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Testing Network=of-Queues Software

Herb Schwetman=*
Depar tment of Computer Sciences
The University of Helsinki
Helsinki» Finl and

ABSTRACT

Hith the advent of new techniques for solving
networks—of~queues models», there s an emerging need for
procadures which facilitate the testing of the programs which

igplement these techniques. OUftens the complexity of the
models prohibits traditional "solutions by hand” of any test
cases. Therefores the implementer is forced to devise

alternative test procedures.

This paper presents a set of procedures and test
probltems which have been used to eventually demonstrate
correct operation of a solution progranm. This sets» if
utilized» will test all features of the complete family of
models with "product-form™ solutions.

*The author's permanent address is ODepartment of Computer
Sciences, Purdue Universityr, Hest Lafayetter Indiana 47907



NETWORK DF QUEUES SOF TWARE

The past several years have Seen the development of
newtworks ~of=queues rodels as tools which <can aid in the
analysis of computer system performance. ALL of these are
based on the product=form solutions, which was expanded and
summarized in [BCMP751. 0One of the most widely used versions
of this family of models is the central server madel of Buzen
(Buze71l. Since that developmentr exact scolution techniques
have been devised so that models embodying alti features of the
family of models with product form solution can be efficiently
s50lved. The paper by Kienzte and Sevcik [KiSe7%) enpnpumerates
many of these techniques and the programs which iiampelement
them.

Une of the most generai programs [BBS77] wuses the
convolution technique [ReKo75]. Since that times Reiser and
Lavenberg {[RelLa781 have developed the mean-value techniques
which is much simpler and 1less susceptible to numerical
instapilities than 1its predecessors. A paper by Sauer and
MacNair (5aMc79] summarizes a set of design goals for
networks=of-queues socftware.

Hhen implementing a program to produce solutionss there
are at least four ways of obtaining answers which can be used
for comparisons with the solutions from the program; these are
(1) wuse of an equivalent discrete~event simulation model,» (2)
use of models which can be directly solved using an
alternative techniques (3) use of models which have been
previously solvedrs and (4) use of combinations of models to
test cons istency of vresults. Each of these wverification
methods has 1its drawbacks. For exampler simulation models
rarely produce exact results. Models which can be solved using
alternative techniques wusuatly do not possess all of the
features implemented in the new program. Use of previously
selved models is difficult because of the lack of published
works which contain all of the information required to make
cComparisons.

in the remainder of this paperr, we present a detailed
set of examples and test cases which can be used to verify the
output of a solution frogram. Simulation is not covered» since
this ts an obvious technique and has been discussed elsewhere

[5aue79]. While accurate soluttons cannot be guaranteedr»
experience has shown that the chances for accurate results
will bpDe enhanceds if the examples are correctly exacuted.

HWhere relevant, references are provided to published work s
which are complete encugh to be of use in the present context.

ihe notation and terminology wused in this paper are
summarized in Table 1.
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i
Ui
ni
X
Ri

the number of devices in a closed model i
the number of customers or jobs in a model
mean service interval at device i
utilizatior of device i

mean numnder of customers at device i
throughput rate of device i

mean response time of device i !

When job classes are used» the class designator
is placed in parentheses.

Queue service discipline are denoted as follows:

FCFS first come», first served,

Is infinite number of servers

PS processor sharing

LCFS iast comer first servedr preempte.

Table 1
Naotation and Terminology

MOOELS WITH ALTERNATE SOLUTIONS

The two gqueue, cyclic network, shown in Figure 1, is the
simplest closed network which can be imagined.

Figure 1
Tandems Cyclic Network

N

p = §1/52 PO = 1/C1 + p + p%* + wc. + pV)

Ur = 1 = PO uz = 1 = pV =po

nl = 2. i*p' 4P0  n2 = N = nl

X1 = Ulss1 X2 = X1
Rl = nl/X1 R2 = n2/X2
Table 2

Solutions for Tandems Cyclic Network



Assuming that the service times at each queue are given as
negative exponential probability distributions with means of
$1 and 52 respectively, this network can be solved wusing
technigues from basic dqueueing theory IKLei75]. These
sotutions are shawn inr Table 2. For the network shown 1in
Figure 1» some representative solutions are given in Table 3,

N U1l nl X1 R1 u2 nd X2 R2

1 .800 .800 .200 .400 =200 .200 ,200 1,00

2 .952 1,71 .238 7.20 «238 .286 .238.1.20

I .988 2.68 .247 10.9 «247 J318 247 1.29
Table 3

Solutions for Figure 1

It can be noticed that several "common sense®™ criteria
can be applied to solutions. For examples when N is 1, then
the response time i5 equal to the service (i.e. Ri = 5i)» and
the mean queue tength is equal to the utilization (ni = Ui),
Dther checks can be made such as insuring that the mean gueue
lengths sum to N (Zpi = N) and that the throughput rates
balance (i.e. that the output rate for a queue is the sum of

the input ratess etce.)s In the exampler this last criterion
means that X1 = X2 for alt N.

Another model which can be solved 1is the machine
repairman model, first used to model computer systems by
$cherr [S5che67). In networks=-of-queues notationr such a model
can constructed in several ways. The simplest representation
is given in Figqure 2» but other representations will be
studied in a later section.

Is
N FCFs
> TeERM [ svs
S5;= 2.2
Z= 10,

Figure 2 _
Metwork of @Queues Representation of Machine Repairman Madel

The model in Ffiqgure 2 Trepresents a system as a
sincle=serverrs FCF5 queue and a collection of terminals as a




queue with an infinite number of servers (i.e. no transaction
ever wWaits to obtain a terminall). The parameters of the model
are the mean think tine Z (the service time at a terminal)e
the mean service time at the system $2» and the number of
active terminals N. The solution for this model appears in
many places» including [HiLi&67+»p. 3051. The relevant formulae
are shaown in Table 4.

cq-1
NI 52 \¢
PO = . —— LN
L2 oy ()]
V2 =1 = PO
n2 = N = Z%U2/S82
R2 = N#S2/U2 = 7

Table 4
Solution Forrulae for Machine Repairman ¥odel

For the model shown in Figure 2, representative ansWwers are
Listed in Table 5.

N uz n2 Xe R2

1 .180 « 180 .082 2.20

yd « 349 412 «159 2.60

X «504 -.711 «229 J.11

4 +0639 1,09 «2921 3.77

S 753 1.58 342 4.61
Table 5

Solutions for Machine Repairman Model

These two modelss the cyclics tandem=queues model and the
machine=r epairman model» represent the kinds of models which
are readily solvable by direct methods. These are very useful
when entering the initial phases of testing a programe.

USE OF EQUIVALENT MOJELS

The next kind ¢f testing uses different versions of the
same model which should produce identical solutions. One
example of equivalent versions is the use of two job classes»
each with the same attributes. Use of this type ¢f model <can
help verify that a solution preogram for models with multiple
job classes is producing correct results. The model shown in
Figure 3 is taken from Buzen's article [Buze73].
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Central Server Model

In this tests

service times and
Then» the model
from these two classess
remains constant (e.g.
NC2) 0).
should be the same.
active is5 given in Table 6.

two
br anching

is executed with various combinations of

NC1)

device Ui

1 CPU
2 170

J I/0

« 456
« 456
.« 512

1,

ni
« 737
737
2,53

Table b

job classes are defined»
probabi lities

I

X

- N

L s
PN »
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for ea

but so that the total number of
N(2)
The global soiutions for these different versions
The solution for this model with four

and then

«0
»0
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Solutien for Central Server Model

Another form of equivalent models can be
For examples

models with additional featu

(N 4)

reSas

in Figures 4as 4bs and 4c should all yield

s FeRs (3)
FOFsS T FUFRS
T [l svs, T _’H]] S5,
$2% 2.2 r 5, 2.2
Zale N=3 EY] N=3
(a) {(b)
Figure &

Three Equivalent Models

used

identical
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jobs
jobs
NC1) = &4,

jobs

Ri

45
65

75
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the models shown

results.

575,
59 s 2.2
Nz i) ) 2f

(c)




The madel in Fiqure 4a was previously seen in Figure 2. The
model 1in Figure 4b tests the multi=server=-queue feature of a
solution programe and the model in Figure &4c tests the use of
job classes with different branching probabilities. The
correct solution for these models is given in Table 4 1in the
row for three jobs active (N = 3).

USE OF PREVIOUSLY SDLVED MODDELS

The "previously solved models™ in the ¢title of this
section refers to both published solutions and solutions
obtained from an existing program which is known t¢ produce
correct resultss Howeverr, in this sectionr we wWwill discuss
only solutions which have appeared in journal articles.

The first twe mcdels (see Figures Sa and 5b) appeared in
an article by Reiser (Reis76]l.

pS T, "‘—L £s
T, =
I Sys 25/ ."JE sys L
1
Sa=,2 -““‘T:.l"" 51t = o251
I
=13 N= 20 IHS: 2, :5 53¢2)2 | 5eo
e MRS
Caj (b)
Figure S

Two Models by Reiser

The solutions for these are given 1in Tables 6 and 7
respectively.

device Ui ni Xi Ri
1 TERM .71g«* 14.3 4.77 3.00
2 5YS§ «95 4 S«68 4.77 1.19

*per terminal

Table 6
Salution for Model in Figure S5a



device
1 TERM
2 TERM

3 SYS

*per terminal

The next
is of interest

Solution for Model

mode |
because it does not h
this model (as well as the model

class Ui
APL « 955+
IMS s 941l
APL «358
IMsS «157
TNTAL .515
Table 7

is from an article by Sauer [S5aue?9].
topoilogy

ni
14.3
4.71
«677

«293
«970

dave

central server model. Alsor
of Figure 5b) has a queue» the CPU, where jobs
classes have different service intervals,
in Figure 6 and the sclutions are in Tabite 8.
ekt vndetetaiilelsta il )
: : Pyie) = Yo FCies :
1
1 ( 1 'Pg‘;. t2) =, ?5‘ iy [—I_:IJ /o [T _1|
i '
: Is : : |
1 1
: : Ps 2 ,-'.iizfoq -
N [ .
- -—-i--di CPu ! :
2 t
S, (=, o0 A5 ‘-}i__‘l
Zli)=5.0 Sy i2) . 000 ! I
Z(2) 2 70, ! |I
425' _@_ aJ
&
Figure 6

Model by Sauer

in Figure 5b

the

This model

Xi Ri
14,3 1.00
. 314 15. 0
14,3 2047
'314 .934
14.6 - 066

It
of a

in di fferent
is shouwn

Sctt)=5:62)2 03¢

Mi) = 40
wmiz) = 4



device ¢ lass Ui ni Xi Ri

1 TERM 1 o7 1x 30,8 6a.16 5.00
2 .:’28* 1.?1 .1?1 10.0
BOTH 32.5 a3

2 CPU 1 -6l6 4 .39 61.6 -071
2 347 Z2.02 .42 a589
BOTH - 959 61 651 -068

I=6 I/0 1 539 1.20 15, 4 .078
2 =030 «069 -855%5 <080
BOTH «569 1.27 16. 3 .078

*per terminal

Table 8
Solution for Model in Figure 6

TESTING DTHER FEATURES

There are three features of models with product~form
solutions which have not been covered so far: wmulti=server
queues wWith class dependent service times» class switching by
jobs» and general service functions. None of these were
included in the program under test but are discussed heres in
order to complete the set of examples. The model in Figure 7
has a queues the CPU, which has two servers and jobs in
different classes have different service requirements.

r'_'"'_'" - T'f_ ______ 7
| [ CFs | Per (i} 2,085 Porz)s o
| L =0 1o :
! | 2 I Az ) .45
| Sz !
: P52) | 7 ( Asu) 250 Ayiz):.so
I
. A __|| Fa(2) 249
t $53=,s0 oM =3
S.tt)=.01 : : Mi2) =2
L TEN Ly -~ I/0 I
4 |
S4=,08
Figure 7
Model with a Multi=server GRueue
and Class Dependent Service
The sclution foer N(1) = 3, N{(2) = 2 was obtained from the

programz in (BBS77] and appears in Table 9.
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device class Ui ni Xi Ri

1 CPU2Y 1 .095 . 127 12,1 - 011
2 <307 » 374 . 12 «051
B0 TH 402 « 501 19.4 -026

2 1/0 1 488 «T49 S 42 - 138
2 0 0 0 0
BOTH «488 -aT49 S5 42 .138

3 I/0 1 «603 2.12 .03 353
2 «366 1.29 3. 66 « 352
BOTH « 269 3.41 9.69 «352

4 1,0 1 0 0 0 0
2 -287 337 3. ¢ =094
BOTH +287 =337 3. ¢ « 094

Table 9

Solution for Model in Figure 7

A model which illustrates class switching appearsr» in
complece form, as an example in (BBS77J. The use of general
service functions (cther than to model mul ti=server queues)
has been used in only a limited way» and no example of this
has been included here. Normallys if the multi-server features
function correctlys then the generalized service=function
features ought to work, as they both are usually implemented
using the same code,

CLOSING REMARKS

The need for an article such as this became apparent
when the author under took the implementation of a new solution
programs and there was no easy access to an existing praogram
which contained all ¢f the features of the new program.
Therefores validation of the new program had ta be
accomplished by using the techniques presented here.

The examples which appear here Wwere chosen with care.
Many of them pointed out bugs or errors in the new program
being ueveloped. For exampler» Reiser's models (Figures 5a and
Shk) may tax the arithmetic precision of a given computer.
Sauert's example (Figure 6)» since it does not have the
configuration of the common central server model» uncovered
errors in solving for the relative arrival rates. The
multi~server and nmulti-class models of Figures 3 and 4 were
essential to debugging the relevant portions of the new
progran.

Une point emerged from the testing described aboves
namely that a correct program will produce results which agree
very ciosely with "correct™ results (g.g. to within the third
decimali place). If the results are not in close agreements the
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new program 1is probably in errors and the lack of agreement
cannot be attributed to other sourcess, such as the differences
in wora lengths or arithmetic properties of two computerse.

It should be pointed out that this collection of
examples is probably not completer in the sense of exercising
every path and every feature in a solution pragranm. Just
because a program can correctly solve these examples does not
guarantee the absence of errors. Howevers, these examples can
aid in the implementation of a solution program and should
speed up the deve lopment process.

it is this author?®s belief that there would be great
benefit if a collection of results of complete models were
availanler where complete means with enough detail so that the
models can be solved and the answers compared. Of courser the
accuracy of Lthese "standard solutions™ mnmust be verified
samehow. The examples in this paper could be the start of such
a collections but other examples should be addedr e.g. example
of models with targer numbers of devicess classes and
customers. The existence of such a collection coutd help many
researchers tn the area of models of computer systems.
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