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customers. Interarrival and service times are exponentially distributed while failure and
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1 Introduction

The fundamental characteristic of semiconductor manufacturing processes is that pro-
duction planning and scheduling of these facilities and their performance evaluation
are difficult.! The major reasons for this are reentrant product flows, multiple types of
equipment, and complex manufacturing processes (Uzsoy et al. 1994). Besides this, a
huge number of control and environmental factors aggravate the tasks of planning and
scheduling, and performance evaluation (Bohn 1995). With respect to the material flow,
among those factors are well-studied factors like batching and breakdowns, and factors
to which only minor attention has been paid, like alternative tools (see de Ridder and
Rodriguez (1994).

According to the APICS dictionary?, the occurrence of alternative tools refers to a
scenario in a manufacturing process where a particular operations can be carried out by
various tools. Apart from a preferred tool by which the jobs are usually processed, jobs
may follow a less preferred alternative routing. Nevertheless, each routing results to the
same item but may require a different processing time.

In semiconductor manufacturing for example, tools processing stepper operations
may be replaced by the latest models after a few years of operation. Nevertheless, the
old equipment is usually not discarded. The new equipment may have a greater precision
than the older one but may be slower. Hence, a shop floor manager will require partic-
ular sensitive processing steps to be performed by the new equipment while the other
processing steps to be carried out on the old equipment. However, if the equipment with
greater precision is idle or only few lots of wafers wait to be processed on it, it may also
perform non-sensitive processing steps.

The contribution of this papers is as follows. Based on the description above we
consider a two-station queuing system corresponding to a work center with two single-
machine tools each of which is dedicated to a particular processing step. Additionally,
one of the processing steps may alternatively be routed to the machine that is dedicated
to the other processing step. Alternative processing is triggered according to two different
control mechanisms. Both of them take into account status information on the buffer
lengths in front of the tools and aim at reducing the flow time of the lots that can follow
the alternative routing. The handover mechanism employs the number of lots that can
alternatively be processed as control threshold, the buffer in front of the alternative tool
being empty. On the other hand, the takeover control triggers alternative service if and
only if the number of queued lots in front of the alternative tool is below a certain value.

! For detailed introductions to semiconductor wafer fabrication we refer to Gise and Blanchard (1986),
Miinch (1993), Sze (1983), Fordyce and Sullivan (1994), Kempf (1994), and Bohn (1995).
2 Cited according to de Ridder and Rodriguez (1994).



Since semiconductor manufacturing equipment is commonly subject to unscheduled
breakdowns and since it is known from queuing analysis (cf. Hopp and Spearman 1996)
that breakdowns strongly affect cycle time (i.e., the time a lot needs to travel through the
entire manufacturing system) we also consider random breakdowns. Machine breakdowns
can be either time-dependent or operation-dependent. In both cases they are modelled
by the time within a machine is to fail and the time needed to repair it after failure.

We assume that lot interarrival times and processing times are exponentially dis-
tributed. Processing times on alternative routes may be different. Further, we assume
that the time to fail and the time to repair follow the generalized exponential distribu-
tion. Finally, the buffers in front of the machines are finite and the lots queue according
to the FIFO sequencing rule.

For both control mechanisms, using a standard technique from the literature, we
calculate not only the mean but also the variance of the lot flow time (cycle time) through
the work center. We pay attention to the variance of flow time, too, since the larger the
variance of the flow time, the more likely it is to exceed certain time requirements like
due dates (cf. Hopp and Spearman 1996) or time bounds within subsequent processing
steps have to be finished (cf. de Ridder and Rodriguez 1994).

2 Literature

Although there is an extensive amount of literature regarding the analysis of queuing
systems with batch service and/or breakdowns only a few articles deal with alternative
tools.

Balakrishnan (1989) derives a method to dispatch customers to machines to facilitate
a given makespan in a model with j customer classes that are served by a number of
special purpose and general purposes machines (servers). Arrival times are assumed to
be known a priori and service times are deterministic. Special purpose machines are
dedicated to a single customer class while general purpose machines can process any
type of customer. Further, to each customer a due date is assigned. A customer may
also be preempted. The type of preemptions is preemptive-resume.

Leachman and Carmon (1992) proposed procedures to evaluate capacity limitations
of alternative machines types in corporate-level production planning models where the al-
ternative machines have deterministic, identical or proportional, processing times across
the tasks they have to perform. The aim of this approach it to determine optimal produc-
tion rates of each product type over some planning horizon. As Leachman and Carmon
(1992), Rohan (1992) also uses Linear Programming techniques to investigate the prob-
lem of how to use miultiple resource by multiple task types given certain constraints on



flexibility and to predict machine utilizations.

To the author’s knowledge, the work of Xu et al. (1992) is the only publication
with an alternative tool control mechanism similar to the ones described in the previous
section. They consider a system consisting of two multi-server queuing stations each of
them being usually dedicated to a single class of customers. Interarrival times (possibly
different means) and service times (identical means) are exponentially distributed for
both types of customers. Given that a customer originates certain holding costs during
its sojourn, Xu et al. (1992) show that the handover control mechanism is optimal to
minimize the long-run average cost. Further, using the dynamic programming approach,
they derive a procedure to optimize the threshold that triggers alternative service.

Nelson and Philips (1993) approximate the mean flow time in a shortest queue routing
system with general interarrival and service times. A single class of customers arrives at
the multiple-server queuing system where each server has its own queue. Upon arrival, a
customer joins the shortest queue. Within individual queues, customers wait for service
in order of their arrival (FIFO).

A class of models similar to the previous one cope with customer jockeying. Customer
jockeying implies that customers do not only join the shortest queue upon their arrival.
Additionally, if the difference of the longest queue and the shortest queue exceeds a
certain threshold, commonly one, then the customer at the tail of the longest queue
jockeys to the shortest queue.3

However, the aim of the jockeying models is different from our aim. The goal of the
articles previously mentioned and the publication of Xu et al. (1992) is to minimize
performance measures with respect system characteristics like holding costs or inven-
tory. Instead of this, we consider performance characteristics with respect to individual
customers, i.e., cycle times of individual lots. Additionally, jockeying models do not in-
clude unscheduled breakdowns. If a server in a jockeying model breaks down, however,
the customer at the head of the corresponding queue has to wait either until the server
becomes available or until another queue becomes empty. This behavior may contribute
to an increased cycle time such that time bounds may be violated.

3 Basic Model with Alternative Processing

We consider basic queuing model incorporating alternative processing depicted in Fig-
ure 1. There are two classes of customers arriving to the system each of them representing
a different processing step. Customer class 1 requires processing from server 1 (mean pro-

3 See for example Elsayed and Bastani 1985, Kao and Lin 1990, Zhao and Grassmann 1995 among
many others.



cessing time p7}'), whereas customer class 2 can alternatively be processed by server 1
or server 2. The mean processing times of class-2 customers on different servers may
be different, i.e., u3, on server 1 and u;' on server 2. Further, interarrival and service
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Figure 1 Basic alternative-tools model

times of customer class i are exponentially distributed with mean A;'. The buffers in
front of both servers are finite where S; denotes the capacity of buffer i. To complete the
description of the basic model we refer to the unreliable server behavior. Both servers
are subject to unscheduled breakdowns which can be operation- or time-dependent. The
time to failure, F', and the time to repair, R, are assumed to follow a generalized expo-
nential distribution to facilitate distributions with a coefficient of variation larger than
1 (Dallery 1994). The generalized exponential distribution function reads as follows:

F(t) = PIX<t] = (1-¢-1+q-(1-€e*), 120, (3-1)

The advantage of this distribution is that the resulting queuing models can be analyzed
as if the failure and repair time would be exponentially distributed (Dallery 1994).

We applied two different control mechanisms to this model. These mechanisms differ
from each other with respect to the scenario when alternative processing is triggered:

takeover: server 1 takes over customers from buffer 2 if the number of customers in
buffer 1 is smaller than threshold A (1 < A < 51);

handover: server 2 hands over customers to server 1 if the number of queued class-2
customers exceeds threshold B and if and only if queue 1 is empty at the same
time (0 < B < S,).

The aim of both control mechanisms is to reduce the first two moments of the sojourn
time probability distribution function of class-2 customers. Our investigation represents
a means how to adjust the thresholds A and B to achieve this goal.

The takeover model is motivated by a real application in a wafer fabrication plant
(formerly owned by IBM) whereas the handover model is a simplified version of the



model investigated by Nu et al. (1992). The approaches of the two control mechanisms
are different to some extend since in the takeover model, server 1 additionally delays cus-
tomers of class 1 to process class-2 customers. On the other hand, the control mechanism
of the handover model shortens the waiting time of class-2 customers server by dispatch-
ing them to server 1 also. Moreover, if A is set to 1, the takeover model approximately
corresponds to two isolated finite-buffer M/M /1 systems since in this case, processing
of class-2 customers on server 1 is only initiated if queue 1 is empty and server 1 is
idle. Depending on the load, the differences among the performances measures of the
takeover model and the two isolated queuing systems are more or less inconsiderable.
On the other hand, if we set B = S5 in the handover model, this model differs from two
isolated M/M/1 systems with finite buffers only by that fact that a class-2 customer
follows the alternative route only if server 1 is idle.

4 Analysis

4.1 General Approach

The stochastic behavior of a queuing system can be captured by a Markov process if
interarrival and service times are exponentially distributed. In this case the stationary
state probability vector p = (pg,p1,...) can be calculated by solving the stationary
equations

p-Q = 0 and p-eT = 1, (4.2)

where @ denotes the infinitesimal generator of the Markov process, 0 £ (0,0,...), and
e £ (1,1,...). The stationary state probabilities immediately yield the mean cycle time
by firstly calculating the mean number of customers in system and secondly applying
Little’s law.

The calculation of the variance of cycle time is more sophisticated and thus deserves
further attention. From queuing analysis two different methods to calculate moments
or distributions of cycle times are known: the exact method by Syski (1986) and Kiihn
(1972) and the approximate method of Melamed and Yadin (1984a, 1984b). We confine
ourselves to the first method since the second one yields upper and lower bounds of
the cycle time distribution only. We, however, aim at the calculation of moments. To
make the paper selfcontained, we sketch the main ideas and the final equations of this
approach and refer to Kithn (1972) for additional details. Though the original literature
is devoted to moments of waiting times, the deliberations for cycle times are analogous.

Syski (1986) employed the first-passage time concept (also referred to as the concept
of taboo sets) and obtained an ordinary differential equation for the Laplace-Transform



of the cycle time probability density function (PDF). The concept of taboo sets implies
that the original state space is divided into two partitions, a regular set and a taboo set.
Given that the tagged customer enters a regular state upon its arrival, one keeps track
of its behavior until it reaches a state of the taboo set for the first time. At the instant
a tagged customer enters the system its corresponding sojourn process is initiated. This
process represents all customers (currently present in the system and possibly arriving
in the future) that might have an impact on the sojourn time of the tagged customer.
The sojourn process is finished when tagged customer leaves the system, i.e., when its
service time has elapsed or when it is ruled out of the system. The generator matrix
of the sojourn process can directly be derived from the generator matrix of the original
state process by removing the state transitions that do not bias the tagged customer’s
sojourn time.

This approach yields the sojourn time (i.e., cycle time) PDF of a tagged customer
given the initial state of the system upon its arrival. The entire cycle time PDF can then
be obtained by unconditioning the previous result using the arrival probabilities (the
probabilities the tagged customer to find a particular state upon its arrival). Fortunately,
since we deal with a Markovian system, the arrival probabilities are exactly the same as
the ordinary state probabilities because of the PASTA property (Wolff 1982).

The sojourn process is also a Markov process since its states are a subset of the
states of the original Markov process. However, depending on the system, additional
information on the system state has to be provided. Then, the corresponding state
transitions have to be added to the séjourn process. Nevertheless, these transitions must
not affect the Markovian property of the sojourn process.

Since the ordinary differential for the cycle time PDF obtained by Syski (1986) cannot
be solved explicitly, Kiihn (1972) confined himself to the calculation of moments of cycle
time. Using the relation between a probability density function, its Laplace-Transform,
and its moments, he showed that the cycle time moments, E[T}F], L > 1, conditioned
on state ¢ found upon arrival are given by the following recursive equation:

—0; E[T}] - Y ou-E[Tf] = L-E[T}7"], i¢H, (4.3)
kgH

where E[T?] = 1. Here, the ;s are the transition rates of the sojourn process and H
represents the taboo set. Further, «; is defined by

o; = — Z Qy; — i, [ ¢ H, (4-4)

J#i, JEH
where f3; denotes the transition rate of the sojourn process to end from state 7. Uncon-
ditioning Eqn. (4.3) with respect to the arrival probabilities p¢, any cycle time moment



can simply be calculated as follows:

E[TY] = ) v E[I] (4.5)
igH
We point out that although Eqns. (4.3) and (4.5) are not well-known, they are of the
same fundamental importance for the sojourn process and the moments of sojourn times
as Eqn. (4.2) for the original state process and the mean sojourn time.

Note that the method just described also facilitates the analysis of the basic alternative-
tool models where the time to fail, F, and the time to repair, R, follow the generalized
exponential distribution. Dallery (1994) has shown that if F' and R follow this distribu-
tion, then the queuing system can be analyzed with the same complexity as if F' and
R would be exponentially distributed by simply adjusting their means, i.e., E[F] and
E[R]. The only required assumption is that failures have to be of the preemptive-resume
type. This assumption is trivially fulfilled since, in case of exponentially distributed
service times, there is no difference between failures of the preemptive-resume and the
preemptive-repeat type in terms of the total processing time a customer experiences.

The application of Syksi and Kiihn’s moment calculation method requires the in-
finitesimal generator matrices has to be generated first. We did this directly by consid-
ering all state transitions caused by customer arrivals, service completions, failures, and
repairs. Alternatively, one might also use a Queuing Petri Net (see Bause and Kritzinger
1996) to serve this purpose. Secondly, the arrival probabilities have to be determined.
Although these are given by the ordinary state probabilities due to the PASTA property,
care has to be taken since the sojourn process can be initiated from different states (see
Section 4.2.2).

Admittedly, this approach represents a brute force method to calculate moments of
cycle times. However, as van Dijk (1993, p. 38) points out, in general, solving the global
balance equations (i.e., the first part of Eqn. (4.2)) does not yield explicit solutions
such that one has to rely on numerical procedures or approximations. On the other
hand, remembering that a queuing network has product form if its states posses the
partial balance property (van Dijk 1993), one may try to replace the basic alternative
processing queuing system by a product form queuing network to simplify the analysis.
Unfortunately, this attempt fails since the partial balance property is violated by some
of the system states.

The analysis of the two alternative-tools models is troublesome since for each of
the models, the calculation of moments of cycle times has separately to be carried out
for each customer class. Note that the analysis of a single class requires two generator
matrices as well as the arrival probabilities need to be known. For these reasons, due to
the lack of space, we do not report the generator matrices and the arrival probabilities



in detail. Instead, we confine ourselves to an example and illustrate the derivation of
the moments of cycle time of class~2 customers in the handover model. The remaining
derivations can be carried out in an analogous manner.

Finally, we point out that the variance of waiting time cannot simply be derived by
subtracting the service time variance from the variance of cycle time since the control
mechanism leads to a considerable correlation between waiting time and service time.
Therefore, if one is also interested in the variance of waiting time, one has additionally

to derive the waiting processes.

4.2 An Example: Class-2 Customers in the Handover Model

4.2.1 Mean Cycle Times

To capture the stochastic behavior of the handover model we need the following four-
dimensional Markov process {X (%), t € R},

X(t) = (Z1(1),Q1(0), Z2(2), Q2(2)), (4.6)
where the individual random variables are defined as follows:

Z : state of server 1. This random variable can take the following values:

Up : server 1 is idle;

U; : service of a class-i customer, 1 = 1, 2;

Dy : breakdown occurred in state Up;

D; : breakdown during service of a class-i customer, 7 = 1, 2.
State Dy occurs only in systems with time-dependent failures since an idle server
cannot break down by definition. On the other hand states D; and Dy occur in
systems with time-dependent and operation-dependent failures as well.

Z, : state of server 2. Since server 2 is dedicated to customers of class 2 only we have
Zy € {Uy, Uy, Dy, Do}

Q; : number of customers in queue i, i = 1,2. Note that, if we deal with time-dependent
failures only, Z; = U, implies @; = 0 since an idle server instantaneously starts
service upon the arrival of a customer.

To calculate mean values of certain performance measure requires to solve the sta-
tionary equations from Eqn. (4.2). This immediately yields server utilizations, blocking
probabilities, and mean number of queued customers by summing the state probabilities
appropriately. Then employing Little’s law, the calculation of the mean cycle time is
trivial. Since the method of Syski and Kiihn facilitates the analysis of any moment of
cycle time we are also able to calculate the mean cycle time by this method. Hence, we
do not report these performance measures in detail.



4.2.2 Moments of Cycle Time

To obtain the sojourn process of class-2 customers, {X(t), t € R}, the original state
space has to be extended since it is not sufficient to consider only the state of both
servers and the number of customers currently waiting in both queues. The sojourn
process of class-2 customers has additionally to account for the current position of the
tagged customer (waiting in queue or receiving service) and the number of customers
ahead of the tagged customer. Hence, we have

X(t) = (L2t), Z1(t), Qu(t), Z2(t), Va(t), Q2(2)), (4.7)
where the random variables incorporated in this equation are defined as follows:

L, : residence of the tagged customer. The tagged customer may either be waiting
in queue 2 or may be receiving service by one of the two servers. Hence, random
variable Ly can take the following values:

W, : tagged customer waits in queue 2,
U; : tagged customer receives service from server 7, ¢ = 1,2.
D; : tagged customer resides in server ¢ which is broken down, 7 = 1, 2.

Z, : state of server 1. This random variable takes the same values as in the original
state process {X(t), t € R}. Thus, we have Z; € {Ug, Uy, Us, Dy, D1, Do}.

@21 : number of customers in queue 1. The sojourn process has to account also for
this number since service of class-2 customers is triggered on server 1 only if queue 1
is empty.

Z, : state of server 2. Server 2 cannot be idle during the sojourn time of the tagged
customer. Hence, state Uy does not appear and we have Z, € {Ug, Dy, Do }.

V2 : number of customers in queue 2 prior to the tagged customer. The tagged cus-
tomer is only admitted to the system if queue 2 is not fully occupied upon its
arrival, i.e., Vo € {0,...,S> — 1}.

@2 : number of customers in queue 2. Since the tagged customer and V5 customers
ahead of it wait in queue 2, we have @y > V5 + 1.

It remains to derive the state probabilities upon the arrival of the tagged customer.
Here, to simplify the notation, we use the abbreviation k = (t,, 21, ¢1, 22, v, g2) for any
state k € X where X denotes the set of states of the sojourn process. Further, we use
the abbreviation (Di,...) to refer to a system state (Dy, 21, ¢1, 22, V2, ¢2). The arrival
probabilities following have to conditioned on the case, that the tagged customer is
admitted to the system, i.e., not rejected.



The tagged customer receives immediately service if it finds server 2 idle upon its
arrival. Hence, we have

" p(l
pO(UQa"') = Z 1_(.2)b’ (48)
l:(zl7q1aU07q2) 2

where p} is the blocking probability of class-2 customers.

Given the control parameter B set to 0, the tagged customer may immediately be
processed by server 1 if server 2 is busy. To make this happen, server 1 has to be idle
and queue 2 has to be empty. This situation does not occur when B # 0. Thus, the
corresponding arrival probability is

o 3 p(!
l=(Uo,(Il,22, 0) 2
B:-' A ZQ#UO

Since the tagged customer cannot occupy a server broken down upon beginning of

its sojourn process we have
p5(Ds,...) = 0, 1=1,2. (4.10)

The sojourn process cannot be initiated with g; # vy + 1 since tagged customer is
always the tail of the queue upon its arrival. Hence, the corresponding arrival probability

is zero:
po(k) = 0, Vk: =Wy A gg#v2+1. (4.11)
The initial state of the sojourn process can be entered from more than one predecessor
states:
k) = p(Us, 0, 20, B — 1) + p(Uy, 0, Zz,B), (4.12)

1-p;
Vk: la=W3 A gg=v2+1 A B>0Az1=Uy A gg=0 A v =B —1.

The first term corresponds to the case where the length of queue 2 is incremented by one
upon the arrival of the tagged customer, server 2 being busy and queue 1 being empty.
Alternatively, server 1 can be idle upon the arrival of the tagged customer. If the length
of queue 2 is equal to B at that time, the control mechanism triggers service of a class-2
customer on server 1. Hence, the number of customers in queue 2 is also B immediately
after the arrival of the tagged customer.
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The derivation of the remaining arrival probabilities is straightforward. The number
of customers in queue 2 prior to the arrival of the tagged customer is simply the number
of customers in front of the tagged customer just after its arrival. Hence,

p(ZhQI,Z?;VQ)
1-p}
Ve: Lb=Wo A g=v3+1 A (B#0 A 2z3=U2 A g1 =0 A q» = B).

py(k) : (4.13)

5 Numerical Results

To compare the behavior of the two control mechanisms results are presented for the
mean and coefficient of variation of sojourn time, the server utilizations, and the blocking
probabilities. For this purpose, all service rates are set equal to 1, i.e., 11 = pi2 =
12 = 1. Further, customers arrive at buffers of size S; = S, = 16 with arrival rates
to \; = 0.5 and A\, = 0.9, respectively. The reason for the latter setting is that this
investigation aims at studying the behavior of the control mechanisms in the high load
regime. Server 1 experiences additional work load due to the alternative routing of class-
2 customers. Hence, the arrival rate of class-1 customers is set to a relative low value
to keep the corresponding blocking probability at a low level. Due to the finite capacity
buffers in front of the servers, some customers get lost when the buffer is fully occupied
upon their arrival.

Both servers are subject to operation-dependent breakdowns where the mean time
between failures is 200 times larger than the mean service time. The time to repair is
20 times the mean service time. Therefore, the availability of the servers is approxi-
mately 90.91 %. The time between failures is exponentially distributed. Finally, the time
to repair follows a GE distribution function with a coefficient of variation of 1.5.

In the following, all performance measures are plotted as functions of the control
thresholds. To simplify the presentation of the results both control thresholds are as-
sumed to be equal, i.e., A = B = 0.

The impact of the control mechanisms on server utilization is depicted in Figure 2. As
expected, the graphs indicate that the more customers of class 2 that take the alternative
routing (i.e., increasing threshold in the takeover model and decreasing threshold in the
handover model), the lower the utilization of server 2. The utilization of server 1 (server 2)
approximately reaches its maximum value in the takeover (handover) model for the
largest threshold. It is furthermore worth mentioning that a growing utilization leads to
an increasing blocking probability.

Figure 3 shows the effect of the control schemes on blocking probabilities. The block-
ing probabilities stay on a moderate level for both control mechanisms and both cus-
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tomer classes. Although the server utilizations differ significantly in the takeover model
if threshold is set to 1, the corresponding blocking probabilities are approximately the
same. Since the utilization of server 1 grows with increasing threshold A in the takeover
model, the blocking probability of class-1 customers behaves the same. The utilization
of server 2 and the blocking probability of class-2 customers behave exactly the opposite
way. As far as the handover control mechanism is concerned, these considerations are
analogoﬁs to the previous discussion with one exception. The lower threshold B is, the
more customers of class 2 follow the alternative routing.

In Figure 4 mean sojourn times are plotted versus the control thresholds. First, the
qualitative behavior of the graphs is not surprising and need no explanation. The quan-
titative behavior, however, is surprising for the following reasons. In the takeover model,
if we compare the results for § = 1 and § = 16 the mean sojourn time E[T3] of class-2
customers approximately decreases by 62.5 %. However, this reduction is at the expense
of the mean cycle time of class-1 customers which increases by 250 % approximately. On
the other hand, in the handover model, the difference between the two extremes § = 0
and 0 = 15 with respect to E[T1] and E[T5] is smaller. In this case, the mean cycle time
of class-2 customers drops to 50 %, whereas the mean cycle time of class-1 customers
grows by 115 %.

Figure 5 illustrates the effect of the control parameter £ on the cycle time coefficient
of variation. The large magnitude of the CoVs is primarily due to server breakdowns and
secondarily to the variability of arrival and service times. Furthermore, as the graphs
indicate, if the mean cycle times stay on a moderate level (see customer class 1 in
handover model and customer class 2 in the takeover model), the CoVs of cycle times
are comparably large. Furthermore, the results for customer class 2 in handover model
and customer class 1 in the takeover model exhibit that the cycle time CoVs decrease if
the mean cycle times grow significantly.

This behavior can simply be explained by taking into account the definition of the
coefficient of variation. First, the standard deviation of sojourn times seems to remain
approximately the same for different control thresholds. This statement holds, in par-
ticular, for class-1 customers in the handover model and customers of class 2 in the
takeover model (see Figures 4 and 5) since there are only minor changes in terms of
the corresponding mean sojourn times and CoVs of sojourn times. The same conclu-
sion can be applied to class-1 customers in the takeover model and customers of class 2
in the handover model. In these cases, the mean sojourn times increase tremendously,
whereas the CoVs of sojourn times fall considerably with increasing threshold 8. Hence,
the standard deviations of sojourn times remain on approximately the same level by the
definition of the coefficient of variation.

As far as the mean and the coefficient of variation of cycle time of both customer
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classes is concerned, it is furthermore worth noting that the handover control is always
better for class-1 customers but is is also worse for class-2 customers. This behavior
can be explained by the fact that, in the handover model, customers are routed to the
alternative tool only if the buffer in front of it is empty.
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Additional experiments have shown the same results if the arrival rate of class-1
customers is increased up to the arrival rate of class-2 customers and also if there are

no server breakdowns.

6 Conclusion

We investigated a basic queuing system with alternative processing. We applied two
control mechanisms to this system to dispatch customers to an alternative tool. The
results for an asymmetric system with different arrival rates exhibit that both control
mechanisms achieve a reduction of the mean cycle time of the customers that can follow
alternative routes (class-2 customers) only at the expense of a tremendous increase of the
mean cycle time of the remaining customers (class-1 customers). As far as the cycle time
coeflicient of variation is concerned, the results are the better, the higher the mean cycle
time is. Since in manufacturing practice the mean cycle time is of major importance,
we suggest to set the control threshold to those values that enable the shortest mean
cycle time. Finally, in terms of class-2 customers, the results of the takeover control are
always inferior compared to the handover control. For class-1 customers, the takeover
control outperforms the handover control. This is due to the fact that the alternative
routing is only followed if the alternative tool is idle.

It remains for future research to consider alternative processing work centers consist-
ing more than two tools. Although the method of Syski and Kiihn theoretically facilitates
the calculation of moments of cycle times for such systems too, the problem in practice
will be to deal with the tremendous number of states of the corresponding stochastic
processes. Furthermore, the manual derivation of these process and the arrival proba-
bilities as well are prone to errors. Hence, higher level modeling techniques like Petri
nets are needed to generate at least the generator matrices in an automatic way. An-
other interesting topic would be the queuing analysis of alternative tool models with
non-exponentially distributed arrival and service times.
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