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Abstract
In this paper we will discuss an algorithm, based on the Mean Value Analysis, for the
determination of the performance of a queueing network with non-preemptive priority
stations. Thus a client that has started service can always complete this service, even
after arrival of clients with a higher priority.

The algorithm mentioned above is implemented in PET (Performance Evaluation
Tool), a software package of the Eindhoven University of Technology. Furthermore the
algorithm is demonstrated in the light of a jobshop example.
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1. Introduction

In obtaining perfonnance parameters such as sojourn times, queuelengths, throughputs

and utilizations in a network of service stations, queueing theory is a frequently used

tool. Especially if the queueing model of the network fulfils the requirements to have a

product fonn solution (Baskett, Chandy, Muntz & Palacios [1]). For this class of net

works exact results for the perfonnance measures can be given. In Reiser and Laven

berg [8] a recursive scheme is presented to obtain these measures for closed networks

with several types of clients. This is the basis of the well known Mean Value Analysis

(MVA), which is also applicable to open networks and mixed open/closed networks.

Meanwhile a number of approximations based on the MVA algorithm have been

developed.

One type of approximation concerns stations with priorities. In systems with

priorities clients are divided into several classes. Within a class all clients have the

same priority and the same workload characterization. Clients in distinct classes may

have different priority and workload, but this is not necessary. Here we will consider

exponentially distributed service times. In each station there is one server, which will

handle the clients with the highest priority first. Clients having equal priority are served

in order of arrival: First Come First Served (PCFS).

For the handling of priorities there are several policies applicable. Much effort is

given to preemptive policies, because of their importance in computer networks (espe

cially real time systems). Popular in this field is the shadow approximation of Reiser

[7] and Sevcik [12], this method is refined by Kaufman [3] and Schmitt [9]. Another

improvement of the shadow approximation is the Completion Time Approximation

(Wijbrands [15]).

Preemption indicates that clients with a higher priority can interrupt clients with a

lower priority. Thus clients can only be served if they have the highest priority of all

clients waiting for that server. Preemptive-resume means that an interrupted client that

is served again, resumes its service at the point where it was interrupted. In the

preemptive-nonresume policy a client has to start allover again after each interruption.

In this paper we will discuss nonpreemptive priorities, so a client which has started

service, may not be interrupted. This policy is important for manufacturing situations,

where interruptions are usually time consuming. Besides, interruption of a client often

means an increase of the production costs.

In the next section fonnulae for the computation of the mean sojourn time and other

perfonnance characteristics of a priority station without preemption are given. In
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section 3 some aspects of the implementation of this algorithm in the PET package of

the Eindhoven University of Technology are discussed. In section 4 a jobshop example

is given to illustrate an application of the algorithm and the PET-package. Section 5

gives some conclusions.

2. Algorithm for the performance of a priority station without preemption

In this section we give an algorithm for the determination of the mean performance

characteristics for a priority station without interruptions. Note that it is an approxima

tion, based on intuitive arguments and formulae valid for stations in a network with a

product form solution. For the variant with preemption see Wijbrands [15] (pp. 122

123).

The notations we use in this paper are:

m,n indices for station numbers;

N the number of stations;

S,r indices for classes;

H (s) set of classes with a priority higher than the priority of class s;

h (s) set of classes with a priority as least as high as the the priority of class s;

R the number of classes;

k population vector, ! =(k 1,k2, ... ,kc ) with c the number of closed classes and kr

the number of clients in closed class r;

S sojourn time;

W waiting time;

L queue length;

p utilization;

A throughput;

f visiting frequency, for simplicity the routing is assumed to be irreducible;

w workload.

The last seven symbols are usually specified by a stationindex, a classindex and/or a

population vector.

The performance characteristics are derived in a similar way as in the MVA scheme,

except for the sojourn time.

The throughput for a client of open class s in station m is independent of the popu

lation vector and can be given by
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(1)

(2)

(with As the arrival rate from outside the system for class s). The visiting frequency for

an open class is the mean number of visits to a station during the client's complete visit

to the system.

For closed classes the throughput depends on the population vector and is

A (k) = ksfm,s
m,s _ N

L fn.sSn,s(!)
n=l

with ks the number of clients of type s. Now the visiting frequency is relative, we

define fm,s as the mean number of visits of a closed client of type s to station m > 1

between two visits to station 1, and f l,s =1.

For open and closed classes the utilization is

Pm s(k) =Wm sAm ik).,- "-

For the queuelength Little's law [5] can be applied

(3)

(4)

The sojourn time consists of two parts: the unknown waiting time and the known ser

vice time. The waiting time for a client of type r at station m, denoted by Wm,r' can be

considered as consisting of several parts. An arriving client, called a "tagged" client,

first has to wait on the client in service, independently of the priority of the client in ser

vice (no preemption). After completion of this client the tagged client has to wait on all

clients present on his arrival moment with a higher or equal priority. If new clients of

higher priority have arrived during this "first order" waiting time, they are served

before the tagged client as well. And in the service time of these clients, the second

order waiting time, again clients with a higher priority than the tagged client may

arrive, which also have to be served before the tagged client (third order waiting time),

and so on.

This yields the following approximation for a class of closed clients. We will use

W~s(!) to indicate the I-th order waiting time of a client of type s at station m by a

population!. The first order waiting time is

W~!r(!) =f Pm,s(!-~)wm,s + L (Lm,s<!-~)-Pm,s(!-~))wm,s (5)
s=l seh~)

During this waiting time clients of a higher class are assumed to arrive with intensity

L Am,s<!-~),thus
seH(s)
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W~r(~)= WWr(!) L Am,S<!-!:J)wm,s'
seH (s)

Analogously the waiting time of order i is assumed to be

W~r(!) = W~-;.l)<!) L Am,s(!~)wm,s'
seH (s)

Thus with (3)

00

Wm,r(!) = W<~:r<!)L L (Am,s(!-!:J)wm,si
i=OseH (s)

W<~!r<!)=-------
1- L Pm,s<!~)

seH(s)

R

L Pm,s~-!:J)Wm,s + L (Lm,S<!-!:J)-Pm,s~-!:J»Wm,s
s=l seh~)=----------:....;----------

1- L Pm,s (!-!:J)
seH (s)

L Pm,s(!-!:J)wm,s + L (Lm,s(!-!:J)
s~h(s) se h(s)=----,.....:....:.------_..:.....:...._---

1- L Pm.s~-fr)
seH (s)

And analogously for an open class

R
L Pm,s<!)wm,s + L (Lm,s<!)-Pm,s~»wm,s

W fk) = s=l seh(s)
m,r~ 1- ~ (k)

~ Pm,s_
seH (s)

L Pm,s~)wm,s + L Lm,s~)wm,s
= _s~_h....;.(s..:.) se_h....:.(s...:..) _

1- L Pm,s(!)
seH (s)

3. Implementation of the algorithm in PET

(6)

(7)

(8)

(9)

At the Eindhoven University of Technology we are developing the software package

PET. which stands for Performance Evaluation Tool (Koopman [4]. De Veth [13] and

Wijbrands [15]). The goal of this package is twofold; to provide a tool to model a
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specific queueing network and evaluate its performance characteristics, and to be able

to formulate and test new algorithms for (parts of) queueing networks in a simple

manner.

In PET a queueing network can be decomposed into smaller parts. Such a smaller

part can be a single station or a network again. In this way a hierarchical tree is built, in

which the leaves are stations and the other nodes are networks. The root of the tree

denotes the complete network. This approach is appropriate for modeling computer or

production networks, in which a decomposition arises often in a natural way from the

context. For each part of the tree a module in PET should be available. One such

module may be the above mentioned algorithm for priority stations without interrup

tions.

On the SUN-cluster of the Eindhoven University of Technology there is in the

PET package now a module available in the directory !home/tuewsVwscoade/pet/bin

under the name of MVA-PRIOR-NONPR. In this module of the PET-package the per

formance characteristics are approximated for a priority station without preemption.

This station can be visited by open or closed clients or a mixture of both, and each class

may have its own workload. In the current implementation the residual workload of

each class is assumed to be equal to the mean workload, as with an exponential distribu

tion.

The implementation of the sojourn times for closed classes, formula (9), is obvious.

The formula's for the throughput, utilization and queue length are the same as for the

"standard" MVA case and therefore implemented equally as in that case (De Veth

[13]).

The implementation of the sojourn times for open classes, formula (9), is less

obvious. For open classes with equal priority we know that

(10)

With (1), (4), and (9) this gives a set of equations, which can be solved recursive going

from high to low priority. Substitution of (3) and (10) in (9) yields for open classes
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L Pm,s<!)wm,s + L Pm,s(!)wm,s
seh(s) seH(s)

W m,r(!) = open closed

1 - L Pm,s(!) - L Pm,s<!)
seh(s) seH(s)
open closed

L Lm,s<!)wm,s + L Lm,s(!)wm,s
seH(s) seh(s)

open closed+--:._------------
1- L Pm,s<!) - L Pm,s<!)

seh(s) seH(s)
open closed

(11)

In De Veth [13] the algorithm for the module MVA-PRlOR-CTA for a priority station

with preemption is derived analogously. The extension CTA stands for Completion

Time Approximation (Wijbrands [15]).

In PET the performance characteristics can be computed recursively or iteratively, e.g.

by the Schweitzer algorithm (Schweitzer [10], Schweitzer, Seidmann & Shalev-Oren

[11]) or the Schweitzer-FOOl algorithm (Van Doremalen, Wessels & Wijbrands [2],

Wijbrands [14]). Especially if the population of the closed classes is large, the iterative

method will be much faster. The accuracy of the iterative method is within a few per

cent of the recursive method.

4. Application in a jobshop

In this section we use the MVA-PRlOR-NONPR module to analyze a jobshop problem

(Van Ooijen [6]). Jobs visiting this jobshop have to be served on several machines and

should be delivered, if possible, before their due date. As long as all jobs seem to finish

in time they are handled in a FCFS order. But if for some jobs the due date has already

passed or if it is likely that the due date will not be met, these jobs will be served with

priority. It depends on the cost structure of the problem how one has to control such a

jobshop on due date. There are several ways possible varying from FCFS (not control

ling on due date) to the case in which the job with the earliest due date is always served

first (strict ordering on due date). Here we will study a case were there are two priority

classes: a class of late jobs with high priority and a class of early and in time jobs of

low priority. Each job that is finished will be replaced by a new one from an external

buffer; once in the jobshop the priority class of this new job is determined. The total

number of jobs on the floor is kept constant in order to maintain a neatly arranged
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jobshop.

Problems in analyzing arise from the fact that, although the total population is con

stant, the population of the two priority classes may vary, because a completed job may

be replaced by a job from the other priority class. The approach we suggest below is

based on a decomposition of the problem. First we will use the algorithm described

above for the performance evaluation of the jobshop with a constant population for each

priority class, and then we will use a weighed sum over these populations based on a

simple birth-death process to obtain the overall performance characteristics of the

jobshop.

So, let us consider a jobshop system consisting of N machines (single server stations).

The total capacity of the system is K jobs (clients). There are two priority classes: class

1 (highest) and class 2 (lowest). After completion a job leaves the system and is

immediately replaced by a new one. This new job is of priority s with probability rs for

s =1,2. There are always new jobs available.

The workload of a job is wm,s for job s at station m. The transition probability to

go from m to n for a job of class s is pAm, n); the probability to leave the system from m

is ps(m, 0). After arrival a job of class s goes to m with probability ps(O,m). Thus the

visiting frequency to station m by a job of class s is for all m equal to

N
1m,s = ps(O,m) + L Is,nPs(n,m), m = 1,2, .....,N. (12)

n=l

The question now is: what is the sojourn time at station m for a job of class s?

The total population of this system is constant and equal to K, but the number of

jobs k and 1in priority classes 1 and 2 varies from 0 to K, under the condition k + 1= K.

With the non-preemptive algorithm of section 2 one can obtain for each population (k,l)

the sojourn times Sm,s(k,l) for class s in station m. The first part of the decomposition

approach is to determine the sojourn times, queue lengths and throughputs for all popu

lations (k,l).

The second part of the solution is to aggregate these results by weighing the

sojourn time for all these populations in order to obtain the average sojourn time for a

job of each class. We will indicate below how to weigh, but for that purpose we need

q(k, l), the fraction of the time the system is in state (k, l).

The intensity Fs(k,l) of jobs of class s leaving a system with population (k,l) is

F 1(k,l)=LI : (kl), andF2(k,l)=LI ; (kl)I,m I,m , I,m I,m ,
(13)

m m
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To go from (k,l) to (k-l,l+l) ajob of class 1 should leave the system and its successor

should be of class 2. So this happens at the rate '2F 1(k,l). Similar the rate of going

from (k,l) to (k+l,l-l) is 'lF 2(k,l). In equilibrium the number of transitions from

(k,l) to (k-l,l+l) is equal to the number of transitions from (k-l,l+l) to (k,l). Thus

or equivalently

q(k-l,l+1) '2F 1(k,l)
=-----

q(k,l) 'lF 2(k-l,I+1)'

Furthermore

(14)

(15)

(16)

(18)

L q(k,l) = 1.
k,1

So the fraction of the time q(k,l), that there is a population (k,l) in the system can be

calculated by solving this set of K +1 simple equations. Note that our decomposition

approach will work best for a few classes or a very moderate number of jobs. For R

classes and K jobs the number of population vectors, and thus of equations to solve, is

[K + R -lJ h' be '11' 'd1 'R d' KR _ 1 ' t IS num r WI Increase rap! y In an In ,

The throughput of jobs from class s in station m is

K
Am,s = L q(k,I)Am,s(k,l) (17)

k=O

and the average number of jobs from class s in station m is

K
Lm.s = L q(k,I)Lm.s(k,l),

k=O

For the sojourn time Sm,s for jobs from class s in station m we can apply Little's law [5]

(see (4» twice

K
L q(k,I)Lm,s(k,l)

Lm,s k=l
Sm,s =--=-K=-----

Am,s L q(k,l)Am,ik,l)
k=l

K
L q(k,I)Am,s(k,I)Sm,s(k,l)
k=l=--=--------K

L q(k,I)Am,s(k,l)
k=l

The total sojourn time for a visit to this system Ss by a job of priority class s is now

(19)
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(20)

We will now illustrate the procedure described above for obtaining the sojourn time in a

jobshop with two numerical examples, one with identical machines and one with dif

ferent machines. To validate our approximation we have also simulated these exam

ples.

In the first example there are 4 identical machines, 15 jobs and 2 classes. The pro

bability to go from a station to one of the other stations is 0.25, the probability to leave

the system also is 0.25 for both classes. After its completion a job is replaced by a job

of either one of the two classes with probability 0.5. The mean workload at each

machine is 1 for each class.

First we will give in tables 1 and 2 for some fixed populations the approximated as

well as the simulated results for testing the quality of the MVA-PRIOR-NONPR

module as implemented in PET.

approximation simulation standard deviation
SI 2.196 2.132 le-3
Al 0.455 0.469 2e-4
L 1 1.000 1.000 exact
S2 7.461 7.539 00-3
A2 0.369 0.365 3e-4

L2 2.750 2.750 exact

Table 1: population (4,11)

approximation simulation standard deviation

SI 2.530 2.485 le-3

Al 0.593 0.604 2e-4
L 1 1.500 1.500 exact
S2 9.675 9.773 le-3
A2 0.233 0.230 3e-4

L2 2.250 2.250 exact

Table 2: population (6,9)

In table 3 the performance characteristics are given for the complete jobshop, thus with

a total of 15 jobs, but varying numbers for each class.
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approximation simulation standard deviation

SI 2.245 2.183 le-3

Al 0.412 0.417 4e-4
L I 0.926 0.911 le-3

S2 6.846 6.809 5e-3

A2 0.412 0.417 4e-4
L 2 2.824 2.839 le-3

Table 3: population 15, randomly chosen successors

In table 4 the fraction of the time with each population (k,1) is given, again for the

approximation as well as the simulation.

population approximation simulation st. dev.
(0,15) 0.010 0.013 2e-4
(1,14) 0.058 0.069 4e-4
(2,13) 0.155 0.167 00-4
(3,12) 0.241 0.240 00-4
(4,11) 0.243 0.230 00-4
(5,10) 0.169 0.157 00-4
(6,9) 0.084 0.081 5e-4
(7,8) 0.030 0.032 3e-4
(8,7) 8.1e-3 9.8e-3 2e-4
(9,6) 1.00-3 2.3e-3 7e-5
(10,5) 2.4e-4 4.7e-4 4e-5
(11,4) 2.00-5 4.00-5 8e-6
(12,3) 2.0e-6 4.2e-6 2e-6
(13,2) 1.0e-7 0 -
(14,1) 3.2e-9 0 -
(15,0) 4.6e-ll 0 -

Table 4: fraction of time with a certain population

As we see from these results the proposed method is quite accurate with errors in the

sojourn times below the 3% in case of identical machines.

In our second example we will consider a case with different machines. Therefore we

changed in the configuration of example 1 the workloads of the machines; the mean ser

vice time for both priority classes now is 0.8 for machine 1,0.9 for machine 2, 1.0 for

machine 3 and 1.1 for machine 4.

This yields the following results for the fixed populations (4, 11) and (6, 9):
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machine 1 machine 2 machine 3 machine 4
appro sim. dey. appro sim. dey. appro sim. dey. appro sim. dey.

SI 1.530 1.492 2e-3 1.864 1.805 2e-3 2.242 2.169 3e-3 2.669 2.569 3e-3

Al 0.482 0.498 4e-4 0.482 0.498 4e-4 0.482 0.498 3e-4 0.482 0.498 4e-4
L I 0.737 0.743 le-3 0.898 0.899 le-3 1.080 1.079 le-3 1.285 1.278 2e-3

S2 3.098 3.444 le-2 4.866 5.358 2e-2 8.175 8.598 3e-2 15.350 14.049 4e-2
A2 0.349 0.350 5e-4 0.349 0.350 5e-4 0.349 0.350 4e-4 0.349 0.350 4e-4

L2 1.082 1.207 5e-3 1.700 1.875 8e-3 2.856 3.010 le-2 5.362 4.908 le-2

Table 5: population (4, 11)

machine 1 machine 2 machine 3 machine 4
appro sim. dey. appro sim. dey. appro sim. dey. appro sim. dey.

SI 1.686 1.668 2e-3 2.109 2.069 3e-3 2.614 2.560 4e-3 3.214 3.164 5e-3

Al 0.623 0.634 4e-4 0.623 0.634 4e-4 0.623 0.634 4e-4 0.623 0.634 4e-4
L I 1.051 1.058 2e-3 1.315 1.312 2e-3 1.630 1.623 3e-3 2.004 2.007 3e-3

S2 3.600 4.248 2e-2 5.963 6.858 3e-2 10.778 11.393 5e-2 22.865 19.596 8e-2

A2 0.208 0.214 4e-4 0.208 0.214 4e-4 0.208 0.214 4e-4 0.208 0.214 3e-4
L2 0.750 0.910 4e-3 1.242 1.471 7e-3 2.245 2.439 le-2 4.763 4.180 le-2

Table 6: population (6,9)

In table 7 the perfonnance characteristics are given for the complete jobshop.

machine 1 machine 2 machine 3 machine 4
appro sim. dey. appro sim. dey. appro sim. dey. appro sim. dey.

SI 1.546 1.497 7e-4 1.892 1.816 ge-4 2.289 2.211 le-3 2.744 2.647 le-3

Al 0.433 0.424 2e-4 0.433 0.423 2e-4 0.433 0.423 2e-4 0.433 0.423 le-4
L I 0.670 0.635 4e-4 0.820 0.769 5e-4 0.992 0.937 00-4 1.189 1.121 7e-4

S2 2.917 3.145 3e-3 4.505 4.660 5e-3 7.409 7.487 8e-3 13.539 11.948 le-2
A2 0.399 0.424 2e-4 0.399 0.423 2e-4 0.399 0.424 2e-4 0.399 0.424 le-4
L2 1.165 1.334 2e-3 1.799 1.974 2e-3 2.958 3.173 4e-3 5.406 5.059 5e-3

Table 7: population 15, randomly chosen successors

In table 8 the fraction of the time with each population (k,1) is given.
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population approximation simulation st. dey.

(0,15) 0.009 0.016 6e-5

(1,14) 0.058 0.083 le-4

(2,13) 0.157 0.186 2e-4

(3,12) 0.246 0.248 2e-4

(4,11) 0.246 0.221 2e-4

(5,10) 0.167 0.142 2e-4

(6,9) 0.080 0.068 le-4

(7,8) 0.027 0.025 ge-5

(8,7) 6.ge-3 7.5e-3 4e-5

(9,6) 1.2e-3 1.8e-3 2e-5

(10,5) 1.7e-4 3.4e-4 8e-6

(11,4) 1.7e-5 5.3e-5 3e-6

(12,3) 1.2e-6 5.8e-6 le-6

(13,2) 5.ge-8 2.ge-7 2e-7

(14,1) 2.0e-9 0 -
(15,0) 3.8e-11 0 -

Table 8: fraction of time with a certain population

The results for this example show that the approximation is less good for the case with

different machines; the difference in sojourn time between approximation and simula

tion now is up to 15% for the low-priority jobs.

5. Conclusion

In this paper we have discussed an algorithm for the performance of a nonpreemptive

priority system. This means that a client in service is not interrupted after the arrival of

a job with a higher priority; a station that has completed its service will grab the client

in the waiting queue with the highest priority, clients of equal priority are handled in

FCFS-order.

The algorithm approximates the averages for the performance characteristics such

as sojourn times, queuelengths, throughputs and utilizations. It is a recursive scheme in

the population vector and is similar to the MVA scheme. The algorithm is related to the

Completion Time Approximation (Wijbrands [15]) for a priority system with preemp

tive resume.

Furthermore two examples are given of jobshops with a constant number of jobs on the

floor and two priority classes. The population is a mixture of these two classes, and

changes in time because a completed job is replaced by a randomly chosen successor.
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We also obtain the mean sojourn time for ajob of each class to the overall system.

References

1. BASKETT, E, CHANDY, K.M., MUN1Z, RR, AND PALACIOS, EG., "Open,

Closed and Mixed Networks of Queues with Different Classes of Customers", J.

ACM, vol. 22, pp. 248-260, 1975.

2. DOREMALEN, J.B.M. VAN, WESSELS, J., AND WUBRANDS, RJ., "Approximate

Analysis of Priority Queueing Networks" , pp. 117-131, in Teletraffic Analysis and

Computer Performance Evaluation, ed. OJ. Boxma, IW. Cohen and H.C. Tijms,

North-Holland, Amsterdam, 1986.

3. KAUFMAN, lS., "Approximation Methods for Networks of Queues with Piori

ties", Perf. Eval., vol. 4, pp. 183-198, 1984.

4. KOOPMAN, A., "PET, Performance Evaluation Tool", Master's Thesis, Eindhoven

University of Technology, Department of Mathematics and Computing Science,

Eindhoven, 1987.

5. LITILE, J.D.C., "A Proof for the Queueing formula: L = 'AW", Oper. Res., vol. 9,

pp. 383-387, 1961.

6. OODEN, H. VAN, private communication, 1990.

7. REISER, M., "Interactive Modelling of Computer Systems",lBM Syst. J., vol. 15,

pp. 309-327, 1976.

8. REISER, M. AND LAVENBERG, S.S., "Mean-Value Analysis of Closed Multichain

Queueing Networks", J. ofthe ACM, vol. 27, pp. 313-322, 1980.

9. SCHMITT, W., "On Decomposition of Markovian Priority Queues and Their

Application to the Analysis of Closed Priority Queueing Networks", pp. 393-407,

in Performance J 84, ed. E. Gelenbe, North-Holland, Amsterdam, 1984.

10. SCHWEITZER, P.J., "Approximate Analysis of Multiclass Closed Networks of

Queues", Lecture presented at The International Conference on Stochastic Con

trol and Optimization, 1979.

11. SCHWEITZER, PJ., SEIDMANN, A., AND SHALEV-OREN, S., "The Correction

Terms in Approximate Mean Value Analysis", Oper. Res. Lett., vol. 4, pp. 197

200, 1986.

12. SEVCIK, K.C., "Priority Scheduling Disciplines in Queueing Network Models of

Computer Systems", pp. 565-570, in Information Processing 77, ed. B. Gilchrist,

North-Holland, Amsterdam, 1977.



- 15 -

13. VETH, R. DE, "PET, a Performance Evaluation Tool for flexible modeling and

analysis of computer systems", Memorandum CaSaR 85-21, Eindhoven Univer

sity of Technology, Department of Mathematics and Computing Science, Eind

hoven, 1988.

14. WUBRANDS, R.J., "On an Approximation Method for Priority Queuing in CPU

Disk Models", in Proceedings NGI-SION Symposium 4: Stimulerende Informa

tica, Stichting Informatica Congressen, Amsterdam, 1986.

15. WUBRANDS, R.J., "Queuing Network Models and Performance Analysis of Com

puter Systems", Ph.D. Thesis, Eindhoven University of Technology, Department

of Mathematics and Computing Science, Eindhoven, 1988.



:INDHOVEN UNIVERSITY OF TECHNOLOGY

)epartment of Mathematics and Computing Science

'ROBABILITY THEORY, STATISTICS, OPERATIONS RESEARCH AND SYSTEMS
'HEORY
.0. Box 513

600 MB Eindhoven - The Netherlands

ecretariate: Dommelbuilding 0.03

'elephone: 040 - 473130

ist of COSOR-memoranda - 1990

[umber Month Author Title

f 90-01 January LJ.B.F. Adan Analysis of the asymmetric shortest queue problem

J. Wessels Part 1: Theoretical analysis

W.H.M.Zijm

f 90-02 January D.A. Overdijk Meetkundige aspecten van de productie van kroonwielen

f 90-03 February LJ.B.F. Adan Analysis of the assymmetric shortest queue problem

J. Wessels Pan II: Numerical analysis

W.H.M.Zijm

f 90-04 March P. van der Laan Statistical selection procedures for selecting the best variety

L.R. Verdooren

f 90-05 March W.H.M.Zijm Scheduling a flexible machining centre

E.H.L.B. Nelissen

[ 90-06 March G. Schuller The design of mechanizations: reliability, efficiency and flexibility

W.H.M.Zijm

[90-07 March W.H.M.Zijm Capacity analysis of automatic transport systems in an assembly fac-

tory

[90-08 March GJ. v. Houtum Computational procedures for stochastic multi-echelon production

W.H.M.Zijm systems



Number Month Author Title

M90-09 March P.J.M. van Production preparation and numerical control in PCB assembly

Laarhoven

W.H.M.Zijm

M 90-10 March F.A.W. Wester A hierarchical planning system versus a schedule oriented planning

1. Wijngaard system

W.H.M.Zijm

M 90-11 April A. Dekkers Local Area Networks

M90-12 April P. v.d. Laan On subset selection from Logistic populations

M 90-13 April P. v.d. Laan De Van Dantzig Prijs

M 90-14 June P. v.d. Laan Beslissen met statistische selectiemethoden

M 90-15 June F.W. Steutel Some recent characterizations of the exponential and geometric

distributions

M 90-16 June J. van Geldrop Existence of general equilibria in infinite horizon economies with

e. Withagen exhaustible resources. (the continuous time case)

M 90-17 June P.e. Schuur Simulated annealing as a tool to obtain new results in plane geometry

M90-18 July F.W. Steutel Applications of probability in analysis

M 90-19 July I.J.B.F. Adan Analysis of the symmetric shortest queue problem

J. Wessels

W.H.M.Zijm

M90-20 July I.J.B.F. Adan Analysis of the asymmetric shortest queue problem with threshold

J. Wessels jockeying

W.H.M.Zijm

M 90-21 July K. van Ham On a characterization of the exponential distribution

F.W. Steutel

M90-22 July A. Dekkers Performance analysis of a volume shadowing model

J. van der Wal



fumber Month

190-23 July

Author

A. Dekkers

J. van derWal

Title

Mean value analysis of priority stations without preemption


