t+4p+max{ 3p+p:, s}

Rojrr | max{ t+4p+max{ 3p+py, ps}, t+5p+pit+p2} t+6p +max{ 3p+pa, Pz, P+P+P2}
= t+4p +max{ max{ 3p+ps, Pz}, Pr+pit+p2t
= t+4p +max{3p+p., Ps, PHPitPo}

Thus, the cycle timed2= 4p +max{3p+p, Pz, P+Hp1+p2}- The completion phase starts at timet
t; + (L-2)P; = p+ p.+ p + (L-1)P; and has two moves,Rand R,. The length of the completion phase
is 2p+pstp,. Thus, the lot makespan MS p+p;+p+(L-1)P; + 2p+pstp, = 4p+pr+potpst(L-1)Ps.

Filling-up phase f2is ;- R, 1— Ry, »— R, 1— Ry, » Figure B3 presents the Gantt chart of a
complete with this filling-up phase when L = 4. We will consider the cygle Ry j+1 — Ry j+1 — Rsj, which
repeats L-2 times (j = 2, ..., L-1). Thus, we add to the filling-up phase the mgve R

The start and end times of each move in the filling-up phase can be calculated as follows:

Move | Start End

Ro.1 0 B

Ri1 PPy 2p+ps

Ro, 2 2p+ps 4p+ps

Ro.1 | 2p+pitmax{p, 2p} 4p+pirmax{p, 2p}

Ri 2 | max{4p+2p, 4p+pr+rmax(p, 2p)} 6p+prrmax{py, Pz, 2p}
=4p+pirmax{p, P2, 20}

Rs,1 | max{4p+p+psrmax(p, 2p), 6p+pirmax(p, P 2p)} | 6p+prtrmax{ps+max(p, 2p), 2p+max(n, P
=4p+p+max{pstmax(p, 2p), 2p+max(p, P, 2m)} 2p)}

Let t; be the time that the first cycle starts (the time that mgyestarts).

ty

= max{6p + p+ P+ Max(p, P2 2p), 6p + pr+ Max[p+ max(p, 2p), 2p + Max(n, P 21}
=6p+ p.+ max{p, + max(p, Pz 2p), P+ Max(R, 2p), 2p + max(Q, Pz, 2M)}
=6p+ p.+ max{max(p, 2p) + max(Q, P2 2R), Ps+ Mmax(p, 2p)}

= 6p + pr+ max{pz, 2p} + max{ps, Pz Pz, 2R}
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The steady-state and completion phases are the same as those for the first filling-up phase. Hence, the
cycle time R = 4p + max{3p+ py, Pz P+ pL+ po}. The lot makespan

MSz, =t + (L-2)Ps+ [2p+ p3+ p
=6p+ pit max{p,, 2p} + max{py, P, Ps, 2pH+ (L-2)Ps+ [2p + ps+ p]
= 9p+pot et max{p,, 2pH+ max{pi, P2, Ps, 2p}H+ (L-2)Ps.

Cyclec4 is Rj1— Rj— Rj— Ryj:1— Rsj. There are two feasible filling-up phases, which we
denote f1 and f2.

Filling-up phase flis f1— R, 1— R, 1— Ry, 2 (See Figure B4.) We will consider the cyclg;R
Ry, — R, j+1— Rs,j, which repeats L-2 times (j = 2, ..., L-1). Thus, we add to the filling-up phase the move
Rs1. Let B be the length of the interval between the start;gfdfd R, .1, for j = 2, ..., L-1. Note that the
length of the interval between the start gfBnd R »is P, — p. Thus, the first cycle starts attp + p, +
Ps—p = put Py

In the cyclic phase, the length of s p, and the length of any other move is.2get t be the
time that move R starts (j = 2,..., L-1). The start and end of each move can be calculated as follows:

Move | Start End

Rl,i t t+2p

Ry, t+2p+po t+3p+p.

Roji | t+3p+p, t+5p+p,

Rs, t+3p+p,+max{2p, ps} t+5p+p,+max{2p, ps}

Ryjur | max{t+5p+p+max{2p, p}, t+5p+pz+pa} t+7p+prmax{2p, ps, pi}
= t+5p+p+max{2p, ps, P}

Thus, the cycle time = 5p + p, + max{2p, ps, pi}. The completion phase starts at tipe t; +
(L-2)P,=p+ (L-1)P. The completion phase has three moves, R,, and R,. The length of the
completion phase is 2p p+ pr+ 3+ p. Thus, the lot makespan MS- [py+ (L - 1)P)] + [2p+ o+ B +
Pst+ pl =4p+pit Pt 3t (L-1)Py

Filling-up phase f2is 1 — R, 1— Ry, 2— R, 1. See Figure B5. We will consider the cyclg/R
Rz — Roj+1 — Rsj, which repeats L-2 times (j = 2, ..., L-1). Thus, we add to the filling-up phase the move
Rz 1. The start and end times of each move in the filling-up phase can be calculated as follows:

Move | Start End

Ro: |O 9]

Ri1 PPy 2p+ps

Ro, 2 2p+ps 4p+p.

Ro.1 | 2p+pitmax{p, 2p} 4p+pi+rmax{p,, 2p}
Rs.1 | 4p+pitpstmax{p,, 2p} Sprpitpstmax{p,, 2p}

Let t; be the time that the first cycle starts (the time that mqyesRrts).

t1 = max{4p+ 2p, 5p+ pi+ p3+ max(p, 2p)}
= 4p+ p.+ max{p,, p+pstmax(p, 2p)}-

The steady-state and completion phases are the same as those for the first filling-up phase. Hence, the
cycle time B =5p + p,+ max{2p, ps, p.}- The lot makespan

MS42 = t]_ + (L'Z)P4+ 2p'+ p2+ p’+ p3+ Pr

= [4p + pu+ max{py, p+ps+ max(p, 2p)}+ (L - 2)P4] + [2p + P2+ pr + ps+ P
=8p+ p+ P+ p3+ max{py, p+ps+ max(p, 2M}i+ (L - 2)P,.
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Cyclec5is Ryj1 — R j— Ryj«1— Rj— Rsj. There are two feasible filling-up phases, which we
denote f1 and 2.

Filling-up phase fl is R1— R, 1— Ry, 2— R, 1. See Figure B6. We will consider the cyclg;R
Ro, j+1— Re,j— R, j, which repeats L-2 times (j = 2, ..., L-1). Thus, we add to the filling-up phase the move
Rs1. Let R be the length of the interval between the start;gfdfd R, .1, for j = 2, ..., L-1. Note that the
length of the interval between the start gfiBnd R, is B, — p. Thus, the first cycle starts attp + p, +
Ps—p = put Ps.

In the cyclic phase, the length of Rs p, and the length of any other move is. 2yt t be the
time that move R starts (j = 2,..., L-1). The start and end of each move can be calculated as follows:

Move | Start End
Ry t t+2p
Rojun | t+2p t+4p

Ra, t+2p+max{p,, 2p}

t+4p+max{p,, 2p}

Rsj t+4p+max{p,, 2p}+pPs

t+5p+max{p,, 2p}+ps

Rijr | max{ t+5p+max{p,, 2p}+ps, t+4p +p:}

t+6p+max{p+pz*+ps, 3p+pPs, P}

= t+4p+max{p+p,+ps, 3p+Ps, Pu}

Thus, the cycle timeg?= 4p + max{p + p.+ ps, 3p + Ps, P}. The completion phase starts at time
tb=t+(L-2)R=p+ (L-1)R. The completion phase has three moves, R, and R,. The length
of the completion phase is 2pp,+ p+ ps+ p. Thus, the lot makespan MS= [p.+ (L - 1)R] + [2p+ oo
+ptptpl=4ptpt ot et (L-1)R.

Filling-up phase f2is 1 — R, 1— R, 1— Ry, > See Figure B7. We will consider the cyclg;R
Ro,j+x1— Re,j— Rs,j, which repeats L-2 times (j = 2, ..., L-1). Thus, we add to the filling-up phase the move
Rs; ;. The start and end times of each move in the filling-up phase can be calculated as follows:

Move | Start End

Ro, 1 0 B

Ry 1 PPy 2ptpy

Ro1 | 2p+pitps 3ptpitp,

Ro, 2 3pt+pitp, op+pitpe

Rs.1 | max{3p+pi+p,+Ps, Sptpitpol} Sprtpitpr+ max{ps, 2p}

Let t; be the time that the first cycle starts (the time that mqyestarts).

t  =max{Sp+ 2p+ P, 5p+ pi+ P+ Max(p, 2p)}
=5p+ pu+ P+ max{py, ps 2p}

The steady-state and completion phases are the same as those for the first filling-up phase. Hence, the
cycle time R = 4p+ max{p+ p>+ ps, 3p + pPs, pu}- The lot makespan

MSs, =t + (L-2)Rs+ 2p+ P+ Pt P+ pr

= [Sp+ pr+ p2+ max{py, Pz, 2p}+ (L - 2)Ps] + [2p+ P2+ pr+ P+ P
=9p+ pt+ 2+ ps+ max{py, ps, 2p}t+ (L - 2)Ps.
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Appendix C. Proof of Theorem 4.

We will analyze the cycle time and lot makespan for each of the two 1-unit cyclic sequences.
Cyclec2is Ryj1— Ryjr1— Rj— Rijs1— Rsj. There are two feasible filling-up phases, which we
denote f1 and f2.
Filling-up phase flisR;— R 1— R »— R, 1— R » See Figure C1. We will consider the cycle
Ro,j+1 — R,j— Ry jaa— Ry ) which occurs L-2 times (j = 2, ..., L-1). Thus, we add to the filling-up phase
the move R;.
Forj=1, ..., L-1, define;jab, and g¢as follows. Letgbe the idle time between,Rand R 1.
Let b be the idle time betweernyR,and R ;. Let g be the idle time between R, and R ;.

b; = max(p - 2p, 0) = max(p, 2p) - 2p,
a = max(n - 2p - by, 0) = max{p - max(p, 2p), 0}, and
¢ =max(p - 2p - &, 0).

The filling-up phase ends and the first cycle startsatlOp + p, + a + b, + ¢,.
Let P, be the length of the interval between the startgfdfd the end of §, forj =2, ..., L-1.
The length of B; is p, and the length of any other move is.2jn these cycles,

by = max(p - 3p — G4, 0),
g = max(n - 2p — b, 0), and
G =max(p-2p -3, 0).

Thus B;;=7p + 8 + b + g. The average cycle time is
1 L-1

Py=——Y Py
21 L—ZJ; 21]

The lastcycleends attt, + (L-2)P;=10p+p + & + b, + ¢ + (L —2) B;. The completion phase has
two moves, R, and R,. The first move can start at timettmax(p - 2p — G.1, 0). Thus, the lot
makespan

MS;; =10p+p+a+b+c+(L-2)Ri+max(p-2p—-0G.1,0)+3p+p;
=13p+m+mta+tbh+o+(L-2) R+ max(p-2p -G, 0).

Filling-up phase f2is 1 — R, 1— R, 1— Ry, 2— Ry, > See Figure C2. We will consider the cyclg;R
Ro, jr2— R, j+1 — Ry, j+2, Which occurs L-2 times (j = 1, ..., L-2). The first cycle starts at tirme3p + p, +
P2+ max{ps, 3p+ pi}-

Forj=1, ..., L-2, define gg, and gas follows. Let dbe the idle time betweenR,and R ;.. Let
g be the idle time betweery R, and R ;... Let g be the idle time between R, and R ;1.

e; = max{p, — 3p — max(g — p. — 3p, 0), 0} = max{p + p — max(@, p. + 3p), 0},
d; = max{p, — 2p — &, 0}, and
01 = max{ps — 2p — dy, O}.

g = max{p - 3p — g, 0},
d; = max{p, — 2p — g, 0}, and
g = max{p;—2p —d, 0}.
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Let P, be the length of the interval between the startsgféRd the start of .4, forj=1, ..., L-2. The
length of R; is p, and the length of any other move is.2B,;; = 7p + d + § + g. The average cycle time

IS
1 L-2

Pp=—"Y Py
22 L—2§ 22j

The completion phase has three moves and stapts &tt (L — 2)B,=3p+ pi+ p2+ max{ps, 3p+ p} +
(L — 2)P,. The start and end time of each move can be calculated as follows.

Move Start End

Ra 11 t t+2p

Rao.L t, + 2p + max{p, — 2p — 9.2, 0} t + 4p + max{p, — 2p — 4.2, 0}
Rs.L t, +4p + ps +max{p, — 2p — 4 », 0} t, + 5p + ps +max{p, — 2p — g, 0}

Therefore the lot makespan

MSz,  =3p+ pu+ P+ max{ps, 3p+ pu} + (L — 2)Pe+ 5p + ps +*max{p, — 2p — 4.2, 0}
=8p+ pu+ P2+ p3 + max{ps, 3p+ pu} +max{p. — 2p — 9.2, 0} + (L — 2)P.
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Appendix D. Proof of Theorem 5.

Cyclec6 is Rsj1— Rej— Rijs1— Rojr2— Rsj. There are two feasible filling-up phases, which we denote f1
and f2.

Filling-up phase flisR;— R 1— Ry »— R, 1— R »— Ry 3 See Figure D1. We will consider the
cycle R, j— Ry, j+1— Ro, j2— Ry j, which occurs L-3 times (j = 2, ..., L-2). Thus we add the moygi&the
filling-up phase. The start and end time of each move in this phase can be calculated as follows:

Move Start End
Ro1 0 8]

Ri1 Ptps 2pt+p;
Ro,2 2p+py 4p+p;

R max{4p+p., 2p+Pi+P}=2p+pi+max{2p, P} 4p+pi+rmax{2p, p}

P max{4p+pi+max{2p, pz}, 4p+2pi}
= 4p+p+rmax{2p, P, P}

6p+pirmax{2p, p1, P}

Ros 6p+pi+tmax{2p, pi, P} 8p+pi+rmax{2p, pi, Po}

R3,1

max{8p+pi+max(2p, pi, P2), 4p+pi+max(2p, p.)+ps}
= 4p+ptmax{4p+max(2p, pi, Pr), Max(2p, po)+ps}

6p+prtrmax{dp+max(2p, p1, P2), max(2p,
P2)+pPa}

The first cycle starts at
= max{6p + p,+ max[4p+ max(2p, p1, P2), Max(2p, ) + pal, P2+ 6p + pr+ max{2p, pu, P2}
=6p+ pu+ max(2p, p, p2) + max{4p, P, p3- max[o, p -max(2p, p)}-

ty

W, is the idle time between,R and R
Wy = max{p+ 8p+ pi+ mMax(2p, pu, ) - 8p - Pi- Max(2p, P, P2)

— max{4p, P ps- max[0, p -max(2p, p.)]}, 0}

= max{p, - max{4p, P p3- max[0, p - max(2p, p)1}, 0}.

In general, for j = 2, ..., L-2, ws the idle time between,Rand R j:;, and Ry is the interval from the start
of R; jto the start of Rj.;. In the cyclic phase, all moves take.2pet t be the starting time oLR(j = 2,
..., L-2). The start and end time of each move in the cycle can be calculated as follows:

Move | start complete

R2,i t t+2p

Ry t+2p+w, +4p+w,

Roj2 | tH4ptw t+6p+w,

Rs; max{t+2p-+ps, t+6p+w;} t+4p+ max{ p;, 4p+w;}
= t+2p+ max{ p;, 4p+w}

Roje1 | max{t+4p+w+p,, t+4p+ max[ p, 4p+w]} t+6p+ wirmax{p,, ps-w;, 4p}
= t+4p+ max{p, +w, max[p, 4p+w]}
= t+4ptwirmax{p,, ps-w;, 4p}

Thus, Ry = 4p+ W +max{p,, ps-W;, 4p}, Wi = max{p-max(p, ps — W, 4p), 0}. The average cycle time

=
Por=—"= Peyj.
61 L_3j=2 61
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The completion phase starts at time t; + (L —3)R;. The completion phase isR- Ry - Rs1.1- Ry -
Rs .. The start and end time of each move can be calculated as follows.

Move | Start Complete

Roya | b t+2p

R t+2p+ Wi tLr4Ap+wio

Raia | max{t+4p+ W, L+2p+ps} t+4p+max{2p+ Wio, ps}

= t,H2p+max{2p+ wi.,, ps}

RoL max{t;+4p+max[2p+ Wi, Pa], G+ 4p+ Wip + P} | 6P+ Wy +max{2p, Py, Ps-Wio}
= tHAp+ W +max{2p, P, Pz~ Wi}

RsL t+6p+Pst Wiprmax{2p, Pp, P3- Wi o} tot7p+pstWiprmax{2p, Pp, Pz~ Wio}

Thus, the lot makespan
MSs; = 6p + pr+ max(2p, py, P2) + max{4p, p,, p3- max[0, p -max(2p, p)I} + (L —3)Pe1+
+7p+ p3+ W+ max{2p, Pz, Pz~ Wiz}
= 13p+ pot pst W+ max(2p, pi, p2) + max{4p, pz, ps- max[0, p -max(2p, P} +
+ max{2p, Pz, Pz~ Wi.2} + (L —3)Ps1.

Filling-up phase f2isR;— R, 1—- R, 1— Ry »— R, »— Ry, 3 See Figure D2. We will consider the cycle
Ry, j— Ry, j+1— Ro, j+2— Rs,j, which repeats L-3 times (j = 2, ..., L-2). Thus we add the mayedRhe
filling-up phase. The start and end time of each move in this phase can be calculated as follows:

Move Start End

Ro1 0 B

Ri1 Prtpa 2p+p;

Ra1 2p+pitp, 3pt+pitp,

Ro2 3pt+pitp, op+pPitp,

Ri» Spt+2ptp, 6p+2p+p,

Roz3 6p+2p+p, 8p+2p+p,

Rsa max{3p-+pi+Pz+Ps, 8p+2p1+Po} Spr+prtprtmax{ps, Sp+pi}

The first cycle starts at
t,  =max{6p+ 2p+ 2P, 5p+ put P2+ Max(R, 5p+ py)}
=5p+ put+ P+ max{p + it P, PSP+ Pal-

Vv, is the idle time between,Rand R
VvV, =max{8p+3pm+p—t—2p, 0}
=max{8p+ 3p+ P — 5p— pr— P~ Max{p+ pr+ Po, Pz, SR+ po} — 2p;, 0}
= max{p + 2p.— max(p+ p1+ P, Pz, SR+ pu), 0}
= max{p, — max[p, 4p, ps — b — R, 0}.

In general, for j = 2, ..., L-2,;\s the idle time between,Rand R, j;;, and Ry; is the interval from the start

of Ry, ; to the start of Rj.;. The start and end time of each move in the cycle can be calculated as we did
previously. By =4p+ v;+ max{p,, ps-vj, 4p}. Vi1 = max{pi-max(p, ps — v, 4p), 0}. The average cycle
time

1 L-2
P, =——>» Ps..
62 L_3 Z 62j
j=2
The completion phase starts at time t; + (L - 3)R,. The completion phase isR- Ry - Rs1.1- Ry -
Rs;.. We can compute the start and end times of each move as we did before. The lot makespan
MSg; =t + 7pt+pstvitmax{2p, P, Ps- Vi)

=50+ Pt P+ max{p + P+ Po, P3, 5P+ PuH(L - 3)Pert TptpstWiotmax{2p, Pz, Ps- Vio}
=12p+ pr+ P +PatViot Max{p + Pi+ Pz, Pz, SP+ pu+Max{2p;, Pz, Pz~ Vi-2}+(L - 3)Pez.
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Figure 1. A three-stage sequential cluster tool.
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Optimal sequence: MS = 185
N [ N N N

20 40 60 80 100 120 14C 16C 180 200

Figure 2. An optimal sequence, the push sequence, and the pull sequence.



Optimal Sequence: MS = 645

0 20 40 60 80 100 120 140 160 180 200 220 240 28260 300 320 340

340 360 380 400 420 440 460 480 500 520 540 560 580 @®B0064062 660

Figure 3. An optimal two-unit cyclic sequence and a one-unit cyclic sequence.
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Ro,1[0, 5]

R1,1[15, 20]

Ro,2[20, 30]

R2,1[60, 65]

Ro,2[65, 70]

R:,1[60, 70]

R1,2[70, 80]

Ro,3[80, 90] R2,2[120, 125] Ro,3[85, 95] Rz, 2[125, 130]
6 R2,2[120, 130] Ro,3[125, 130] R2,2[125, 135] Ro,3[130, 135]
Y
O R1,3[130, 140] ~/ R1,3[140, 145] . R1,3[135, 145] -~/ Ru3[145, 150]
Y

O R2,3[180, 185]

R, 3[185, 190] Rz,3[190, 195]

A B c b

Figure 4. Search tree for CT1-1.

Note R; [x, y] denotes that move;Rtarts at time x and ends at time y.

25

Level 1

Level 2

Level 3

Level 4

Level 5

Level 6

Level 7

Level 8

Level 9



I
; : i : : ; :
,,,,,,,,,, 5 I 1 I 1 Y (O 1 o
Ro, 1 R1,1 R2, 1Ro, 2 Ry, 2 R2,2Ro, 3 Ry 3 R2, 3
> Py
-t =|
Figure Al
P2
— .
....................... 0 5 1 o ey
Ro,1 R1,1 Ro 2 R2,1 Ri,2 Ros R, 2 Ri,3 Ro4 R 3 R1,4 R2, 4
P2

Figure A2

26



P2
P1
,,,,,,,, 5 Y 5 S 5 Y O O O I Y
Ro, 1 R1 1 Rz, 1 R3,1 Ro, 2 R1,2 R2, 2 R3 2 Ro 3 Ri1,3 R2,3 Rs, 3
|‘ Pi “‘ Py P Pi ‘|
[ h gl "
Figure B1.
P3
P2
P1
: : : : : : : :
........... 5 S 5 15 O ] s
Ro,1 R11 R2, 1Ro, 2 Ri2Rs 1 R22Ros Ri3 R32 R23Ro4 Ris Rs 3 R24 R34
< Ps- pr >l Ps ol Ps .
Figure B2.
5]
P2
P1
[ i ! — [
5 O 5 s o H.
Ro,1 R1,1R0,2 R21 R12 Rs1 Rz22 Ros Ri3s Rs2 Rz23Ro4 Ri4 R33 Rz R34
< Ps JA Ps -
-t >

27



. 4 E— - ! !
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Figure B4.
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Figure B5.
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Figure B6.
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Figure B7.
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