-l

[

'degree

|

Blbliothéque nationale
du Canada

National Library
of Canada

Canadian Theses Service

Ottawa, Canada
K1A ON4

" CANADIAN THESES

NOTICE

The quality of this microfichg Is heavily dependent upon the
quality of the original thesis submitted for microfilming. Every
effort has been made to ensure the highest quality of reproduc-
tion possible. .

It pages are missing. comact the universitﬁxhlch granted the
o

Some pages may have indistinct print especially if the origlnal
pages were typed with a poor typewriter ribbon or i the univer-

- Sity sent us an Inferior photocopy.

Previously copyrighted materials (journal articles, published
tests, etc.) are not filmed.-

Repiqductlon in full or in part of this fiimis governed.by the
Canadian Copyright Act, R.S.C.'1970, ¢. C-30.

THIS DISSERTATION
HAS BEEN MICROFILMED
EXACTLY AS RECEIVED

NL~339(r.88/06)

M}

. THESES CANADIENNES

-~

=)
AVIS

La qualité de cette microfiche dépend grandement de la qualité
de la thdse soumise au microfilmage. Nous avons tout fait pour

- .assurer une qualité supérieure de reproduction.

e

S'il manque des pages, veuillez communiquer avec l'univer-

sité qui a conféré le grade.
La'quéllté d'impression de certaines pages peut laisser &
désirer, surtout si les pages originales onf é1é dactylographiées

-4 I'aide d'un ruban usé ou sl l'université nous a fait parvenir

une photocopie de qualité inférieure.

Les documents qui forit déja I'objet d'un droit d'auteur (articles
de revue, examens publiés, etc.) ne sont pas microfilmés. -

La reproduction, mdme partielie, de ce microfilm est soumise
ala Lol canadlenqe sur le droit d'auteur, SRC 1970, c. C-30.

il

LA THESE A ETE
MICROFILMEE TELLE QUE'
NOUS L’AVONS REGUE

e



e

<
Ay

?erformance,ﬁodeling of a

Loosely coupled Multi-microcomputer System

D.Muraljdharah

/

A Thesis
in
"The Department

of '%

Computer Science

Y

\ g
Presented in Partial Fulfillment of the
for the Degree of Master of Computer

.o Concordia University
Montréal, Québec, Canada,

~ ¢ -

- ) )
‘ —  August 1985 .

(:) D.Muralidharan, 1985

]

R

Requirements
Science at

ALt



‘éérmissiOn‘has been éranted\u

to the National Library of
Canada to microfilm “this
thesis and to 1lend or sell
copies of the film.

o

The author (copyright owner)
has reserved other

+ publication. rights, and
neither the thesis nor
extensive extracts from it
may be prlnted or otherwise
reproduced ‘without h1s/ﬁer
written
T {

{
/

-

permission. -

. - Y-

L'autorisation a &8t& accord@e
3, la Biblioth&que "nationale
du Canada de microfilmer

‘cette th3se et de pr8ter ou .
~de vendre des: exemplaires du -

film. oo &
L'auteur (titulaire du droit .
d'auteur). se r&servel les
autres droits de publication;

ni la th2se ni de longs
extraits de celle-ci ne
doivent 8&tre imprim&s ou

autrement reproduits sans son
autorisation @&crite. ‘ ~

ISBN 0-315-3063%4-3

Y



| add
fto
[

A meT

- 1

- ' Performance Modeling oﬁ/rﬂ\\osely coupled

- -~ / p
‘ \" Multi-midtoéé;;uter system,

¥

D.Muralidhapan

A loosely coupled Multi-microcomputer system comprises of

i autonomous, multiple microcomputers whzch 1nteract with each

o other, by passing messages over -a communication network.‘
~ Such ai system can be de51gned to provide higher proce551ng
. .poweT¥ ‘or better eysﬁem ‘Flexibility and reliability in

contrast to a single microcomputer system.

CUENET (Concerdia University Edugcational NETwork) is one
such multi-microcomputer system consisting of both 8 and 16
bit microcomputers, arranged in a master-stave hierarchy.

They commuhicate with each other by passing nMessages over a

2
BN

parallel bus called C-Bus under the control of a-centralized

bus céntroller. ?

/ . . -

The performance of a multi-microcomputer system ’
besides other factors, is influenced-by the manner in which

the processes running on the individual computers interact.

—

In performance modeling of multi-microcomputer systems,

these aspects are studied ueing a functional model of the

*

system.

N\
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. ’ /
Stochastic Petrinets (SPNs) and Generalized Stochastic

n Petrinets {GSPNs) have 'been ehployed _in the performance

modelind \Qf multiple computer systemé. SPN and GSPN

modeling techniques have the ability to describe the

concurrency and conflict inherent in the system in parallel’

grocessing. Delay and thrégghput are the two performance
mesauresl that are derivable ffom the.‘énalysis of such
models. Thg- application of SPN ahd “GSPN modeling
technnges[ found (in the recent pubiicat@éns, are confined

to modelipgtightly coupled systems.

l\l
In this—thesis; we have applied the SPN and GSPN

<

4

"

modeling‘ﬁtechniques to study the performance of CUENET from,

the mesédée communication point of view. The detailed SPN,

GSPN models and aggregate . GSPN modéls‘fpr two and three

processor CUENET'cdnfiguration are presented and results of

the  analysis of these models are discussed. The
applicability of the SPN and GSPN techniques to ' loosely
! Q

coupled multi-microcomputer systems is demonstrated.

J

1
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CHAPTER I
INTRODUCTION

1.1 Evolution of Distributed compuiing systems:
___The motivating factors for Lﬁhe continuing development of

computing systems are[ENSLO-77]:

(Y)speed of computatlon and throughput4/~

1)
.
- ] \
. - v
o . . —

. v
Initially the computér system manufacturers concentrated on

(2)Flex1billty,
(3)Availability,

(4)Reliability.’

o~ Toe
- . ’ \

T -

increasing the speed of c?gputation and throughput by’

increésing the speed of thé'hardyare circuitry and then by
developing efficient operating system software
[ENSLO-77,LIEBO-81]. Thus regulted the complex centralized

main frame systems like the IBM system 360 and 370 series

‘and recent 4300 series(4331,4341),DEC's series 10. As the

gpplications of computers grew in the areas 1like banking,

patient‘ monitoring and industrial process control the other
motivating . factors(i.e. Flexibility, Availability . and
Reliability) along with increased computing throughpdt,

%éined importance. -These system requirements "caused  the

computing system designers. to think in terms of multiple.

processing units interlinked in some fashion, ‘thus giving
rise’ to ~ multiple . processors - systems and Distributed
Computing Systems[bIEgs-BI]. Enslow charécteri%es; a fdlly

Distributed _Computing System(DCS) by . the following

’ < . f
7 -

N
A



=.attributes [ ENSLO-78]: . . .o 0

~1l. A mult1p11c1ty of general purpose components includ@ting
L ~ both physf;al and logical resources, that can be assigned to

£ specific tasks on-a dynamic basis.

-

“2. A physichal distribution.of thkse physical and 1logical

components of the system Ynteracting through a communication
1 ' po ‘e h . . .
network. ' - '
.« "}" )

e 3{h\ A high 1level operating system that unifies and

integrates the control of the distr{buted components.'.\‘

L3
t

Individual processors can have their own operating systeﬁs.
4. Cooperatlve autononty, characterlz1ng the operatlon and
1nteractlon "of bdth phy51cal and loglcal reséurces.

1

ysteém _transparency, -permitting service to be requested b\

.By n only. i ' « ’ *
.

——— L

" Generally these characteristics are present in varying
' /

"degree in the actual systems thus providing varying shades
of dlSE}lbutlon q; control, computation and, processor

interaction.  Thus there ex1sts ‘a wide diversity of system
Fa

drchltegxure, control and processor 1nteract1on in' DCSs.

) There are various catagorles dependlng gn the nature of
N a s
location, degree’ of couplln%, processor 4 IOglcal

— relat1onsh1p, processor connect1V1ty and so on.' One such
/ catagorxzatlon based on the degree of coupling and processor

connectivity classifies DCSs as:
Y : b .
‘ (a) MuftiprocessOrs, '

(b) Computer networks,

—— e TN

(c) Local area netwbgks.

e ] N k1 ;{\~ ) ’
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P .

(a) Multiprocessors: : ‘ ' ¢

-

A Multiprocessor is & DCS which. has the following

_ charateristics[ENSLO~77,SATYA-80]:

PS

* contains two or more prLcessors with approximateiy
compa?%ble capabilities,

" * these processors are tightly coupled and communicate

)

4, [
through shared memories.,
‘ 4 . , o

* all‘'processors share,access to input/output channels,

«

contrel units and secondary storage devices,
° L 74
"* the entire system is controlled by one oOperating
" system providing interaction"between processors, their

programs etc. o % : -
® .
The concept of mutliprgcessors is not new and some early

examples of them are_ IBM 360/65, Burrodﬁhs D8.5, Bendix G21,

1BM 370/168 and- CDC Cyber 170 [FULLER-78,SATYA-80,ENSLO-77].

- Ih\Ehese early.syétems, the degree of tight coupling tig -

duite high in that each processor accesses the comman memory

for each program code execution and data manipualation

* [WEITZ-80°FATHI-83]. With the advances 1in semiconductor

C. ‘ ¥ 3\_‘;'.,‘ " . » M a =~
mmemories and lnﬁéqrated C1rcu}t techndlogy, the present day
® .
r

f 4 ’
T . o .
mini or microcomputer has its own private memory and also
\ .

exceutive software. in such multiple computer systems,

"employing tight coulping,'the shared memories are employed
« for moving data from ope-processing element to the other.
The Jprogram. e}ecutibh is done. in the private memory of the

pﬁﬁcessors;) Here the degree of tight coupling is moderate.



" intercomputer communication.

Such DCS are also catagorised as Multiprocessors. Some
. i

recent examples of such mulfiprocessors are: Cm* devéloped
at the Carnegie Mellon university~[FULLER—78], Bell Cénada's
DATAPAC SL-10[WEITZ-80] » - Torino (MultiProcessor(TOMP)
developedﬂ as part of the Mumicro project, at Pol&technico

De Torino, Torino,Italy [CONTE-81].

(b) Computer networks: ) : —

hY . .

Computer networks are DCSs posséssing the  following
characteristics [TANEB-81]:

? *Each ,processor 1is a fullfledged conventional computer

hd i

systéms with “independent Input/Output devices and secondary

— P « .

memories.

~

*the processors are geographically dispersed and loosely

—

coupled,
. 13 'I‘N . . . .
*inter processor communication is by passing messages in

the form of packets over serial communication links under
. ‘ e » .

the control of communication controllers which route the

message in an optimum fashion,

* each processor has its own operating system with a

-~

overall network operating systep for qontroilihé the

-

1
.

4

The computer networks are also known b§,the names, Long

haul Retworks and public data networks. ARPANET, TYMNET are

L]
» -

examples of confputer networks. ‘ <

ot



(c) Local area networks(LANs):

The ~ rapid and continuing advances ~ 'in integrated

semiconductor techpology’ (LSI, VLSI) gave rise to the'

@

development ~of low cost microﬁrocessorsa- . Now
micrdbrocessors are aviilable frém 8 bits to,‘éz big; with
varying ;omputational power and.;heir cost is stili on the
‘decreasing trénd (FULLER-78,GUPTA-84]., With the advent of
tﬁese low cost,'high capabilit§ microprocessors, it is ﬁow
péssible to perform computations at the site of data. This

has resulted in inteliidgnt terminals, controllers, personal

computers and various consumer goods [FULLER-78]. Also

" interest grew in interconnecting such diverse computing

systems within an organization.leading to the' evolution of
. , ,\i
LANs. \ I 4 .

-

L4

A . LAN has the following characteristjcs .

1
\

[TSAO-84,CLARK-78]:

* l}mited in geographic scope- within 0.1 to 1.0 km'

A

range, usually 1Ilinking processors within a "building or

‘within a single floor,

%

*.provides high bandwidth, short delay communication (

over 1Mbits/sec) over inexpensive communication media.

(twisted pair.wires, coaxial cables),

—

* processors are loosely coupled and communicate by
passing massages over the communication medium~» of the
network, ) . o

-

* employs simple routing and control -algorithms as



opposed to’ the 1long haul computer networks. Examples of
early Local area- ' networks are ETHERNET  ,WANGNET

etc[CLARK-78].

The typical enviornment where LANs are apblicable today
are [TSAO-84]: .

: (1)0Office automation- supporting functions like
é;ectronié mail, text précessiné rdocument distriﬁutidn and
vioce storage. | / l .

(2)Universities- to péovide communication network to
access centta} or distributed facilities, special purpose
application software etc.

‘(3)Factories-help in automating 0 and contrglling
manufacturing techniques such’ as CAD/CAM, 'robotics,
numerically controlled processes etc.

(4)Hospitals— to provide coﬁmunication .support ¢ for

patient monitoring, patient file retrival etc.

Several different configurations and communications
techniques are possible in the case of LANs, since they have
do not have the same ®perational restrictions of long haul

computer networks.

Several eduactional institutions aqd laboratories have
"built and been building different types of mthiple
microprocessor DCS with tight coupling and 1loose coulping,
for studying their performance and try different alternative

" architectures [MARSAN-813]. The Cm* at the Carnegie Mellon



University, X-tree at the University of Californié,
Berkeley, MICRONET at the University of New york at Buffald,
[WITTIE-80], ‘TOMF at Polytechnico De Torino, Torino, Italy

[CONTE-81] and CUENET[GROSS-82] are some examples-.

~

The CUENET(Concordia University EducationaltNETwork) is
loosely coupled LAN comprising of 8 and 16 bit
microprocessor systems, developed here at the Department of

Computer Science, Concordia University, Montreal, Canada.

' 1.2‘Factqrs in the design 6f DCS:
The major ‘aspects of the design. of a DCS and "their
applications lies in the design pr\\éeleétion of the
following: Qo \ //
(a) A set of processors(homogenedu§ or hetrogeneous) qnd

1

memories that are-interconnected.

(b) An i;terconnection network that physically conﬁects the
variocus processors and memories.

(c5 Subdivision of the sequential program into subprograms
thét can be run concurrently on the various prbcessihg
elements.

kd) An operating system that will coordiante the exechtion

of different subprograms, allocate the subprograms to

different pfbcessing elements and manage them.

There are various ways these design steps can be carried
out and also there areas which present interesting and

challénging problems for research. Some of the problems a

o



.
1%

designer of a DCS has to deal with are [FULLER-78]:
1.)Task decompostion:How should tasks executed on a
uniprocessor be partitioned so that they can be run on a set

B

of smaller processors? The task decomposition must take

into account the architecture of the DCS on which it is.

inten@pd to run. The optimum way this partitioning can be
done is still an open problem [KUCK-77,GAJSK-85].
2.)Interconnection structure:What are the most effective
types of processor/memory and - processor/processor
interconnection structure? How flexible the interconnection
structure be?

3.)Operating system structure: What kind of operating system

is suitable for controlling, resource managing, distribution

of tasks among the processing elements and their protectiog"
/

in a distributed‘computing system comprising of hundreds of

“ /
» \‘ ’
processing elements? /

4.) Interprocessor interference:The partitipned*z tasks
distributed on the processing elements in a DQS will need to
cooperate with each other so that they can provide the
requiste service or perform the required computation. This

would involve contention for memories, I/0 devices for

‘communication pathé. These must be kept to the minimum.

5.)Dead 1lock aviodance:With multiple processors contending

for resources a dead lock situation can develop, where each
of a group of processors is waiting for resources assigned
to the other.-processors in the group, and none of the

processors in the group being in a position to proceed until

v



its demands are satisfied: The designer must ‘provide a
facility for avioding the dead lock or for gakihg\remediél
measures in the event of a dead lock. ~
6.)Input-Output: How the Input/Qutput devices in general and
secondéiy storage in particular are integrated into a DCS?
7.)Fault tolerance:How one can utilize the hardware and
.Jsgftwarg‘structure of a DCS to provide capability to survive

failures of components in the system?

»

-

Different 'designers have overcome these problems

differently. Thus each DCS performs in different ways.

1.3 Performance Evaluation of DCS:
The term "Performance " .of a computer system has many
different interpretatidﬁs. Normally "Preformance" answers
‘Fuestions like "How well does the sfstem enables oge to do
what he wants to do?" and " How well the system does what .it

is intended to do?"

The Performance of a system can:be discussed from two
different viewpoints: first the effectiveness with which the
systém handles a specific application and second the

internal efficiency of the system [SVOBOD-76].

Effectiveness is what 1is seen by the system user.
Efficiency is how the system uses its resources in order to
© process the respective workload. System effectiveness,

ofcourse, is influenced by the .internal efficiency. .

- N

4 *

~ e
'

e
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3,

Thus tHe performance of a DCS is the effectiveness with

¢

which the various processors, memories and other devices,

the intercommunication . structure are utlized under a

particular workload. il

a

o

The system components influence the system performancee

through'their own characteristics and through their mutual

o

" interaction. The performance of a system is assessed with

respect/Ea\a'set of parameters which are termed Performance
. '

;o
measurée€s. -

Y oiad

Performance Evaluation is the process of evaluating the
performancehof a system. The major steps involved in
perfdrmance evaluation of a system are: (1) Definition of
the relavent performance measures,

(2) Determination of the values of the Performance measures

with respect to the system structure and system workload.

Performance evaluation of a DCS is the study of how the
various components, bdth hardware and software, interact
with each other and how the fYow of data and information is
maintained ana controlled in the interconnection structures
and how efficiently the system fuctions [AGARWA-83]. The
efficiency of a DCS depends upon many factors related to
different ways hardware and/or software components interact
i.e. contention for shared resource, synchronization of
tasks etc. By doing' a performance evaluation study of a

system one can know how efficiently the various processing

-
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elements are structured, the efficiency of inte;processof

communication schemes  and the dis;ributed software

[MARSAN-83].

We will discuss the varidusiperformanq@ measures of DCS

1

and different methods of performance evaluation,

L4

. 1.3:41 Performance measures of DCS:

Performance measures are a set of quantitative
parameters which characterize the performance of a system

[SVOBOD-76 ,WEITZ-80]. .

-

-

The performance measures of a conventional computing
system , principally are., the throughput,; turnaround

time,response time and sytem availability.

The throughput is the amount of work completéd in unit

]

time for a given workload. It is normally expressed as

MIPS(Millions of Instructions Per Second).

o

" The -turnaround time 1is the elapsed time between
submitting the job and receiving'the output. Normally it is

expressed in secs or minutes. Normally this is for batch

L3

jobs.

Response time is the turnaround time of requésts and

transactions in an interactive real time systems.

P

. Availability of the systeﬁ is the percentagé pof time a

system is available to the user.
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In a_ QSS the performance of the system depends on the
individual capabilities of the processing elements, the type
of interactioﬁ“ between them, the type of interconection
network and the way contention for a shared resource is
managed. Here  each processor will have individual
performance measures similar to the conventional  Systems.

Besideg these The main performance measures of DCS are

processing pofer, throughput, waiting time for a shared

resource likg¢ the global bus or. the’ common memory.

Th processing'power for a distributed computing sy7%em
expresses thé amount of speedup or the incréase in actual
processing - capability over a uniprocessor, ' Ideally the
processing power of a DCS with 'n' processors must be
'n‘(assﬁming unit proceséing ' capability for ' each
processor).In reality this is not so since, the processing
\ elemenf;’ in '‘a bDCS spends some processing time in sending
éﬁd/or receiu;ng‘ipformafioh from othér proces%ing elements.
The prpcessing power expresses the effective processing
capability over a uniprocessor. Hence processibg power P is

A

expressed by the folléwing expression:

P = E(Na) ceeeeeeronnnencenconancassnnnasaasssnenanaaaa(lol)

where Ny = number of active processors in the DCS.

Processing Efficiency of a processor in a DCS is given by

the f£ollowing relation. .
Processing Efficiency = (P/N)X100 ....;.s.:............(1.2)

where N = Number of processors in the DCS.

- * -
. f
< .

r
3
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Thioughput is a measure of the amount of work done per

unit time. It is normally expressed as number of jobs or

programs executed or messages transmitted per second. ™ The

unit for the. throughput depends on whether~one is looking at

the system as a whole or’ at a subsystem. While one |is

considering the complete DCS, the throughput is proportional

e

to the*speedup or processing power P. When one is looking

w-lf(" w' “
at the“ihtercommunication subsystem then it is the number of

messages transmitted. The . throughput of a system or a

RN

n

subsystem can be given by the following expression:

Throughput = fraction of time the (sub)system is busy X rate

Of operation l...‘..00..0..'.‘...‘C.....‘l...’l.....li&-‘(‘ll3)
Thus throughput expresses how effectively the system or the

subsystem is functioning. Figl.l1 shows the relafionship

between  system . throughput and the number  of

ﬁrocessors.Idéally the system throughput is to increase

linearly with the number of processors( curve a). In

practice the relationship would be more as shown by the

cugves'b‘and‘c. In each case the system ;th;oughput levels
off for a‘particular number of processors and then.starts to
decrease due to the "saturation effect" [FATHI-83]. Tﬁe
point at which the ﬁéystem throughput levels off and theﬁ

)

saturates depends on i, number ¢ of factors. Some of the
factors '~are: the  type of coupling, the nature of
intercommuniation network, the nature of application, the
method of arbitration for the shared system resodrces etc.

Thus the study of the throughput variation helps one in

[

TN
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THROUGHPUT

v

| - NUMBER OF PROCESSORS
. - - -
Figure 1.1 THROUGHPUT - "Satufation effect”

¥ Q

-

estimating th& optimum size of the system. The waiting time

or queueing time for the various' shared resources like

global bus, common memory indicate how well the resources.
7

are utilized in a DCS.’

T

These are some major performance

-

" measures

which’ are

considered in the performance modeling and measurement.

L

— 1.3.2 Methods of Performance Evaluation:

Performance ebalpation of a system can be carried out by

Py

(a) Performance Aﬁalysis.

b) simulatiog,‘ _ ﬁk

Ha

':di:fetent'methods. These methods dre[AGARWA-83]:
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(c) Performance measurements. | A

(a) Performance Analysis:
' 4
Performance Analysis of a system is the stu

of how the
various components of the system inter@ct and affegt Ghé
system's performance byt representing tke system and"its
components uéing‘ a model [SVOBOD-76]. A model is an
abstraction of the actual system , representing the variéus
system's components and their intefactiqps. Alsé thé model
represénts the main factors .determining the system's
performance in statistical or mathematicai way [CHANDY-81].
From these relations the perférmance measdtes—of the . system
can be computed. A widé spectrum’ of models can be derived
depenéing upon Ehe level of getail Gsed kﬁor the
representatfon of the ;ystem's behavior. A}very detailed

description of the system will lead to an extremely - complex
‘ n

models where as a more abstract or higher lebel‘%iew of the

system can result in a fairly simple model which is easier

to analyse [MARSAN-83,BUZEN-77].. Thus differpnt kinds of

odels are used in performance analysis of computer‘'systems. -

fme of the types of models used are: queueing fnetWOrk)
v

odels, stochastic and graph models like stochastic

Petrinets, Generalized ‘Stochastic Petrinets ana ‘Markov .

models [KLEIN-75,MARSAN-83]., These models possess markovian
. - . .
property which makes ° the derivation of the various

3 ~

perférmance measures tractable. For " these models usually

probabilist'ic workloads are assumed [ SVOBOD-76] .

v
Y

:
) &
: :
.
, ,
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Performance analysis is. normally employed for a system
which is in. its design stage or early'stage of realisation
. and for a systém on which the measurement of various

parameters is invloved or is not cost effective [SVOBOD-76].

N

The performance analysis 1is. also used to understand the

P d LA .
interaction of the various components of a system and their
effect on the system's performance so that withvhinimal

measurement oQf certdin .parameters one can monitor the

pefformance of the system. - >

.

. N . e

4 (b) Simulation:

The technique of simulation can be viewed as a combination
o ' e
-, ’ of modeling and measurement. - The simulation process

requires a model of the system and a simulaton.‘ The
simulator is a mechanism thap?simulatés the system behévior
’ as specified by thé_functi;nal model of the system and the
work load. It® yields the nelessary data: required for
/

¥
-, performance 3naLysis [SVOBOD-76].

] '
- .

/ a3 .S Simulation helps in 'estimating, the performance of new
. .

-~ \x igns and new configurations before their ' implementation.

© sPhe 'céﬁplexity of simulation depends upon thé level of

.

detail included in the model. Simqlatidn based on a vefy

detailed model becomes very costly both in development and
i ‘.' use. For performance _analysis, a simulator must only
N - ‘si@ulate those ‘events that change the system's state.Su&h
’;dﬂ#& 41 'simulatofs are cal;éq Discrete Event éimulators. Thesé‘

simulators are quite popular for simulating computing

- ' ¢



\

)

—

o —

17

systems. The development of simulation 1languages like
GASP(éeheral Activity Simulation Piog;am), GPSS(General
Purose System Simulator) and SIMSCRIPT provide the basic
support” for building discrete éﬁént simulatog'for a system

under study.,

(c) Performance Measurement:
Performance measurement constitutes part of - performance
evaluation where certain data 1like amount of CPU secs,
numbér gf méssages recéived and/or sentlby each processor,
waiting; éime for each- processor whilejcontending for the
ghared resodrce etc are determined quantitatively. These

measurements are useful in the determination of ‘the various

performance measures of the system under study. Normally\(

some kind of monitoring scheme "is employed: for the

measurement of-these data. There are hardware monitors,

“

'software monitors and hybrid monitors [NUTT-75]. The choice:

3

of a particular type of monitoring sgheme is dependent upon
T~ . « B

’

what ;;ﬁé\\q\\\iiii to be collected, the amoﬁnt of overhead
that the system can“tolerate, the location of the monitoring‘
facility -and so on [AMER-82]. 1In general a suitgble'hybgid .

monitoring scheme is empolyed. o

Some practical.examples of monitoring systems wused for
; . A
performance measurement are:

(a)The Integrated"Instfumentation Enviornmeﬁt(IIE), *iﬁ a

tomprehensive performance monitoring scheme which emphasizes
W -

<

an integrated experiment management concept. It is

-
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implemented on Cm* multiprocessbr [SEGALL—B%].

(b)A hybrid monitor consisting of a hardwareamonitor called
ZAHLMONITOR III and a software monitor, designedffofrége
instrumentation and performance monitoring of the _Erlangen
general Purpose Array(EGPA). [FROMM-83]. The EGPA 1is a

hierarchical multiprocessor array.

The term performance evaluation refers- to both the
performance analysis and performance measurement which,are

complementary to each other [SVOBOD-76] . THe analytical

model prowxides the frame work for tgs*measurement and the -

measurement furnishes data for validating the analytical
model. Further the analytical model aids‘ in testing a
hypothesis ana finding solution to performance problems

while the correctness of %he predictions'of thé,model isg

4
finally verified by measurement.Thus while doing . the .

performance- evaluation of a system both the performance
analysis by modéling and 'the measurement of the performance
measures derived must be clurried out. Normally at the

design and early implementation stage aﬁélysis by modeling

A
and running fairly well the measurements of the warious

y ! .
is carried out. Once the system implementation is complete

performance measures must be done so that the analytical

¥

model is validated and also improved.

1.4 Thesis motivation and outline:
If the preceding sections we have discussed the evolution of

e } .
DCS and main thrust behind the development of both tightly

[



19

coupled and loosely coupled DCS af various universities and

laboratories.

pres
o

It is . 9bser§ed that it is éasief to model the - -
communication aspects'in a tigptly*coupled systems t&han 'in
loosely .coupled systems [REID-82]. The reason according to -
Reid, is the difficulty in obtaining the bounds on the
nymber of mességes ané the number of resources«fequired'in a
;§§$ely coupled system. ?his seems to be coroboréted by the ﬁ%n 0
fact that recently published performance.anabysis studies. ‘
have‘beenﬁég tightly coupled systems. ‘ Somef examples é}e:
Performance_ a i}sis of TOrino MultiProcessor (TOMP) by
Marsan et al [QZEBAN-83,MARSAN-B4,MARSAN—BS] and performance
modeling of Fault Tolerant Multiprocessor (FTM?} by Woodbury
et al [WOOD;84]. In'these‘perfo;maﬁce modeliﬁg the graphic
models Sfochastic éetrinets(SPNg) and 'the' Generalized
‘ Stochastic Petrinets(GSPNs) have been used for easy system 2v///
description. The existence of a loosely coupled DCS(CUENET)
in our déparfmen; and the recent interest in dYaph‘ models
motivated ué to attempt this performance evaluation study

using SPNs and GSPNs. . o : C

'ChaﬁteerI discusseshthe médeliﬁg requirements of DéS,»
descirbes the graph models SPNs and GSPNs used in our study.
Chapter III briefly discusses the hardware/softwére
architecture,message communicqtion .aséécts and performance
méaéures of CUENET. Chapter IV deals withA—the SPN models -

for 2 and 3 processors configuration of CUENET. Here the

" s

¢

X4
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R * .
3 . .
[

steps invloved in lthe analysis of the models and the

limitations of SPN ,iﬁ modeling CUENET are discussed. The

GSPN modeling of CUENET is dealt with in Chapter V. . The
last chapter deals with the conclusfbns and suggestions for

future work. S -
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CHAPTER II
MODELING TECHINIQUES FOR PERFORMANCE ANALYSIS

OF IXISTRIBUTED COMPUTING SYSTEMS

- e
i

2.1 General requirements for modeling Distributed Computing

Systems(DCS): N

In general a DCS .consists of a set of physically

L9
seperate processors which are connected to each other by an -

interconnection network. The nature of the DCS varies
depending on the extent of coupling among the various
proééssor§ and thg distribution of control of wvarious
functions of the system. The processorsl can be "tightly

coupled" where they communicate amongst them by means of

~shared memories or they can be "loosely coupled" where  they

communicate by passing messages to each other.over the
interconection network. The control of the system can be
dgne from a central site or it can be decentralized sd that
each processor can function in an autonomous
fashion[FATHI-83,WEITZ-80].

. -

as discussed in chapter I, the performance of a DCS
depends on a variety of factors:
1)The number and nature of proce;sors,

2)The degree of cqupling among them,

3)The type of control and the kind of interconnection

X
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network which connects all the progessors,
4)the type 'of applications that can be or is run on the

system.

. All these factors have varying degree of effect on the

performance of the DCS. In order to study the effects of
these factors on the system's performance, various médeling'

techniques have emerged over the years{MOLLOY-81,MARSAN-83].

To have meaningful study of the DCS being modeled, the
modeling technique must have certain attributes[MOLLOY-81].
They are:
l)Logical correctness- the model must depict clearly and
correctly the logical relationship of components of the
system and be able to handle varying degree of logical
complexity. |
2)Flexibility- The é)modeling technique ‘should allow for
varying degree of @ abstraction. For instance, the
abstraction may be at the level of software modules or at
the level of instructions. '
3)Ease of representation of concurrency- the modeliné
technique must allow easy representation of concurrency and

conflicts within the system.

v
~

4)Deal with performance issues- the modeling technique must
provide good facility .to define certain per formance

parameters and determine their values mathematically.

Some = of the modeling .techniques employed in the
preformance analysis of DCSs are:

¢
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. . . ; C
a)Stochastic modéls,
b)Graph modelg,
c)Integrated moéels.
a) Stochastic models: They include Queueing network models
and direct Markov models. '
In Queueing network models, the various componeﬁts of the

system are represented by servers to which jobs/customers

arrive at a particular rate and-the server provides the

service at a particular rate [KLEIN-75,CHANDY-81]. Usually

exponential distributions are assumed, for the various

arrival and service rates. In the queueih%\ network, the

movement of the jobs among the servers is represented by a

-

discrete Markov chain.

In direct'Markov chain models, the various states the

system goes through is refiresented by a finite Markov chain.

Here the way the various system states are defined 1is very

important, .

.In the above two stochastic models the emphasis is on the

performance issue. -

!

g’Graph models: In these models the logical relationship
between the system components can Be easily represented due
to the graphical nature of these models[MOLLOY-81]. For
modeling interaction between software modules control gfaphs
and precedence graphs have been employed. The standard
,Péfrinets, org%nally proposed by C.A.Petr;[PETER-Bl] enable

easy representation of concurrency and conflict within a
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DCS. In these graph models the logical correctness can be

easiiy checked by applying certain basic rules in their

construction [MOLLOY-81,PETER-81].

C)Integrated models: 1In these models effort is made to
integrate both the 1logical correctness and performaﬁée
issues. One\xggéﬁ model is the Timed Petrinets[ZUBER-80]
which associates a fixed time interval with each transition
of a standard Petrinet. In timed petrinets, due to the
deterministic time, modeling of conflicts wifhin a system

]

becomes difficult[MOLLOY~-81].

In another method of integration, the integrated model
is obtained by introducing stochastic prope;ties within a
graph model. This integration éan be best viewed when the
interface of seperéte correctness and performance modeling
is considered. Graph modeling takes tﬁgﬂgiyucture as input
and by formal rules constructs the state space of operation.
Performance modeling starts with a state space and makes
assumptions on the timing of operations (typically
memoryless to make it markoviaﬁ) and calculates delay and
throughput measures in a straight forward manner.For a graph
model which 1is stochastic these two operations overlap.

This allows a testing pracedure to be employed which

investigates the resulting state space of the graph model

for logical correctness while ignoring time. Then

performance testing procedure (probably automated) can be

ppiled on the verified state space.
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The stochstic Petrinets(MOLLOY-81) ﬁroposed‘ by

M.K.Molloy and the Generalized Stochastic Petrinets .

h

-

integraﬁed models. These integrated nodels pfovide a“good
integyation of logical and performance modeling power for

studying the performance of DCS. :

~

[MARSAN-84]lproposed by Marsan et al belohg to this typewg?f'

*r
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2.2 Petrinets: . /// L &
2.2.1 General Description and Definitions: |
_ Petrinet is ' a graph model originally proposed by C.A.Petri

and’ -later .developed by .other researchers for modeling
! . [ - ., .
computer systems[PETER-81]. The Petrinets have recently

gained more popularity for the modeling of DCSs, because of

the ease\?with which they model concurrency, conflicts and -

synchronization between processors or processes.

Petrinet, from graph theory point® of view, éan be.

. thought as a bipartite, directed graph comprising’'of objects

%d called Places and Transitions{AGERWA-791]. R

-~

<»
L % . . . .
Definition 2.2.1:The sturcture of. a Petrinet C is given by
the triple, —

A b= [‘P'T'A] .QQIIDAQ.'...'.I"‘.!.l’..'...'/"..0(201)

where, P ={p;,pP2,..- .Pn} is a finite set of places,

Té(tl,tg, «ee +tp}, is-a finite set of transitions,

and n,mid. ‘ ot

‘A ={TxP}u{PXT} is a set of arcs.

The places and transitions together represegt a sef of

events or actions being performed by the system being

modeled. The way the places ahd transitions are connected
, by the directed arcs represent the structure of the system

under study.

]

»

L)

f? there is a directed arc from a place to a transition,

then the place is termed input place of that transition. -

)
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/\' .
Similarly, if a directed arc exists'between a transition and

a place, then the place is termed as output place of that

Efansition., In geﬁeral a place can ngﬁcbnnected toasa

transition by more than one directed arc.

- Graphically, the places are represented gﬁ“ circles, .

transitions by bars and tokens by small dark dots within a

circle; Fig 2.1'gives an examﬁle of a Petrinet.

—

I

ffigure 2.1 Example of a PetrinQ

.

{tl,tz.t3.t4\,t5)’. ~ ~

¢ . R ¢
-

- . : J
‘
,
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, by . 3
Definition 2.2.2: A place is called a input B ace of a

T ad a -

trasnition if there exist a directed arc¢ from-uf¥e place ‘to

the transition. -

Definition 2.2.3:A place. is an output place of a transition

. e
ig there exist a directed arc from the transition to the

\

¢

L 4

place.
Definition 2.2.4:Input fquf?on—l(t) of a transitioﬁn#g the
\setvof places which g&fﬁf;he input plaqes to the t?ahsition.
Thus, i(x:)_= (pl(':p,t,)eA)......._..........,.............(2.2)
Example, In fig“.z‘.l, I(t1) = (P1). - ' |
befinition 2.2.5: Outpﬁt function Oit) of a transition t is
the set of places which form the ogfp6t~ places to /}hat
transitiion. - : A
: ] _ R o oy
Thus O(t) = (Pl(t/P)EA) voviireniinieeriiinennanes(2.3)
Example, in fig.2:1, for the transition.-t3, O(t;) = (p2,§3):
Each place in Petrinet can hold a set of tokens .
r;presenting cgrtain eventtor condition. ' -
Definition 2.2.6: A marking M of -a Petrinet is  -the
assignment of tokens to the places in a Petrinet. X
M : P---> I where I{ 0,1,2...}. '
‘M can also be viewed as a vector whose ith component’ mj
represents the number of tokens assigned ‘to the plaie Pi.
Thus M is defined as,
N

v s
- N o ‘
. / e
. 7 \ .
- " Y . e .

M
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4 d
v

.."l....‘.‘..."I."..(2.‘4)

Example: In fig.z;l :kb\petrinet has the following marking-

(1,0,0,0,0

petrlnet.

Definition

.

°2-2.7:

_The structure of a marked petrinet PN.is’

given by a four tuple, .

¥

) ‘A petrinet C with marking M

0

¢

is a marked

)

.,

f

PN= [P'T;A'M] ,'...........’..-........)-r....;.......-..‘(2.5)

Definition

input pla

2.2.8:

ces has

>

A transition is "enabled" if each ‘of 'its

atleast as many tokens'as the number of

arcs connecting“that place to the transition.

M

Definition 2.2.9: An enabled trans

a

I3

Petrinet

L4

ition .can

"fire" in a

'by\removing all the enabling tokens from its input

places and. depositing in each of its outpuﬁ,plaée one token

® for each arc connectihg that place.

»

The -firing of an enabled transition t in a given marking Mg

produces\a new marking M; which are related by the following

relation.

-

Mi = Mg - I(t) + o(t)

‘Definition

¢

2.2.10:

-~

»

—»the enabled transitions in a given markzng

14

s
s

5%

[
“

.l...l'."....l.l'.lll.l..‘..‘..l‘z 6)

A Petrinet is "executed" by ﬁirlng all

-

¢ "

Qhus 1n‘execpt1ng a marked Petrinety, the posjtion and number

of tokens

markings w

change

ill be

@

in the marked

produced By. the

Petrinet..

©

Also a set of

firing of ¢transitions

during the execution. of a marked Petrinet.

Definition

2.2.11:

Reachability

”

set. R(PN)"~

9

of a marked

l'\"
e
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a

- B

. Petriabt‘is the set of all, markings which are reachable from

a given marking Mg.

L

befiniqion 2.2,12: - A marking Mi is immediately reachable

™

. from a marking Mg if and only if some enabled . transition t -

in the marking My yields Mj. . L R

Definition 2.%2.13: A marking Mj is reachable from marking Mg

) -
if 1t is immediately reachable from marking M, or is -

"
from any marking which is immediately ééﬁchable_‘

7 ‘ .~

réachable

from Mg, =

2 ' : . '
\ ’Bpf{ﬁkgion 2.2.14: A transition t in a marked Petrinet PN is

L

qlivipg if fqQr each Mj; € R(PN) there exists ‘a:marking
g \

reachab}e from Mj in which t is.enabied.'ﬁ,

.Definition 233.15: A marked Petrinet PN is "live" if @1l of

-its transitions are live.

(é‘ -
Definition 2.2.16: A piacg in a marked Petrinet PN ii@

R-bounded if ahd only if there exists a k ’sucﬁ- that mj <k

for all Mj€ R(PN). 7

Defini@ion 2.2.17: A markedy'Petriqet PN is k-bounded

(k-safe), if for some -fixed k each plécé in it is k-bounded.
0 \ 3

Definition 2.2,18: A plaée pPi in a .marked Petrinet. PN is
safe if it contains at most 1 téken'( i.e. 1-bounded). '

Example:In fig2.1, fof/the given marking place p; is a saf?;
"place. . R 5

G
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Definition 2.2.19: A marked Petrinet- PN is safe if\ each

place in it is safe. C ST

P

-4 il
L4 Y- ~
¢

In the Petrinet shown in fig 2f1\?he place p; is haQing

one token and the other places have zero tokens. ,fhé place

, pf is a safe place and it can be shown( see section 2.2.2)
" that the ma;ked Pettinﬁt is also safe, since no place Wili

at any marking -contain more than one token in it.
-~ . N

4

The livéness and ‘' boundedness are ‘very importanf
properties. of marked Petrinets.which are useful in modeling |
systems * for studying their operation and acertaining their

o logical correctness [MURATA-84].

t

« + ™pefinition 2.2.20: A marking Mj of a'marked Petrinet, PN is

N

said to be a "terminal” marking if no transition in the

Petrinet is enabled in that marking., ‘

The pfeéende of a terminal marking in the reachability’
set " of the systém modeled indicates that . there are
conditions under which the sxstem canhgxhibit a deadlock. A

‘marked Petrinet containing a terminal marking is not a live

’

Petrinet. - w

>

2.2.2 Analysis of Petrinets:
Tﬁé analyéis of Petrinets mainlz consists of ‘determination

of the various markings that are reachable from a given
? . o
marking, which also form -the reachability set .of -the

/*Petringt. Also during the aﬁalyéis whether any "terminal"

v -
’
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~

marking(s) exist or not. is determined. In general the
1 .
reachability set of a marked petrinet is finite. It is more
. ! . .
so for a marked Petrinet which is bounded and live.

vyt

“ <

The reachability sef is ?;iermined by constructing a
rgachability tree which clearl& depicts the relationship
between markings and enabled trgnsitions. In Eone marking
more than one transition can be enabled. The resulting
marging is found b? using the relatign(z.ﬁf. The successive
\\ genLration of markings from the initial marking is followed

"till a known marking or a terminal marking is regched.Tbe
?nalysis is terminate@\ when all 'énabled transitions and
their gesulting ma;kings are examined. ‘

The determination of reaéhability set of a marked

. . . £
petrinet PN, in the similar lines as described above, can

algo be done by as§igning unique and easily " Manipulatable

« number to Fach \ma{king ‘and also to each transition. For
.each transition is associated one number for its input
(\ ‘ Iplaces and one for its output places.There are two methods:
one using \prime numbers (as -proposed 'by M.K.Molloy)

(MOLLOY-81] and another method, devised by us, using binary

and hexadecimal numbers. Thesg methods are detailed below.

(a)Prime nuﬁber method:

Here a distinct prime number is assigned to each place in

~=¢ _the Petrinet. A unique prime number called State number is

associated with eacﬁ&marking. of the marked petrinet.Also
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‘'with each transition an,inbut number and ay output number

(both prime numﬁerS) are associated.

These prime.numbers are determined in the following way: -
L B Y -

The marking of the marked Petrinet Qgscribest theiﬂblaces
which have tokens. The state number for this marking is
determined by multiplying the various pfime " numbers
assbciated with places having --tokens. If the place has
multiple tokens then the 9rime number is multiplied as many
times as the number of tokens in that placg;

Example:In fig 2.1, the given marking is (1,0,0,0,0) gnd the
prime numbers 5;3;5,7,11 are associated yith‘ the places
P1.P2,P3,P4 and p5'respecﬁively.' The s£:§% number for this

v
marking is 2.

The input and output ptime numbers fér each transition
is determineq in the same manner,i.e. by multip}ying'theda
prime number associatedaﬂif!&the input-places and the output
élaces. .

Example: In fig 2.1, for the afansition 'ty, input number is
2 (its input function consists of ﬁi) and the outpﬁt number

is 3X5 = 15 ((p2, p3) form the output function).

(a) Determination of enabling of a transition in a given

marking:

—

A transition is enabled in a given marking, if the state

number of the marking is divisible by the }nput number of

the transition,

. P\/
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Example:In fig2.1, for .the given magkigg (1,0,0,0,0) t3

is the only enabled transition. Thus the state number for

this marking (2) is divisible by the i

-
.,
(b) Determination of new marking:

t ‘number of ty (2).

The matking M; immediately reachable from a éiven marking Mg
by firing an enabled transition t; is obtained by dividing
the state number by‘ths input number of t;j and muitiplying
by the output number of tj. '
Thus, Mj = (MgXO(t;))/I(£1). '

fexample: In fig 2,1, for t; the new marking state ﬁumbe{ is

(2/2)X15 = 15, o

The steps for determiniﬁg ~ the markings | iﬁ the
reaéhabilify' set in .alwgiven marked.Petrinet, using this
prime numSer method, are as shown below: -

1) Describegthe Petrinet in terms of input and output
functions of each transition of the Petrinet.

2) Determine the input ‘and oﬁtput Qrime Aumbers for each
transition as described eaalier.

3) From the initial markingl given, determine the iniEial
state number. \ ;

4) Now for this marking determine which are the transitions
éhat are enabled in this marking, as described in’ (a): c If
it is determined that no transition is enabled in the given
marking, then that marking will be labeled as a "terminal"
marking. i

v
S) Determine' the next marking ,which is obtained by firing




an enabled transition, as shown in (b). i

The number of tokens inteach place in the given marking “-is
determined by noting how many times the state number is
divisible by the place prime number.

6) Check to see if this state’ngmber already exists if not
give a new state nuﬁber and increment the state count.’

7) The steps 4 to 6 are repeated for each marking that are
obtained. .

8) The steps 4 to 7 are repeated,till’ég.éet ﬁarkings thét
are ,already e%isting Qr a termiﬁainmarking i.e. in step 4 no
transition is enabled for that marking: |

The program 1listing : for the determination of the
regchab;lity set using the above steps is given in Appendix

A.

»

M
o o

Applying these rules' for determining the reachability
set for the given Petrinet shown in fig 2.1 we obtain its
reachability set. There are 5 markings in its reachaQility
set and tﬁey are as shown :

- ‘"1 0000

S gl

00011 S
- » . _
From this reachability set, . we can infer that the given

Petrinet in fig2.1 is live and also for the given marking it

is safe.
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This prime number method has a drawback. As the number
of places increases the size of the state number for a
‘'marking exeeds the word length(i.e 48 bits in CDC Cyber
835), thus placing an upper limit on the number of pfaces
(with single token in eachf it can handle. The upper limit
is about 23 places. '/f"p\\
To overcome this we divised the binary and the gexadecimal

method.

(b) Binary and Hexadecimal method:
These methods adopt, in principle, the same steps in

determining the various markingsd@n the reachability set of

a given marked Petrinet, as described in the previous

method. ‘ . ////

The major difference is in the way the state number,

’

input and outBEt numhers for the transitions of the Petrinet

are determined. These methods overcome the place

limitations 6f the prime number method.

In the binary method, a number to the base 2 is
determined for each of the.markings and the input and output
functions of all trasnitions in the given Petrinet.
Example:The initial marking in the Petrinet shown in fig 2.1
is 1,0,0,0,0. The pL%ces P1:P2/P3/P4 and pg are assigﬁed
the weightage 20,21,22,23 apng 24 respectively. Thus the'
state number is given by 1x20 + ox2! + ox22 + ox23 +o0x2%=1.

Similarly the binary number for the input and output
. L4 . \
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functions of each transition are determined.
Example:for the transition t; in fig. 2.1, the input
function binary number is 1 and the output function binary

number‘is lle + 1X22 = 6.

Thus the wvarious 1l's in the state 'number for each‘
marking indicate which of the places in the given Petrinet
_contain a token. Similérly the 1's in;the input number of
transition indicate éhe enabling conditions and the 1l's in
:ffﬁg—/;utput number of a transition indicate which places get

a token whenh the:-enabled transition fires. . o

Té determine which of the transitions are enabled in a
given marking and the resluting new markings, we do logical
operations on the state numbers, input and output numbers of
transitions.

1. 'To determine whether a transition is enabled in a given
mérking or not, we do the following logical operatfo;s:

(i) BitAND the state number and the input number  of the
transition. .

(ii) Check if the result is equal?to‘the inpﬁt number of the
transition. 1If so the transition is _enabled .in ' the given
marking.

2. To determine the new marking by the/fi;ing df the
enabled marking we do: '

(i) INTRES = State number LiEANDed with (complement of the

input number).

¢ .
(ii) The new marking= INTRES BitORed with output number of
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the transition. »

Appendix B contains the program listing for this method.

In binary method, in one word, upto 48 places cq.h be
accommodated. The drawback 1is multiple tokens cannot be
represented by this method. So we adopted the hexadecimal
mg}hod where for each place we allot 4 bits in the state
number thué\providing uéto 15 tokens at each place.

Here ‘we dgtérmine the state number to the base 16.
Exémple:In\fig 2.1 for the places pj3,p2,P3,P4 and psg we
assign weightage 160,161,162,163 and 164 respectfvely. For
the given initial marking shown in fig 2.1, the state number
is given by 1x16%+ 0x161+0X162+0%163+0x16% = 1. The state
numberi in general, S.N.;n1x160+n2X161f...niXIGi"l...
NnXIG";Eab Where nj; = number of tokens in place pj.

So for the given marking shown in fig2.1, the state number
is 1. LY

The program Ii§ting for this method is given in Appendix
C. Here one word can handle upto 12 places and this program
can handle upto 36 places. :
The determination of enabled transition for a given marking
and the resulting new ﬁarking is essentially on the same
lines as done in binary case. The steps followed ‘are:
1) We find the marking in terms of no of tokens in each
place from the state number using th; subroutine FNDMRK.

2)The fpp Qion ITﬁENA detetmin}s which of the transitions

are enggid#d in a given marking.
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3)The resulting marking qgfained by fhe firing of an enabled

marking is determined by the subroutine FNDNWST.
™

2.2.3 Applications:

Petrinets have been mpolyed in modeling logic operations

[RURA-8l1], proving correct concurrent processes
(LAUTE-74] and modeling the -logical behavior of computer

systems [MARSAN-83]. Since Petrinets do not involve any

timing considerations, it is difficult to model the various
dynamic and time dependent aspects of computing systems for
their evaluation. Various researchers have introduced the

concept of time to marked petrinets. N

Some have introduced a fixed time period within which an
enabled trampsition must fire. This is the basis for Timed
Petrinets introduced by Zuberek[ZUBER-80]. With the use of

| Timed petrinets, modeling of conflicts in .a syspem,is
difficult because of the determin}stic time interval.
Therefore Moyloy[MOLLOY-Bl] and Shapiro(SHAPI-79] introdﬁced
probabilistic random'firing of the various transitions of a

Petrihet.
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2.3 Stochastic Petrinets(SPNs):

2.3.1 Preliminaries: .

™

Stochastic. . petrinets were initially propoéed by
G

M.K.Molloy[MOLLOY-81]. A SPN, 1like, a Petrinet, is

associated with a finit@vset 6f places P, a finite set of

<

.transitions T,. the set of input and output arcs A and an

initial marking M. In addition a firing: rater gj; 1is

-

associated with each transition.

rd
Definition 2.3.1: A Stochastic Petrinet structure .is defined:

by the 5-tuple, ' ’
+ a J .

SPN = [P’T’A'M,G] l.l...‘.....Cl,.........'.......'l‘..(2.7)

where P,T,A are as defined in (2.1) and M as defined in.

q t
(2,4)‘agd G is the qft'of firing rates for the transitions
. e

. of the SPN.

g__A='{gAl'92’."gm} l.ll....l:...0'."...'."".'..'.......(2'8)

The Petrinet shown in f£ig2.1 will become,a :SPN once we

~ associate the set of firing‘'rates G to it. 'Inué:E% example

G is a vector of 5 elements, each element corresponds to a
transition and specifies the rate at which that particular
transition will fire.

v

2.3.2 Properties of SPN:
The SPN has allsthe properties of the underlying Petrinet,
(as discussed in section 2.2.1), Llike finite reachability

set, liveness and boundedness.

,;'?r
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Further SPN has certai; other properties by virtue of
théﬂiﬂtgoduction of the probabilistic rates for the firing

of each transiton in the SPN.

By associating a continuous distribution with each gj,
say an exponential distribution with its own mean,’ one
obtains a Continuous time SPN. Similarly by associating;
with each of the firing rate gj, a discrete distribution
like. geometric.distribution with its own mean, one obtains a

Discrete time ‘SPN.

The reasons forlchoosing the exponential or geometric
& ‘ {
distributions for the firing of the transitions in a SPN are

. Bm
discussed below.

A  stochastic Process [KLEIN-75,MOLLOY-81] is a”

co}lection qf random variables X(t) defined on a common
érobabilitylépace wherg t is the time variable and 1is the
subset of &Qg time range (-®,+®), Given a set of tate; ]
and a stochastih process o@ithe states S, the process ‘has
~M§rkovian propérty if and only if the probability of
occurence éf a particular state as the next state depends
solely on the present étate. Thus fq; any sequence of
states X1rX2sseeXnrXn+l in “the ".  process,
'P(Xn+1=xn+1lxl=x1:x2=x2,...Xn=xn) ' B

= p(xn+1=kn+1|xq=xn) R & -3

The only prdbabilistic distributions that have this

"memoryless" ptdpe}ty are the exponential and geomi;;iq

~ ‘ - (“\

o,
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n ¥ . ° ¢ t

Molloy has shown that a finite place, flnlte tran51tlon,
marked SPN is isomorphic to a one dlmen31onal discrete
Markov chain, : Also he has proved that there 1sépne to one
mapping between the markings of the SPN and the states of
the Markov chain. The rate at whlch the transipions take

place between the states of the equivalent Markbov chain is

_equal to the .sum of the rates of the .enabled transiti9ns

which would give. a marking eqﬁivalent to the next étate.
There are certain properties of SPN which are useful in the

£y

analysis of the system being modeled. <

2.3.3 SPN Analysis:

In ®SPN analysis, as in Markov analysis; -ergodic (recurrent,

Lo . . S .
non-null, aperiodic rirreducible) systems are of

intérest[HOEL472] " They have steady state probébility '

distribution of tokens which can be determined after the
equivalent  Markov chain 1is . obtained. To assure the
ergodicity’' of the underlying Markov chain of the SPN,. somé
of the properties of the Petrinets are used.Molloy has shown
thét in a live, bohndéd Petrinet with an initial marking Mg
and a reachggility setygbfthere exists a unique reachability
set of recurrent markings S',possibly a subset of §S,which
entirely describes the steady state behaQior of the
Petrinet. Also anf live, b&unded continuous time SPﬁ is
“

ergodic or reducible to a siWgle ergodic sub-chain and

therefore has a solution for the .#teady state probabilitied

[ 4
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 for the tokens .in each place of" the SPN{MOLLOY-81):
. -

properfies of the associated Petrinet ~ like ’

- . '
. where kj is the "set of transitiqns (which may contain_, only

b 43 o -
h—_— “‘. )~ 'Tq

n

-

- ! . ' . \ﬁ{“')‘ .
Thus the SPN, which aPmbines the modeling power of the

Petrinets and the mathemati&al richness of : distrete Matkqv.

chain, is a good ‘tool for studying thé performance of DCSs.

,°In SPN the .dynamic. behavior can be?easily studied by
constructing the reachability set df/tﬁE' SPN, by adopting

the method for constructing the ‘feachability set‘'shown in

section 2,2.2. In the érocess of determining t%ﬁ :

reachability set of the markings of the system, the basic

-

liveness,

tbundedness are also defermined.

‘The various markings in the reachabil&ty.set of the SPN

form the different states Of , the isomorphic cordtinuous
E™ s

Markov chain._  1In the SPN, as mentioned‘earLieF, the various -

Py

transition$ are associated with a mean exponential Ffiring
‘ N

rate. - Hence the sojourn time in each marking (statg) is an

exponentially distrgibuted random var iable with average, .

Z (ri)-l .........:.......;.;......-.......'..._.....(.ZolO)
i€k

where K is the set of transitions that are enabled by the.

‘\ marking. The transition rate from marking Mj to marking Mj

) . .
is obtained as,

Zrl .'.“....‘..‘......."..l..‘....”.......'...'...(’2..11)
1€Kj§ ' . .-

-

o
r <

-
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one element in‘most of the cases) enabled by the marking Mj’

and whose firing generates the: marking M4.Thus the

infépitestimal generator (or rate matrix)Q.of the Mamkov

-

,chain can be obtained and the steady state- probability

distribution Y of the various states of the Markov chaln can
be determlned by solv1ng the equation, : ‘

YQ = 0 or QTYT = .0 DO 3 P2
Since the'system’is‘irreducib%e, the rank of 'Q is (n-1) and
thus we have ‘ (n-i) inéépendent equatiods in (2.12)
(MOLLOY-81,RAU-81). To make all the n equations indépehdent‘”
sp that '(2.12? can be solved to obtain the s£ea§§ state

¢ ‘ -
probabilities, we introduce as the total probability

" constraint i.e !EY1 = 1, in place of the last dependent

A

equation in (2. 12) Th1§jmakes;the (2.12) to have the form

AX=b which is solved easily, to’obtain the steady state

PO .
probabilities yjs. T,
PR -
:" After ghe . determination ©of * the steady " state
LI | ‘probabilities of each marking in the underlying Markowv

. .
'Y LY

chain, the token densities at various places of the SPN are

A

calculated. The token density dj of a bléce pPi in a SPN is

determined by the féllowing relation. v
f - / B

= ¥ yJ.mlju................................(2 13),
JER(PN) , . —

Where yj is'the steady state probablllty of _the markiné 3

and. mj j is the number of tokens in place pi in the marklng

3. The token densities of all places ~in a SPN are

-«

»

i ) . RS

. -1
. i . «
iy 4K L . ) p -
. . ~ | .
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determined’hsing this relation (2.13).

t

2.3.4 Applications;: \
. \

3

'

SPNs are suitable for modeling the various hardware/software

aspects like contention  for the shared resources
(buses,memories etc),. synchronization of tasks that

influence the performance of a DCS [MARSAN-83].

The choice of firing rates of the wvaroius transitions
depend on the workload assumpti@ns and details of operations

Pcluded in the model. For example, /in a SPN modeling

x

memory contention, the transitions modeling-the request and.

-

access of the ¢&ommon memory fire as per the.  workload

assumed. Other - transitions, which, represent the busi

L] )
arbitration or release etc, whose effect 1is not that
., 0 \ [N 3 rd
relavant in modeling the memory contention can fire at a

very fast rate thus minimizing their effect on + the

-

performance measures of the SPN model.

¢ ‘ . .
* ' Thus the‘bountability of the markings ‘ﬁi the memoryless

"property of.the exponential (aﬁd geometric) distributions

are the kg;’facﬁorslwhich make the SPN amenable for modeling

systems which exhibit concuffency and contention[MOLLOY-81].

4

The intfoduction of SPNs have established a link between

two important classes of computer system models: the graph

models <and the probab&liéiic models( MARSAN-85a]: .SPN,‘

because of 1its graphical nature, pqovides an easy to use

high level interface for the specifications’of a model of

-~

- y

9)'
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the ‘system under sﬁud§g§ Queueing theory had long been used
for this purpose. The SPN has certain advantages over the
' queueing quéls[MARSAN-84]. First, they allow easy
portrayal of concurrency and synchronization within th&
sysﬁem, which are not easily described with queueing network
models. Secondly, the SPNs allow the description of' a
systém at different levels of abstragtion, so that the user

ckn choose the:ohe that best. suits his needs.
. v
Alsc in the direct markov models, the determination of

* the wvarious states of the system is very difficult and

5

reqﬁires good working knéwledge of the mathematics of Markov
chains., . The analyst using SPN can generate a‘prOper and

~ complete model of the system by virtue- of the structuré of

the SPN.
: R ‘
. 4, 2
Thus the SPNs can be e@sily used by people who are not

.~ very familiar with the probabilistic modeling approach.
- a F

Further the whole pafcedure of determining the states in the
Macrkov chain undérlying the SPN and the solution to the
steady state probabilities of # the various states can be

—wautomated. . ' ¢ >
a _ :
But SPN has one drawback. Even with the small increase
in the complexity or detail in the modeled system, the
resulting markov chain grows at a faster rate in its

complexity. As . a result, the numerical solution of the
N ~N

Markov states presents major, computational problems.
’ ' h) >

a

4
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As a‘st;rtef, SPNs are idéal for modelifig the system at -
a fairly ,high level of abstracpiqn and to acertain the
".1ogical-c6rrectness of the model. 1In order té ﬁodei the -

system with finer details and at the same time maintain the
, : ! .

solution complexity of;fhe unde;layiné Markov chain at a
;gasonable level, a deriVaéive of SPN called Generali;edJ
Stochastic Petrinets|( GSPN ) has been proposed by Mafsan‘ et .
al[MARSAN-84]. ) “

4

Z’ )

. . .
v g . . \ °
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2.4 Gengislized Stochastic Petrinets( GSPNs)

2.4.1 Definitions: !

In SPNs we associate a random firing tiﬁe or rate with each
transition. Often this fs not desirable since one would
want to associatle time with those events which are belived
to have the largest.impact on the system perforﬁance, This
is more so in a system comprising of activities differing in
orders Qf magnitude. Then it is conceivable to modél t He’
brief activities only from a 1logical boint of view, and
associate time with the longer lasting ones. This choice-
becomes particularly convenient if by doing so the number of
states of the associated Markov chain can also be reduced,

thereby reducing the solution complexity. This is~the main

. thrust behind the GSPN proposed by Marsan et al [MARSAN-84].

o

GSPNs are derived from the SPNs by partitioning the set

of wvarious transitions into two disjoint subsets comprising

of immediate and timed~"transitions.

A\l

Definition2.4.l:Immediate transitions fire in zero time once

2
they. are enabled.

° -

1

Definition2.4.2: Timed :ransitions fire after a random

(exponentially distributed) firing time.

P

A GSPN has the same graphical structure as SPN "and in
addition the timed transitions are represented by thick barg
and the immediate fransitions by thin bars., The firing

rates are obviously associated with the &imed transitions
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and they may also depend on the GSPN marking.

Definition2.4.3: - The. = Generalized ‘ Stochastic -
Petrinet(GSPN) is defined by the five-tuple, i
GSPN= [P'T'A'M’R] .o.oc-oo,---.-o’.---o.o.-‘0010-000000(2‘14)

where P,T,A are as defined in (2.1) and M as in (2.4).

R 1is. exactly similar to G in (2.8) but here m = number of

timed transitions in the GSPN.

As in SPN, in GSPN also éeberal ‘transitions may be
simultaheously enabled by a marking. Let H be the set of
enabled transitions in a given marking. If the set of
enabled transitions H'comprises only t}med transitions, then "
the enabled timed transition ti(iéH) fires with a

ptobabilit&ri/R.'.....".‘....‘.‘.......‘.."......'.-(2.15)
where R =) rg exactly as in SPN.

Ke .
If H comprlies both immediate and timed transitions, then

. only immediate transitions can fire. If H comprises zero or

more timed transitions and only one immediate transition,
then this immediate transition is the one which fires. When
H comprises of several immediate transitions, then it is.
necesséry to specify a probability density  function
according to which the firing transition is selectedré The
subset of H comprising all enabled immediate transitions

together, with .the associated probability distribution is

called. a "Randoﬂ’ switch". The associated probability

function is called a "switching" distribution. Different

+

ST
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markings of £he GSPN may ofginate a single random switch
whenever they enable .the same set of immediate transitions,
upon which a single (possibly marking dependent) switching
distribution may be defined. hIf the probability associated
with an enabled immediate trégsition is zero, the transition ‘
cannot fire and thus it behave's as if it were not enabled.
This condition, in some cases can be modeled in a simpler
way by means of "inhibitor arcs". An inhibitor arc connects
an input place to a Fransition_and is represented by a 1line
terminating with a circle rather'than with an arrowhead at
the transitioﬁ: Thus the definition for an enabled

transition(Defintion2.2.6) can be generelijfd to include the

inhibitor arcs. -

Definition 2.4.4:A transition in a marked Petrinet 'is
enabled if all of its "normal" places contain atleast as
many tokens as the number of arcs connecting them to the
transition and all the "inhibitor" input places contain no

-

tokens. .- 77 : —
Thus the inhibitor arcs help in testing for zer token
in a particular place. The inclusion of inhibitor arcd_, .in

certain cases, simplifies the GSPN by reducing the number of

random switches to be defined.

NI

2.4.2 An example of GSPN:
Fig 2.2 shdws a GSPN comprising of seven places and seven {fh~'

transitions of which three transitions tj,t4 and tg are
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Switching probabilities:

Pr(ta) m3/(m3 + mg),

Pr(t3) = mg/(m3 + my),

(Pritg) = mg/(m3 + mg),

. . ifmy3 % 0&umg *#0,
mg), (/“

1/2 if m3 =mg = 0.

- Pr(ty) = m3/(m3

.+

Pr(tg) = Pr(tq)

-

Flgute 2. 2 Example of a GS;h
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timed“and'the remaining four tratisitions tp,t3,tg and tg are
immediate transitions. Transition t; fires at a marking
dependent rate.equal to u times the number of tokens in
place pj. Transitions t4 and tg fire at fixed rates v and z
respectively. Transitions tg and t7 are two conflicting
imeediate transitions, they are always enabléd
simpItaneouslf so tha§~it is necessary tq/gefine a switching
distribution for each marking where.m; is larger than zero.
The immediate transitions tp and t3 may be  simultaneously
enabled iﬁ‘ P3 and Py coqtain tokens. Here a switching
distribution must be defined for each marking in which my,
m3 and mg are greater than zero. Thus two random switches

are to be defined for this GSPN. One possible switching

A

distribution definition is shown in fig 2.2.

o

For the initial marking shown for the GSPN in fig2.2 only
the ;imed transition t3 is enabied. After an exponentially
distributed random time with an average 1/2u transition tj;
fires and one of the two tokens from P; is put in Pj3. Now
the immediate transitions t; and t3 are enabled and any one
can be selected to fire as per the swithing distribution
aefined in fig 2.2.Here they are assigned equal
probabilities. Assume that t3 fires removiﬁé tokens from Pj
and P4 and placing one in place Pg. Now. two timed
transitions fl and tg are enabled,  tfansition t; fires wjth
a probability u/{(u+z),where as tg fires with the probability
z/(u+z). . -Assume that t; fires first, one token moves from

P; to Py, thus enabling”"™®™famsitjon tp. This transition

p?
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fires immediately, being the only enabled immediate
transition, thus movigg one token each from places P2 and P3
and putting one token in place Pg. The resulting GSPN
marking is such that the timed transitions t4 and tg are
enab{ed ; each of which can fire first with the following
probabilities:

]
Pr(tqg) = v/(v+tz) , Pr(tg) = z/(v+z).

+

Assume tg4 fires first, so that a token is moved from Pg to

P7 and a token is put in place Pj. The two immediate
transitions tg énd t7 are now simultaneously enabled and as
specified by the switching distribution in fig2.2, eagh..of
them can fire with a probabilty 1/2, so that the token in
place P7 can move either to P3 or P4g. Now the timed
transitions _t; and ts are enabled and this way the Petrinet

execution continueip ‘

In general, the reachability set of a GSPN is a subset
of the 'reachability set of the associated Petrinet because
the brecedence rules \Tntroduceq with the -immediate
transitions do not allow some states to be reached. The
reachability set of a SPN is, instead, the'same as for the
assocaited Petrinet. The GSPN of fig 2.2 compr{;es of 17
mar;gngé, where as the reachability set of the associated
Petrinet  comprises of 33 markings. Further, the
reachabiiity set of the GSPN  can be divided\ into two

disjoint subsets, one of which comprises markings that

enable timed tfansitions only, while the other comprises

/
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fﬁarkings that enable only immediate transitions.

The crucial part in the definition 0f-GSPN of a¥system
under modeling, is in the ‘definition of random switches for
the.mimmediate transitions. Usually this requires some

ingenuity and good insight into the functioqiﬁg of the

1

underlying system.

e

¢

2.4.3 Evaluation of the GSPN markings steady state
probability distribution; - '
If we observé_;he various state changes in ‘a GSPN with

&

respect to time, we may find "multiple discontinuities" in

the system state changes as shown in fig 2,3.

AStates |

v
Time

Figure 2.3 Time Behavior of GSPN
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This is because of the sequential fiiing of one or more
immediate transitions which are enabled in a particular

markiﬁg., It should be noted tHat the stochastic process

v
underlying the GSPN spends a nonnegative amount of tipe in

those marklngs whlch enable timed transxtlons only; but it
trans,1ts in zero time through markings which e/n/a}(
immediate transitions. This time behaviour of the GSPN is

. o 4’J ! .
equivalent to the time behaviour of a Stochastic Point

Prqcess( ‘SPP I{X(t),tzo } with a finite state space. A one
to one correspondence exists between the GSPN markings and

-the SPP-state space[MARSAN-84].
. {&) - ‘
The states or markings in which the GSPN ‘ spends
non~ne§ative amount of time are called "Tangible" markings
and those markings in which it spends zero timé‘ are termed

"Vanishing" markings.

Similar to the SPN, a GSPN with a finite set of places
and finite set of transitions (including both the timed and

immediate transitions) 1is 1ismorphic to a one‘giménsional

'Markov chain which in this case 1is an "Embedded Markovﬂ

L4
Chain" (EMC). The following properties .and assumptions

regarding the GSPN will help in fully categorizing the
' L

‘associated EMC[MARSAN-84]:

1) The GSPN has a finite reachability set which is usually a

Al

subset of the reachability set of ‘the unaerlyihg Petrinet.

‘the reachability set of the GSPN due to the liveness

’

‘Also there wil¥ not be any terminal (or absorbing) state in

-or

"

«
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bfﬁperty of the underlying Petrinet. The finiteness of the

Py

2

reachability set is ensured by the boundedness wa:the

underlaying Petrinet.

' 2) The initial g marking 1is reachable with a nonzero

probability from any marking in the reachability set. This

is made possible by the liveness of the underlying Petrinet.

-3)" The firing rates for.sthe timed transitions are not a

function of time but are constants.
. ‘ ’ \

-

These points help further to specify the nature -  of the

'SPP. as finite., state spaced, stationary(homogeneous),

irreducible, continuous time Stochastic Point Process. ' The
associated EMC will be& ~a finite state space, continuous

time, irreducible stationary.:Rhig.,; In .other words, the

L2

.GSPN is ismorphic to an ergodic. EMC whose stdtes are

PR

equivaient to the various markings of the reéchabiiity set
of the GSPN: This- ergodic ﬁature of the EMC ensures the
existance of the 1limlting steady state probaﬁTIitiés of
various states 1in the. EMC and the éalculatibns of steady

state probabilities of tokens at “each place of GSPN.

Let S denote the state space of the EMC and within's we
can distinguish the Tangible énd Vanishingh;tates. This
also helps in partitioning the state space and transition
matrix. Let Kg denote the nymber of states in the EMC state
spacé and Ky and Ky indicate the number of Téngible and
s

Vanishing states_?yeh that

Ks = K¢ + Ky .
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The ' transition probability matrix U of the EMC can be
s &

written as follows: o
«
| .....u...i.....(2.i6)
0 0 E F '
where C has dimension KyXKy, D has dimension KQth, E has
d1mensxon K¢ XKy and F has dlmen31on KtXKt.
The elements ofi A can be obtalned using the. characterlst1c§4

of the random switches and the e;ements of matrix B can “be

_obtained wusing the firing rates of the timed transitions as

given by the relation (2.15).

The solution of the system of linear eqautioni\Y = YU.(2.17)
. .-

yields the steady state pmobablllty dlstrlbutlon of the
states of  the EMC[MARSAN—84], “The vector Y gives thgse
\ —

steady stat probabiliﬁy'distribution of these,states of the-

A

EMG . S ) }

This system of linear equations cén,be solved in the
same manner as is done in SPN analysis, by assuming that the
system remains in the vanishing state for a infintestimally

small time lnstead of zero,i.e. we can assocmate a very high

firirig rate 'x' for the firing of the immediate transitions /I/

and obt;%n thq‘transitions.raté‘matrix. After we.obtain the

‘v

ii:ady state probability vector, the éteady state
p bability'vector for the originaf\_GSPN is ob;ained by

taking limits for 'x' going to infinity. This method of

3 ,/—.
solution has the computational ‘complexity §§me as' the SPN
" . ) = N
A

~——
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w o , ))

and since the GSPNs involve larg% state spaces, the
dbmputational complexity is rather large. Further this

3

method does . nbt make use of the staté bifurcation into
Tangible and Vanishing- states;” d% . ‘
\ 7

Hence Marsan‘?}la&[MARSAN-84] have sugéested a solution

meghod which is computationally more effiéiqnt and also
. 0

’ )

makQE use of the taﬁéible and vanishihg state classification

.0of  the states of GSPN. | This solufioﬁ method is briefly

P N .
described below: o C .

- a8

Hére a "Redhced Embedded Markov Chain"(REMC). is defined over
the tangible states only. In order to d& this it is

rquiréd to bompute the total transition probabilities among

a

tan%éble states only. A tangible state may be reached from
g . K™Y N = .

‘another tangible state eithéf directly or . through some

v ———— .
"vanishing states. These varjous possible ways must be

teflecé%d in the transition probabilities of the REMC. This
! ' S
is achived in the following manner. -

o

Let i,j represent arbitrary tangible ji?;es, while r aﬁa

© 8 répresent arbitrary vanishing states. Crg, Dry, Eisl and
Fij represent the elements in the submatrices C,D,E and F

reSpecfivély of the transition matrix U of the original

EMC.The total transition probability between any two

-
-

tangible statés\i and j can be computea in the following

way: . .
*?' . d . ' ”~
Ui‘j =fij + Ze:ler‘irp)s//(r“">j)..........—;.-.-...----o-(z.;a)
reEV
», “. )
™ - 4

s / '
P i
. . )
. . -
. ) .

!

A 4
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where Pr(r-->j) :epresents. the probability - that the EMC
moves from vanishing state r to the taégible state j in an
arbitrary number steps, following a path through-vanishigg

" states only. Thus,the total transition probability. matrix
- for the REMC can be obéhinéd and it is denog;d by,

R USRS P T

where dn is the explicit expression for Pr(r-rjj) fo; the

various vanishing %ggtesei; the ~orginal EMG( and orginal

‘ " transition matrix U).In order to determine dP we focus qur

attention on the matrix A whose eiements represent the

transition grobabilitigs of movement between Vanishing

states and VanisHing state to Tangible. states. The ¥Kth

power of A represents the probability of moving frém any

vanishing state r to any other state of the original EMC in )

.2..................'.....(2I.‘20)

exactly K steps. ,
L 4 Hence AK. = CK CK-}OD . o &
0 0
! K-1 ) .
From this we have cK = Z ChD sosesessascsneseness(2.21)
‘ h=0 ° e
reéresenting the brobability of reaching any tangible state
i moving from any vanishing state in no more than K steps,

’ visiting intermediate vanishing states only.When K can vary

— to o we ‘have,

o @ . -~
= ChD ..'.....'....‘....?.......-.........'..ﬂ.(2'22)
h=0 :

—-— -

-
The irreducibility property of the EMC ensuregs that the

G
~
r . \

spectral fadius of the submatrix- C is smaller than
‘ ' 2]

h .

!(;: .

N
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one{VhRGA-GZ]. % : : °

Hgnce l‘imK—‘->°CK =O lo..l.cooo;"'lgl.o.oo...o.p...I...\(L2.23)

s

’ With this result we can state that a limit fo;\the sum,

K .
limg-—>e Zch exists and is finite.
- h=0 . ’ .o

Also the submatrix C can be written as an upper trianguiar’
‘matrix by suitable reordering of the states of the ﬁMC, =To)

that there exists a value Kg< Ky, such that cK=0 for any
. ) ;

-

K_)_Ko L] e

From these results the infinite sum for G reduces to a sum

of finite terms and it is expressed S

© Ko ) N ' .
G = (Z Ch )D .l'.l...O‘..Il.l.lO.QO..O'...."C.....‘(2.24) .
h=0 ' ~
With the determination=ef Gf,-U' can be computed,
M - ~
The solution of the line&r equations vy = vy'u eee{2.25)

yields the -steady stata probability distribution Y' for the

t

-

REMCC ) L]
. S -

The advantage of this solution method is two fold.

First, the time and‘space cémplexity' ;f the solution is
reduéjd, since instead of solving& a syétemlof Kg linear
eqpations we must now (ihiéhe worst case) find the inverse
of kyXKy matrix and then solve a system of equation of k¢
iinear equations. It is knowq that the complexity of the
Gaussian ellimination solution is 0(k3). Hence Qhe solution

approach proposed by Marsan et al reduces the complexity of

the solution of the GSPN from O(Kg3) to O(K¢3)+ 0(Ky3).

- /

- 9
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,
’

Thev g}her advantage is Py decréasigg the iQFact of
size of the set of vanishing gtates on,the“comprexity of
solution meﬁhod, a greater freedom. is ailable in
explicit specification of‘_the logical éonditiéns of
original  GSPN. This enables . largér systems to

conveniently modedled with greater detail using GSPN.
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CHAPTER III

’
Ve

. . THE ARCHITECTURE OF CUENET

3.1 Hardware .and Software aspects.

Concordia University Educational NETwork (CUENET) ic a
tecggfigurable qetwork of logsely coupled multiple micro -
computers which are interconnected by one or more buses

called C-Buses [GROSS-82]. 1Its network configuration is as

. shOwn in fig 3.l1.Each ‘Q-Bus is controlled by a C-Bus

controller which is a processor dedicated for controlling
the transfer of messageg over the C-Bus. Pach processor in
the network connects to a C-Bus through an interface called
C-Bus Inte}face. If a processor is connected to more than

one C-Bus then it will hqve more than one C-Bus interface,

one for each C-Bus to which it is connected.
5

CUEE%T comprises of a master computer, several slave

13
?

computers and network memory units(NMUs). The master

computer is responsible for the coordination of all the

~

L
computers in CUENET and also acts as the interface between

the network and the end user. The computational tasks
required . by the end users are carried out by the slave
computers. The slaves will accepf and perform the cgmmands :
of the master such as load a user program, obtain data/user

algorithm from spme other location in the network, and start

n

N }
.or terminate a user routine. The network memory unit’is

accessible to all the computers of CUENET,as a common data

-
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' bank, through the C-Bus. _ - }yﬂ""—

The C-Bus is a bit 'parallel, byte serial passive bus
over which the CUENET processors c?mmunicate by passing
messages under the control of the C-Bus controller. Thesh
C-Bus controller is responsible for resolving the contention
for the use of C-Bu% and ensuring the safe transfer of

/mé%sage to the - receiver. In the C-Bus controllef éome
special control function like incrementing the bus address
lines, parity checking are implemented using special purpose
hardware so that the C-Bus controller can be implemented
using a general purpose microcomputer. Also this simplifies
the Bus ‘control software and aids in quicke; transfer of

message.

~

In CUENET the various slave cofiputers need nét be
homogeneoué. Infact a sléxe processor can be a special
éhrpose processor such as a processor for sigpal proCeésing
eic. This hetrogeneity allows that all processing eléménts
in the CUENET need not be of the same power and capacity.
It is possible to seiect the type and configuration of the

%
processing elements so “that they match as closely as

et possible to the user application’requirements.

Further the master processor does not contain any
Effgjal purpose hardware and thus any computer in the
network can function as the master as long as its internal

configuration is capable of running the master processor
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software. This will enable quick restartyof the network in
thé event of a failure of the master coﬁputer. In CUENET
‘the master céhputer differs from the slave processors in
having certain special rights. One such is loading the
user's programs into slave processors and the'éthet is
setting up the configura;ion of the network as required by
the user. In CUENET the reconfiguration of the network is
variaBle under program control.This is made possible by
providing an access vector at each processor which indicateé
what are the processors this processor can communicate with,
Except the mastgr processor the slave processors can only
read this access vector but not alter it. Master vprocéssqr
can alter ™she contentsr of the access vector by sending a

special message over the C-Bus thus reconfiguring -the

network.

Besides this each processor 1in the network “-has an

interface lock control unit which prevents any accidentai or

" unauthorized access to the C-Bus interface area. In the

' C-Bus interface there are two registers called Lock and Key
registers. ihe contents of the Lock régister is set to a
predetermined value (combination). Access to the interface

is aXowed only when the communication software writes the

ombination into the Key ;egister.' Only system
programs but not the application programs are supposed to
know the "password"(key) combination.This hardware lock

mechanism increases the reliability of the application
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software by preventing any unintentional erroneous messages
to other .prdcessors in the event of a program crash or
malfunction. Further this lock mechanism allows genera}
purposeé microcomputers to be employed as processors in
CUENET. \

Thus in CUENET the system reliability requirements are’
amply met b§ the provision of multiple C-Buses and special
purpose hardware for access control and message transfer and
parity checking, at the' same 'time capitalizing' on the
’ 'advantagsi, of’ centralized control, viz, hardware and

software .simplicity and system flexibility to use general

purpose microcompurters.

Presently the CUENET implementation comprises of a

i

single C-Bus on to which three slave MC 6809 processors and

N

one MC 6800l§master processor are connected. The C-Bus
controller "is implemented using another MC 6809 processor.
The C-Bus, in the present imblementation, has length of

about 100 feet, runs around our laboratory connecting the

L 1 . .
lines, 8 coﬂ%ﬁol.lines and 9 data/parﬂ%y lines-a total of 49
. >

signal lines (twisted pairs).

)

three 6809 slaves and 68000 master. It comprises 32 address .

3.2 Message Communication :

\ . ' ' .
: ;- In the CUENET the’ various processors interact with each.

) i
other by passing messages over the C-Bus under the controls

of the C-Bus controller.The C-Bus interface of each

- 4 o

X0 e

Ty v - R . » ' ‘ 4
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processor has two communication buffers- an output buffer
and an input buffer. These buffers~are accessable by the
individual processors and the C-Bus céntroller. The output
buffer in the C-Bus interface holds a message which is
destined tocjanother processor. The input buffer holds a
message which 1is sent to this processor by the other
processors of the néédork. Apart from this, each processor
has resident communication software which is executed by the
processor for either sending or receiving a message. The
special purpose hardware in'each of the C-Bus interfaces and
message communication software in conjunction with the
hardware and software of C-Bus controller perform £he4?
message communication in EUENET. Ajmessage communication
scenario in CUENET is described below:

The sender processor puts the message it wants to send in
the output buffer of 1its C-Bus interface and draws the
atﬁention of the C-Bus controller. The C-Bus controller
examines the output buffer of the sender to determine the
receiver address and finds 1f the input buffer of the
specified receiver 1is free. If it 1is free, the C-Bus
controller deposits the message into the receiver's input
buffer and marks the output buffer-of the sender empty and
the input buffer of the receiver full. In CUENET because of
the 1loose coupling of the processors ,the‘sending processor -
can be active working on the application program in its
memory while the C-Bus controller is trangmitting the

message. Likewise ,the receive processor can be operating on



68

its program till it gets the signal that it has received a
message. This type of message communication enhances the

parallelism of the distributed processihg system.

In CUENET the messages sent by various processors during
the execution-of the user's application programs follows a
fixed format. The message format consists of a header, body
of the message and footer. The header contains information
like sender address, ;eceiver address, . type of meséage,
message length and time of sending the message “etqé The
body of Ehe ‘message can vary in length but should let the
total message fit into the capacity of the output and - input
—buffers in the C-Bus interface. The footer cantains‘
checksum which aids in the determination of the 'acduacy( of

the transmitted message.

-~ ‘
At each ' processor the C-Bus interface supports an

o

interrupt driven message system. An interrupt request is
issued when the output buffer is'empty or when the input
buffer is full. The(hessage control mechaniéﬁ 'adopted for -
the message *communication over the C-Bus, at<each précessor,.
is as shown in fig.3.2.Further this interrupt dfiven message
system ensures that“the oufputland input buffers, which form
the critical resource in the message communication mechanism

,of CUENET are serviced as quickly as possible so that they

are available for passing messages more effectively. . -

\\
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The message communication software, which supports this
control mechanism, consists of an interrupt handler, a
meséage transmit module and a message receive module. When
a user task requests a &essage transfer{ it invokes the
message transmit routine and supplies the address of the
‘seceiver(LPN), address of the starting 1location of the
message and the message length. The message transmit module
petforms the followin§ operations: P
? {.It determines the physical address of the receiver using
the given LPN of the receiver and the access vector. Also
it checks whether this processor is allowed access to the
'receizer proceséor.

2, If the message to be transmitted is longer than the
output buffer size, it divides the message into fragments.so
that each fragment can fit into thé bqffer.

3. Then it transfers this message from the memory location
indicated by the sender to the transmit mggghge queue.Also

it puts the relevent information for forming tga. header of

' the message in a header table,

The. message rgéeive module is invoked whenever there is
" a request for receiving a message from another processor by
the user's abplication program; It performs the following
operatipns:

1. ~It‘deteﬂﬁines if the message is“a retransmission request
or information for <WBther software prscess. If it is a

retransmission request, it checks the backlog of'messages to
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o -
see if the required message can be found. If so it places

it in the send queue with the'ﬁestination_ marked. If the

& .
master- computer. o BN ‘8

message is not found then it-sends an error message to the

- - . o LY
2.1f the message is not a retransmission request, then it

verifies the -check sum, If error is detected it places a
. v

request for retransmission in the send queue. If no bkrror
»y .

= o .
is found, it removes the message header/footer and places
the message .body into the decoded messagé queue. Then it
places -an entry into the message log into which user process

looks in-when it is waiting for a message. .

The interrupt handler is activated when either the input

buffer becomes full or the output buffer becomes empty. The

4

_various operations it performs are:

1., Determines the nature of the interrupt, whether it is

due to an empty output buffer or full input buffer.

2. If it is due to an empty output buffer, it roves “the .

next message from the send gueue to the

- Y

alters the status register - to indicate to the., C-Bus

output buffer and

controller that a message is waiting for\??qnsmission. Also

I

it places a copy of theomessage in  the backlog of messages.,
L

3. If the interrupt is due to a full input buffer, it moves

the message to the receive message ‘queue and "alters the

-

status régister to indicate that the input buffer is empty.

This will indicate to the C-Bus controller that it can
I : '
perform the next message transfer to that receiver.
4

%

ke
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The role of the\iC—Bus controller in the message
, : 1\ N ‘
transmission amongst the processorg in the ' CUENET is the
most important one. Thé\c-axg controller has the overall.

Y
contro} of the C-Bus and also as the responsibility of

.safely’ delivexing the message to .the receiver from the

!

: sender. Bésides it should also‘resolve the contention for
O Con .
- the use of theypC-Bus if mote than one processor requires to

send message at the samé\fime. The C-Bus controller employs

/
the dajsy, chain scheme* for resolving the contention for

- R4 . )
C-Bus. Fhat is, if two, processors nequeg}/thet use of the

C~-Bus rfor message transmission, then the processor which ﬁg
electrically nearer to the C-Bus controller gets the use of

. i
the C-Bus. Oonly. when this electrically nearer progessor

M f

* . «
does. not have any message to transmit,ﬂhaill the processor

) ' [} (L' o
next tgQ» it get the chance to transmit. At each interface

. there is a mask bit under the  contrdl of the dC*@us

e B . . S
, controller ~ using which '.the C-Bus controller can“alter'She
.o . ' " ’ o .

priority of that processor for transmitting a message.

e . . K

¢t .The iﬂ%eractfon between the C-Bus controller and the

1] ) .

various ° prbcessors' starts with the C-Bus controller’
y ' v , ’ :
activating the "Bys grant” line. The processor first in the

liﬁg in the daisy chain will respond if it has a message to .

\trqnsmif'and itq mask bi;’is not set. In that case it

- * 3

prgventé further propagation of the Bus‘grant signal and

Sctivaﬁes phg;Bug\gfant géknowledge signal agﬂf’aléo .places

its address on the ipterprocessor, data. bus. The C-Bus
S ;

~y

A

N
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'coﬁtroller then reads the header of the output buffer -of the
éender and determines the receiver's address. The C-Bus
controller deferﬁine;'whether the receiveg's input buffer is
f;ee. 915 s&. it will initiate the message transfer in bit
pérallel and byte se;ial fashioﬁ. At the end of the message
transmission the C-Bus confroller alters the status register
of the sender to indfcate that its output buffer 1is .empty
and the status register of the receiver to indicQte-that its
input buffer is full. This will enable the interrupt to be

raised which calls the- attention of the particular

‘ processor's communication software. .

v

- If on other hand, the C-Bus controller -detepmines .that

S the receiver, input buffer is full, it means that the

& Se—

receiver is not ready to feceive this message. So the C-Bus

» . controller sets the mask bit in the sender C-Bus interface

e I

so that the sender now will propagate the Bus grant signal
. down the daisy chain. The C-Bus software stores this

T sender's address in the stack for further processing at a

. N
. .

—_— 'later stage. This maskiqé achives two things. It enables

-  better wtilization of the C-Bus and C-Bus controller by

"enabling the other processo;s,'f;hose destination input
buffers are free, to éend théir messages. | Also this mask
b{t @nshres that oné high prior}ty processor will nctr"hogg"

. ~ the 'C-Buél all thé{ptime. | The C—Bus.dcontrollgr after-

initiating the transfer by setting up the variOUSuq§rdware

s LS \‘\ .
. register pointegg for' the transfeér of the message /fﬁém the

)

. . I3 '/"‘. '% ' -
- - .
» B — : . Y ' °
v‘ '_’,
- ' * ) ’ A “ . ' : [
L e - NS




_.sender's output buffer to the, receiver's input buffer{
monktsrs the traqsmission by checging the parity of the
transmitted word. If an error is -found, it reinitiates the
transfer and after certain number of repeated trials, the
C-Bus controller will initiate,.the master computer for
taking corrective action.

The C-Bus controller software, when idle, will empty the

~stack and unmask the mask bit in the various status

registers  of the processors whose addresses were in the

oW stack.’ Then these processors can again ask for the services
)

of the/C>Bus controller for transmission of the message in

their utput’buffer.

, ) 3.3 ﬁerformance measures :‘
The performance of a.DCS 1is, influenced by the way the
‘various processors interact wiéh each other, the
characteristics of the interconnection network and the type

- ‘ of workload. The performance measures are the parameters of

- the DCS with respect to which the performance is assessed.

In , CUENET the "various processors communicate only by

sending/reéeivi essaé@s over the C-éus under the control
I of the C—Bﬁs c ler. So-a'brogessér in the;CUENEmgcan
] be executing on tQE application p;géré; resident in its
-3 o aemory, be in the ptoce§§ of send&hg a message‘over the.&w

P “ L}
+ C-Bus or be in the process of receiving a message. Fig 3.3

gives a state diagram representation of these states. "As

ﬁaiscussed‘in section 1.3.1, the performance measures

'y

°
¢
<

&

——

- N .
v -~ B —
.
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§1- Processor Active on the task
» §2~ Processor in the process of sending a message
53-'Proéﬁssor°in the process of receiving a. message

'S4~ Processor idle after completing the task

Figure 3,3 State diagram of a CUENET Processor
r 4 .

considered are processing power, interconnection network

3
o

throughput and processor wait time. §

The processing power of CUENET is the .average number of

processors which - #te, busy opetrating on the aplicaéion
* . ) N . }l
program (state S1 in fig 3.3). -Thus, using relation 1.1,

. . ! *
the processing power of CUENET ° can be _expressed in the

-

v , 3 . <

following manner: '

) L
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processing,power=E(Nl)'.....l.........I......l.....l'(3l1)

wherel N; is the number of processors in state Sl (see fig

3.3).

The throughput of C-Bus is another importént measure of

performance. This will indicate how quickly the C-Bus is

transmitting the messages and how quickly. they are consumed

at the wvarious destinations. The C-Bus throughput, using

relation 1.2, can be expressed in the following way:

-

C-Bus:throughput = Fraction of time C-Bus is busy X Rate of

message transm1351on on C Bus.......:.......;;;J)/;....(3.2)

£

- The amount of time a processor spends in participating

<

in the message communication in CUENET gives an indication

~

how - well. the system.is suitable for running the particuiar
appliéation. This also includes the wait time igh the
message‘queue are full or the message has not arrived.

3.4 CUENET Applications:

The ¥§£ious abplications that can be run on a distributed
processing syste@kdepends oﬁ the  way it -can bg p?rtitioned
so that it can eg%iciently be run on the distributed Eyséem.

4 .

Fu?\@er " each application may  require different
W . :

interconnection structure for their interaction.
Since the optimal partitioning of a user job for the
pTrpose of concurrent execution is a hard problem, “one would,
"\1\

want to experiment with dlfferent job parti¥ioning and

I .
interconnection strategy before arriving at one -which best
. , - . )
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.
suites his application. In such cases the flexibility of
the interconnection network architecture plays an important

role.Thus CUENET is well suited for this purpose.
*
t
Some of the applications investigated for CUENET d&re the
quick sort [TAMIR-83] and the numerical computation probleméigg

<

like the Dirichlet problem.

In .quick sort’ thg‘ data’ to be‘éorted is partitioned
~equally onto the various processors and th:!llnal sort file"
is ﬁbtained ,gither by concatenatio% or by performin&pk=way‘
merge sort én these sorted subfiles.Here a star type
interconnection archig%ctﬁ}e i§ used siﬁce the slave
processors interact only with the master processor.The quick
sort was tried using 2 and 3 processors in the sfstem.

The Dirichlet problem is solved using parallel,
synchrdnous iterative algorithﬁi Here the eﬁtire .problem
’grid is subdivigeé ‘into n- equal sub regions ( n is the
number of prfcessqrs) and each sub region is allotted to a
proisésor. Each processor computes the values for the .next
time step using Gauss-Seidel iterative method. At the end
. of each’ iteration the 'yalueé of bordering points are
communicated to ' the _neighbouring  processors.  This
Yeommupication technique simulates ‘a grid typé (n.n)
interconnpection, as each proce;sor send and -receivé data
only: from its neighboursk The ab&ve qlgorit%m has Eeen

, Vo i

implegented on 2 proce%sor system and fﬁ%;her ind%stigations

. ' > bl ' \
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-
are being made to implement this on higher number of

processors.,
9 /

Another feasible application is to implement an office
information sjstem[GROSS-BZ].ﬂﬂﬁsre each processor function

§5 a workstation of -an officg and interstation message
’ \

h

communication will be carrjed over the C-Bus.

The parai}el processing power of CUENET can be utilized
for carrying out 1linear predictive analysis of speech
signals. Since this analysis has to be carried out in real
time a pipeline interconnection architecture could be used

which can enhance the speed of processing.

These are some of the representative applications of

>

CUENET.

' <
3.5 TOMP- TOrino MultiProcessor:
Different types of distributed systems‘ are desighéd in
several educational institutions to mainly study the various
aspects of ‘design, implementafion and performance of
disttibuted systems. Both loosely coupled and tightly
coupled sy tems pave’beenabdilE.CUENET is a loosely coupled
distribuééd. system. TOMP[MARSAN-83] developed’) at
Politechnico of Torino, Toglno, Italy is a tightly coupled
mu&tiprocessdr' syé&em. This system is designed around 16
Bit mitroprocessors and the prototypé versio;‘-comprises of
three 2ilog 28001 procegsors tightly couplgd vig a global

. . 4 (.
bus and with shared memory. Fig 3.4 shows the two processor

v ' ' 22 .
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®ME =

PMy

PBy |- LB PB, LB

<\/»

Py ,Pp = Processors,

PM; ,PM2 - Private Memories, . CM;,CM3 - Common Memories,
LB;,LBp - Local Buses, PBj,PB) - Processor Buses.

i 7

'GB- Global Bus

Figure 3.4 Two Processor Archggectdre-of TOMP

v

architecture of.TOMP.

The Global bus called M3BUS is a BQKiiges parallel time
multiplexed bus in which the address,’ data and .status
3 informéqibn are muléiplexed [CONT;-Bl];The‘ exchange of
information among various processors is done on a meséage

passing basis. Each processor, requirjing to send a miﬁsage

to another, acquires the control Jof the M3BUS and the

K
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3 AR - .
destination processor common memory and deposits Ehe\ﬁzssage
in that common memory.In TOMP the sending processor is
actively involvéd throughout the message transmiésion
process.In TOMP a typical message transfer to common mémory
areas consists of three phasesZthe bus arbitration phase,
selection of common memory phase and the final actﬁal data

transfer phase. The control mechanism for the bus

arbitration is distributed among the procesii5s of TOMP.

}

CUENET and TOMP illustrate the ‘diverse design techniques
that can be exercised in designing a distributed porcessing
system.The two systems differ in many aspects, the

employs alcentrally controlled message communication

fundamental one being the nature of coupling. Further
CUENE£Q

scheme where as in TOMP the M3BUS global bus arbitration and

‘control is decentralized. The C-Bus is a non-multiplexed

)\‘

parallel bus as compared to M3BUS which is time multipleied
parallel bus.In CUENET one can use a mixture of 8 and 16 g}t

processors where:as TOMP is predominently designed for 16

bit processors. “

The common feature in both CUENET and TOMP is that bofh‘
have made use of single board microprocessor: system and have

added sqme specialized hardwares to realize functions which.

are specific to their architectures.

’

’

- ~

. t -
In the performance study of CUENET the graphical

modeling” techﬁiques SPN and GSPN‘have-béen employed. Since

1’4
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these techiques were also applied in the performance stjdies
of TOMP, we have chosen TOMP for comparing the results of
the modeling. From these comparisions we can learn about

the versatility of these graphical modeling techniques.

»
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¢ CHAPTER IV
STOCHASTIC PETRINET(SPN) MODELING OF CUENET.

4.1 Modeling Assgmptions:

Here we are concerned with the intercommunication aspects‘of
CUENET at the message passing level, in order to study how
the input aﬁd output buffers of thd' different computers of

the DCS and the characteristics of the C-Bué'Eéntroller

”qffect the overall processing power of the DCS.

|
The following assumptions are made regarding  the
N

functioning of CUENET:
——

1) We can clearly identify two periods of activity in each

L

~computer of the DCS, a proceséihg period and a message

A

transfer period which alternate.

2) The processing perioﬁ for each processor is asssumed to
be an exponentia%&y distributed randodkvariable with a mean
rate \ . All‘précessors of CUENET are assumed to process at
this mean rate.

3) Tpe message transfer period for the C-Bus controller is
also assumed to be an exponentially};distribﬁted random

variable bué with mean rate p.

h)

o

4) At the end of a processing period each processor in the -

DCS may either have a message for transmission or might want
to receive a message.-'iﬁﬁs for each processor the message
gengtation and message reception have equal probability of
09uufeqcé. < R ~ ',

4 : ' -



5) The processor can send a‘ message to any processor|
including itself) wit; equiprobability i.e. if there are N
processors in the system, the probability of sending or
receiving a message to or from a processor is 1l/N.

6) . For simplifying the modeling, it is further assumed that

“each proceséor in the CUENET is allocated one task only.

7) When a processor needs to send a message, if the required

buffers, queues and C-Bus are not free , it idles till these
resources are available: Similarly when the processor needs
to receive a message and 1its input buffef(queue5 does
contain it, then also the processor idles till it receives

1

the required message.

8) The time required for determining the presence of message—"
ir. tHe'outﬁuE buffer and checking the availability of the
destination input buffer are assumed to be negligibly small
when compared to the message transfer time and the

processing period. Similarly the release of the output

buffer and C-Bus at the end of a_ message transfer and

‘indication of the destination input Buffer being full are

[

assumed to take negligible amount of time. : -

The assumptions.7 and 8 help in reducing the complexity

. §
of the SPN model. The assumptions of exponential
distributions for the message generation and message"

transfer provide Markovian properities to the SPN model and |

‘makes the solution of the underlying Markov chain feasiable.
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4.2 Estimation of system parameters:
The mean rates N\ and M are said to be the system parameters
of the SPN model of CUENET. Then the system load factor p

is given by the ratio (X/m]J.  The performance of the system

»
varies with the system's load factor p .

To study this
variation in our SPN model we need some representative

values for A\ andft.

The values of i depends on the characteristics of the
communication subnet of CUENET. The rate at which the C-Bus

controller transfers the meséage on the C-Bus depends on the

'spee? of the C- bps controller software+ and the message.

commbnisffigz‘.soktware at each of the processor of CUENET.

-

Let us assume a clock rate of 1 MHz for the C-bus controller
and the wvarious processors of the CUENET. The mean length

of messages is assumed to be 256 bytes.

The approximate time required for the various stages in

—

the message communication in CUENET are as given below:

(a) The table set up and update time required for the

,message'transmit and intérrupt handler part of the message

Y

communlcatlon software at the sending processor is about 600

nsecs. ~'\\\ : ¢

™Y .
(b) Transfe:/kime for the transmit interrupt handler to move

the message from the send queue to the output buffer is 60
~R d ‘

(¢) dbethead'time incurréd by the C-Bus controller so%rware

is 500 Msecs.

1 } - ' ‘ .
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(d) Transfer frofy the sender's output buffer to the
. ~{ -
receiver's - input buffer by the C-Bus controller iz 9

1

usecs/byte. ;

(e) The table look up and update overheads for the me@sage

[

receive and interrupt handler part of the message >

" communication software at the receiver reqiires about 800 S

“J1secs. . o .

- “

(£) The transfer time for the recejve intergﬁpt .haﬁdler to
a -
move the message from the input buffer to the receive queue

is 15 uoecs/byte.

*
In order to simplify the SPN modeling of the: message
communication of ' CUENET, all these various transfer and
processing times are combined togéther and we get a total

=

message transfer time of 23.6 msecs which gives a rate of

41.66 messages per second. /

The values of A s depend on the rate at which message are
generated and this, in reality, ‘depends on the type-of ° *
application that is run on the system. For the’ sake our

study we assume different values for the load factor P and

thus' determine the values for As. ' ' ‘ o~

4 3 Two processor SPN model:

The SPN model (SPN2A) in, figd4.l models the physical

interaction 'between the two processors PEl aqﬂ)PEz and the
€-Bus controller during mesékﬁe communlcatxon .on the /

4

C-Bus.In order to simplify \the model, 'in the first éttempt,

., - : -
4 ' - . o'
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we{have assumed that there are no send and receive «queues.
The two processors are assumed to have equal ér;ority in
usiné the C-Bus for meésage transmission. . However, since
the C-Bus controller \hmploys a daisy chain ' for bus‘

arbitration, there is a built in priority schenme.

\The SPN2A has 15 places and 12 transitions. For
modeling purp&ée, we assume that at the étart both the
proceséors are "active", meaning théy are working on thg
task, allotted to them, which are present in their local
memory. Afgo the initial condition is that the C-Bus and
output and input buffer of both the processors are free.
This initial state is indicated by the token distribution of
SPN2A in fig-4.1. Tokens in places pj,pq and pj) indicate
that processor PEy is active and its output and input
buffers are free. Similarly tokens in places pjqg, p13 and
peg indicate that processor PE; is active and<its output and
input buffers are free. The token in place. p7 denotes that

.

the C-Bus and C-Bus controller are free.

x

o
Let assume that PE; needs'to send a message- to PEj.

This is modeled by the firing of the enabled transition to,
pﬁtting a token in place ps. This enables transition él,
which models both the mesgage transfer to the oﬁtput buffgr
by the transmit part of Pél's interrupt handler and the
C-Bus controller operation of checking the ava{}ability of
the receiver's input buffer and then initiating the message

transfer. The firing of the transition t; puts a token in
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s

2, -

. L:]
places p; and pj4 indicating that now the processor PE; can -

go on with its work while the message transmission is in
progress. The token in place pj4 enables the transition tg,

the firing of which denotes the actual message transfer by

’

Y

the C-Bus controller. The firing of this transition puts:

tokens in places pg. p7 and pgxindiqating that PEj output
buffer and C-Bus are free and message is now present in the
gngut buffer of PE;.- The Eiring of transition tg models PE,
needing to receive a message, by putting a token in place
P9 - The tokens in places pg and pgtenébles the transition
ts which models the receive part of the interrupt handler of
PEj. The firing of tg indicates the receipt of message by
PE; sent by processor PE;. This com#leges one message
communication ‘cycle. Similarly .the message transimigsion
from processor PEj to processor PEj is \modeled by
transitions‘ t7,tg and t;g and the reception of this kﬁfsage

by PE; is modeled by t3 and t4.

3

included to take care of

\

The transitions tj; and tj;p are

certain situations which may cause the system to deadlock.

In the real system, these sitautions may be handled by the

operating  system on each processor. One deadlock situation
is when the processors PE; and PE; want to geceive messages
i.e. placesi\pz and pg have tokens but neither of thé
processors have transmitted messages i.e. places p3 and pg

do not have any token. Transition t3; resolves this

sitautions in the SPN model, by putting both processors into

¢

A

Fasn ™
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active state.

-- Another deadlock situation ocuurs when both processors
want to transmiﬁ a message while Itheir destihatipn input
buffers are not free. Tr;nsition t12 detects this situatién
and resolves it by putting the é&o brocessors into active
state at the same time the tqkens in places p3 aﬁa'pa are

. ™~~~
retained.

J
The modeling assumptions discussed in section 4.1
determine the rates at which the various transitions fire in

’ ‘ ' ,
a given SPN model. The transitions tj,f3,tg and t7, which

at the rate A/2. ~ The transitions tg and tjg, which model
the transmission of message by the C-Bus controller, fire at
the ratep . The transitions t),tg,t4,tg,tyj3and tj12, which
model the act;vities like determination of the availability
of the C-Bus, receiver's input vbuffer, :gceipt of the
messsage by the destination processor etc, fire at a very
high rate, so as éo minimize their effect on the syétem
parameters and performance measures.

{ -
SPN2A will give a pessimistic estimate of the processing
. -

béwer. This is because the tranéition ty ( tg) model the
C—Bus_pontrolley selection function and,the message transfer
to ﬁhe output buffer by the sender processor's interrupt
hand}er. Consider the enabling conditions for transition

ty. It cannot fire till all its input places pyg, Ps,pg and
IL‘\

......
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p7 contain a token. Thus in a situation, where p4,ps and py
have tokens and pg does not have a token which indiactes

¥

\\"that the input buffer of PE; 'is not free, the processor PE;
is held in‘wait Agta&e," till the - time PE; receives the

| message in the input buffer and frees it. But in'acﬁual
case this d&es not happen,‘ since the processor PEj; just
checks if 'its' output ‘buffer is free and if so puts the

message in it and returns to its active state.

;#n order to overcome this drawback we modified this SPN

to model these actions seperately.

A H

4.4 Modified two processor SPN model:
The SPN model(SPN2B) shown in fig4.2, models the C-Bus
controller selectién.function in more detail, by using an
additional place and an additional transition for each
processor. Thus it has 17 places and 14 transitions. The
. transitions tj; and tzamodel the selection function that was
m0d919d\QZ~fl in ~§PN2A. Here transition t3; .models the
message mo&ement to the outpﬁt buffer by processor PEj's

interrupt handler and transition t; models the C-Bus

controller selection and message transfer initiation.

Similarly the transitions tjg and t;3 model the functions
modeled by the transition tg. Tr;;sition t, gets enabled
when the places p3 and p4 have tokens i.e. PE] has generated
a message and its outpué buffer is free. The transition tj
fires by putting a token in places p; and ps i.e; the

(
message is in its output buffer and PE; returns to active

L



[ T AN

01 -

4.2 Modff&ed Two Processor SPN model - SPN2B

i

tia

A P,

e e <
k ° @
I ’}\g,‘,
p
;’**-?—-» Py
Sl Ro t
p
:\F——-)- p13

’7\’——’- P

Y7 _
C—-8Bus Free — PE, Active
I
, Pa <'
t
) v

PE, OBF

F

ror Pa Bs

Yo



92
- L

¢

state. The transxtlon t; gets enabled onﬁy when there are

tokens 1in ,plqces pP1.pP2 and pg i.e. ﬁ message "is in PEy

output buffer, PE; input buffer and C—Bﬁs are free. ?h;h
other part of message communication is modeled in the same

way as done in SPN2A. This impfovement ‘models the -.

~

/
concurrency in the system more closel}ly.

The transitions t3,ts,t; an tg model the message

transmission from PE; to PE; whilg the message transmission

from PE; ‘to PE; is modeled by transitions tg,tjg,t11 and

t12.

——

The message reception by PE; fs modeled by transitions tg4 b

and tg, while transition§/ tg and t3 model the message

iy
w/

reception by PEj. - , -
Transitions tj13 and ti4 3xe similar to transitions t1y and

t1p of SPN2A, for reso{ylng the two deadlock 31tuat10ns.

/

In SPNZB, 51m11as/to SPN2A, the transltlons t3,tq.tg and
tg fire at the rate/k/Z. The transitions tg,t12 modelxng‘

'

message transmission - fire at the ratelL The rest of the
transitions modeling availability of the output buffer,

receiver input/PCffer etc. fire at a very high rate.

/ . ARY
. /
4.5 Three/ Processor SPN Model:

/ :
Fig4.3 showg the three processor SPN model of CUENET(SPN3A).

SPN3A is on the same lines as SPN2A shown in fig4.1l.

I3

-

In this SPN model also, for the sake of simplifying the

model we assume that there are no transmit and receive

/

/
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message queues at ea%h.érocessor. Each procegsor has' equal
priority in using the C-Bus and C-Bus controller for sending
a message. Also each processor sends messages to the other

with.eqgual probability.
.

SPN3A comprises of 25 ;I:Eeé/;nd 23 transitions. We
assume, initially all the processors“ate "active" working .

the. program segment alloted to them in their memory. The

»

- C-Bus and the various output and input buffers are free.

This initial condition is represented by the- token-

distribution shown in fig 4.3.

Let us assume that PE; needs to send a méssage to either
PEs or PE3j. This is, indicated gy the firing of the enabled
transition tj3, which ;ové; the token in place p37 to. the
place pj3. Now the transitions tg and tj33 are both
simultanqpusly enabled, provided tha? the'places pPg/P12/P14 . - »
and pis h;ve tokens in them. Here trdnsition tg models the .
message transfér to the output buffer by PE;'s interrupt
handler and the C-Bus selection function for message
transfer between PEj énd‘PEz. éim}larly t13 models these
functions for message transfer from PE; to PE3. Since we
have equal }probability of sending a message to either
processor PE; or PEj3, let us assume that the transition‘tg
fires , thus routing fhe message. to processor PEj. The
firing of transition 'tg puts a token in places pj37(PE;

active) and place ps, removes one token each from places:

pPgsP12,P13 and pj4 respectively. Transition tg is enabled
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and firing of which (indicates the completion of message

transfer by the C-Bus controller to the procéssor PEz. The

~firing of transition tg removes a token from place pg and

Buts one token each at places pg,p12 and pj34 indicating that
PE; input buffer contains the message and the output buffer
of~PE; and C-Bus are free. The firing of enabled transition
tg, removes the token -from place pgy and puts a token in

place p7 indicating that PEj wants to receive a message.

b
14

Now places pg and p7 contain tokens thus enabling transition
t7 which models the function of remo&ing the message from
the input buffer by the interrupt handler of PEj5. The

firing of transition t7 removes tokens from places pg,p7 and

- .

puts tokens in places pg,pg. This indicates the reception
of . message by processor PE; and completes one message

communication cyc®e.

fhe following is the relationshfp between the group of
transitions and the pairs of processors from the messsage -

transmission point of view.

Transitions Processor (from,to)
(t12/t13,t14) (PE},PE3) .
(t3,t1.t2) ! ) (PE3,PE])
_At3,tg, tg) (PE,PE3)
T (tisitiestao) | ~ (PE3,PE)) ’
' (tis,t11,t10) . (PE3,PE3) -
' s

: ?hg"ﬁéssage ‘fecepﬁion by . PE3. and PR, are modeled by

Q\
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. .
transitions tjg,tz; and ty37,tjg respectively. The
transitions ¢ty and ta3 are provided to do the ' same
operations as done by the . transitions t11 and tj2

respectively in the model SPN2A.

iy
"

The firing rates of the various transitions are similar
to the firing rates of transitions of -SPN2A. The
transitions t5,t7,t12,t15;t17 and tjg fire at the rate \/2

and. transitions ta/t5,tg,t10, t14 and tyg fire at the rate

y; The rest:of the trané;tions which model the operations °

like determination of the availability of the receiver, input

buffer by the C-Bus controller etc. fire at a very high
rate. - . |

4.6 Modified Three processor SPN modéf} ) ,
The SPN model shown in fig 4.4 gives the three processor SPN
model (SPN3B) similar to the model SPN2B.SPN3B has 28 places
ahd 26 transitions. Tﬁe foilowing is the correspondence

between the group of Eraniitions and the pairs of

processors, from the message transmission point of view:

Transitions . Processors (from,to)
(ti14-t12,tg,t3) - (PE1,PE2)
(t1grt12,t15,t16) (PE1,PE3) L
v(t5,t7,t2,t1)v ‘.‘ (PE2,PEy)
(t5,t7,t10,t17)‘ (sz,pz3)
(ti1grt13,t11,t23) - (PE3,PE})

(E18st137t24st9) (PE3, PE3)
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"t13 and.tl4;in SPN2B, resolving the two deadlogf/

98

+

From the,message‘:eception modeling aspect, the foiléwing is

the. relationship between

corresponding processors:

- Transitions

Ps

(t19,421)

ﬂtSrt4)

. (t20,t22)

the Ttransitions

Processor

P

y %

and ‘the

The transitions tzgs and tzg function similar to trasnitions

4

R | :

o

situations.

In this SPN model the transitions ts,tg,t14,t1g.t19 and

tpo fire at the rate A/2 and transitions tl,t§,t9,.t15,tl7' .-

-and ta3 fire at the-ratept. The rest of the transitions

modeling the operations 1like checking the availability of

“ the oubputjbufferb availability of receiver's input buffeér-

2

[T

>

LOr
Determination of

deterpfination of
33

—

4.7 Analysis

1

IA g@gapker 2,

The prime number method is employed in determining the

fire at a very high rate .

of SPN models:'

-

reachability set - one using prime

Reachability set:

B}

‘'we have discussed the two methods, "for the

numbers.

and tﬁé&other using binary and hexadecimal numbers.

.

reachability set for the_-two SPN models SPN2A and SPN2B.

Since the p?ﬁme number method has a limitation on the number

of places due te the reasons stated in section’ 2,2.2, the
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reachabxlxtyf'sets *for the three.pr6cessor models SPN3A and

SPN3B are determ1ned using the binary number method.

As discus3ed in section 2.2.2, ‘the presen%e of a

"terminal" marking in thq reachabilit} set indicates the
) .

presence of a deadlock 51tuatlpn within the systéem being
modeled. .Thus during the process of determination of the

reachability set, these methods also check for the presence

. “'
*

‘of a terminal marking in tpe*reachability set generated.

7

N ‘ ‘

Tabled.l gives the' number sof markings in a each -,

L4

reaghébi&ity‘ set of these SPN models discussed. A
representative listing of . the varioéé markings in a
particular reachability'éet is given in Appendix D. This is.

th;\reachability.set for the two p}ocessor model SPN2A.

a

AN

e -

Al

Determination -of, the steady state probabilitie’ of the

states of the underlying Markov chain:

s

To determfne the steady state probabilities of the states of

o

an ergodic Markov chain, the’ transition rate matrix Q must

. ° , , . ( ‘
be formed first. The order of the transition matrix Q is
t

" the number of states present in the underlylng Markov chaln.

A nonzero entry gjj in row i and column j in the trans1t10n

1

matrlx Q indjcates . that the system being in state i will

move to state j at a rate of djij. This movement from state

¢
$

i to‘st@te'j is represented in a SPN model in the following

~wéy The state i represents a distribution of tokens in the

" SPN such that a tran51tlon dlis enabled ficing of which

v‘/\

o
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: . \ TABLE 4.1
DETAILS OF 'MODEL AND REACHABILITY SET SIZE T
* FOR SPN MODELS OF. CUENET..’ a"
" . ©.SPN  .NO. OF NO. OF SIZE OF SPARSITY DF TR. MATX
® . MODEL  PLACES-. TRS. R S. NZ. ELES . %
~ SPN2A, 15. 12° 72 -~ 311 6.0
7
o SPN2B 17 14 216 991 *  2.12
, .. SPN3A 25, 23 864 4578 0.61 "
= SPN3B - _ 28 26 4320 27995 - 0.15
- ) . NOTE: _ TRS.:Transitions.
o e TR. MATX :Transition Matrix.
, NZ. ELES : Non- zero Elemehts.

100

RS : Reachability Set.
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produces a new marking represented by'state j. The value of
the nonzercrentry gjj in the transition matrix Q correqupds
. to the rate ét which this enabled transition t fiﬁfé' In a
particular.marking(state) i more than on; transition may be
enabled. This is represented by the number of noenzero
elements in the in fhe row i of Q. Thg.diagonal element qjj
is obtained by the‘relation,.

;Egii = TR T - B

% 25 ’relatién makes the sum oﬁ qjjs along a rwo equals to
zero and also.’makes’ the ‘transitioﬁ matrix Q diagonally
"dominant which .gives it good numerical stability
[KLEIN-75,MEDHI-82). The transition matrix Q has large
number of zero entries thus makingoié high}y sparse. This

]
has a bearing on the way it can be solved.

After the formation of the éransitiog. matrix 6, the
steady state probabilities of the various states of the
markov chain are determined by solving the equation,
QTYT?Ol‘I...l.OO‘QQII."...l.'....ll‘l"..ll‘ll..l..l0(4.2)

LN .

The vector vT is a column vector which gives the steady

state probability of eéqh state in thé ergodic Markov chain.

As ’discussed in section 2.3.3, the equation 4.2 is
converted to Ax=b form and then solved. The solution can be
obtained using any of the ﬁethods of solving a lihear system
of simultaneous equations. 1In the initial investigation of
this thesis the Gauss-Jordan ellimination method with

-,

opﬁimum pivoting was used.
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Determiantion of the values of -the Performance measures:’

From the steady state probabilities the token densities of
the plébes of the SPN model are determined. As‘aiscussed in -
section 2:3:?, the tokenadeﬁsity of a place p; is given by
the relation,

di’:zy.j. mij .l..'..'...........:.......QIQ.Q.(4‘3)
JER{PN). ‘

where  yj is the steady state pfqbability of state j and mj4 -
is the number of tokens’in'place pi in state j.

Once the token densities of the various places AE the SPN
model are de;erhined the various'performance measures are
.oﬁtained aé shown below. | R

Processing Power P = Sum of. the tok‘i‘ﬁ5 densities of the ;
places which correspond to the active processors in the DCS
(see rélation 3.1). . N ,
Example, for SPN2A,Processing power = d; +.d10- .
C-Bus Throughput = (l-tokendensity of the place which models
the free condition of C-Bué)x;t(see relation 3.2 ).
Exaﬁpfz, In SPN2A, CjBus Throughput = (1-d7)XH. ‘
qucéssér wait time- = sum of token densities of places
representind message for transmission and message receiye

request by that brocessor.

5

Example,in SPN2A, PE;} wait time = dj + ds.

4.8 Discussion of SPN models of CUENET:
lJ The €ab1e 4.1 shows how-~the reachability set increases with
the number of places and number of transitions. In this

table we observe  that in case of two procesor SPN models,

\2

4
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SPN2B differs from SPN2A in having 2 extra places and 2
extra transitions. But the number of markings of SPN2B is
300% of that of the markings of SPN2A. This indicates an

4

enormous gréwth in the Bpmber of markings in the SPN with a
small increase in the number of places and transitiaﬁs.\ The
direct consequece of this. is the increased time q?mpiexity
in obtaining the steapy‘gtate probabilities; \fhe 4;parsity
of the rate matrix Q is also shown in Table 4.1. The
non-zero elements of Q do not exﬂibit any structure that are
well known to sparse matrix technigues such as band matrix,
tridiagonai matrix etc. Hence in the in;tial stages of this
thesis, Gauss-Jordan ellimination méthod was adopted for

obtaining the solution to equation 4.2.

~Table 4.2 indicates the time requiréments for obtaining
the solution by this mé;hod for .the SPN models considered.
The estimated time requirements for SPN3A -is done with
maintaining ' the data file externally, since the complete
matrix cannot be resident in the central memory due to the
restriction in its availability. Hence the difficulty in

N

obtaining the solution to SPN3A and SPN3B.

The reachability set 6f a 1loosely coupled system is

relatively large. This becomes evident from the followiig

<

comparision. Marsan et al[MARSAN-83] have employed SPNs n
their performance analysis of the TOMP multiprocessor (see
section™3.5). Table 4.3 gives a comparision of the two SPN .

models (i.e. CUENET and TOMP) in terms of the number of
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. TABLE 4.2 |
‘COMPUTATION TIMES FOR SPN ANALYSIS:

SPN SIZE OF

MODEL ~ R S Tl o
SPN2a 72 0.233 - 14.1
-spnzb 216 1,340 | 367.0
' SPN3A 864 29.360 6000.0 *
Note: - ;

Tl : Time in secs for determining the
Reachability set and form Transition rate
" Matrix. .
T2 : time in secs to obtain the solution from the:
Transition rate Matrix.. -
Reachability Set. _ ‘ LT
Estimated Value '

"R S
*

“

-»

q
)

TABLE 4.3

COMPARISION OF CUENET AND TOMP SPN MODELS:

CUENET TOMP

SPN NO.OF NO.OF SIZE OF SPN NO.OF NO.OF SIYE.QF
-MODEL PLACES TRS. R S MODEL PLACES TRS. R S

SPN2A 15 12 72 2 PROC 15 14 26
SPN3A. 25 23 864 3 PROC 31 33 395
Note: ‘
TRS. Transitions,

R S : Reachability SeQ:
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SPN2B differs ‘from SPN2A in having 2 extra places and 2
extra transitions. But the number of markings of SPN2B is
300% of that of the markings of SPN2A. This indicates an
enormous growth in the}number of markings in the SPN with a
small increase in the number of places and transitions. The
direct consequece of this is the increased time comblexity

in obtaining the steady-state probabilities. The~ sparsity.

of the rate matrix Q 1is also shown in Table 4.1. The

non-zero elements of Q do not exhibit any structure that are
well known to sparse matrix techniques such as band matrix,
tridiagonal matrix etc. Hence in the initial stages of this

thesis, Gauss-Jordan ellimination method was adopted for

’

b

Table 4.2 indicates the time requirements for obgigning

obtaining the solution to equation 4.2. n /

the solution by this method for the SPN models considered.
The estimated time requirement; for SPN3A is doﬁe with
maintaining the data file externally, since the complete
matrix cannot be resident in the central memory due to the

restriction in 4its gavailability. Hence the difficulty in

obtaining the solution to SPN3A and SPN3B.

The reacﬂability set of a loosely coupled system ig
relatively large. This becomes evident from the following
cpmparision. Marsan et al[MARSAN;83] have employed SPNs 1in
their performance analysis of the TOMP multiprocessor (see
section 3.5). Table 4.3 gives a comparision of fhe two SPN

models (i.e. CUENET and TOMP) in terms of the number of

\

-

o)
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TABLE 4.2

) ' COMPUTATION TIMES FOR SPN ANALYSIS:

. SPN SIZE OF

MODEL R § T1 T2
SPN2A 72 0.233 14.1
SPN2B 216  ° 1.340 367.0
/ . SPN3A 864 29.360 6000.0 *
/. Note:

S . T1 ¢ Time in secs for determining the
) Reachability set and form Transition rate -

/ - Matrix.

/ T2 time in secs to obtain the solution -from the
B " Transition rate Matrix. 95 x

R S : Reachability Set. >
LA Estimated Value
o
/
- - TABLE 4.3 B E
COMPARISION OF CUENET AND TOMP SPN MQDELS:
CUENET oo T X TOMP
SPN NO.OF  NO.OF SIZE OF SPN, NO.OF NO.OF SIZE OF

MODEL PLACES +TRS., . R S -.-MODEL PLACES TRS. RS
SPN2A 15 12 ‘ 72 - 2 PROC 15 ° ‘14 26

~ SPN3A 25 '23 864 -3 PROC 31 . 33 395

3 + -
. N

TRS.-} Transitions, -

.- | ) R S': Reachability Set."

~a

.
. »
, : - {
L} . A} '
.

<

&
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places and, trdnsitions and size of the reachablllty ggps for

the case of .two and three processors. The two processor SPN

model of TOMP has more number of transitions as compared to

the two processor CUENET model(SPNZA) while bothl have the

same number of places. We observe that the two processor‘

4+ TOMP SPN has only 26 markings in 1its reachability set

., whereas the SPN2A has 76 states. This large difference is
seen in the case of three processor models also. It ilas-

1

interesting to note that SPN3A has lesser number of places,

-t
and transitions as compared to the TOMP model.

i}

This increase in the number of states, is attributable to
the loose couplfng nature of CUENET. ‘A loosely coupled
system exhibits more asynchronism. This enables the system
components to function more independetly. Thus an SPN which
models these actions will have more number of states in /;a§~

reachability set.

“  The results of the SPN analysis of the two processor
models SPN2A and SPN2B are presented in Tables 4.4 and 4.5

respectively. These tables 1list the variation of the

: \
procesing power, C-Bus throughput and the processor wait

time with the system load factor P. From these results it

¥can be seen that SPN2B gives a more pptimistic results as

A

, compared to SPN2A, as discussed earlier in this chapter.
p d

’

“ The 1large growth of the number of states 1in the
L] i

i’ rechability set and the consequent time complexity in the



P
0.01
0.05

SPN

A
0.417
2.803
.4.166
8.333
16.666
24..996
33.328—
41.66

TABLE 4.4
ANALYSIS RESULTS OF SPN2A.

41.66
41.66
41.66
41.66‘
41.66
41.66
41.66
41.66
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PP
1.4626
1.4588
1.4530
1.4376
1.3942
1.3384

1.2766

1.2130

Processing Power.

C-Bus Throughput

cT

0.2249,
1.1082
2.2080
4.3409
8.3195,
11.8648
14.9601
- 17.6347

in messages/sec.

Wait time for PEl.

Wait timeé for PE2. -

[}

P1W
0.2687

0.2706

0.2736
0.2812
0.3030
0.3307
0.3617
0.3965

¢

P2W
0.2687

"0.2706°
0.2736

0.2812
0.3030
0.3307
0.3617
0.3965°

A
o
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P
0.01 '0.417
0.0% 2.083:

0.1 4.166

0.2 8.333

0.4 16.666
0.6 24.996
0.8 " 33.328

1.0 4166

*

N ;
,/ k PP ti
41.66 1.5406 _‘Q.zézs‘
41.66  1.5342 ‘;L$o4o
41.66 1.5246  2.5871
41.66 ' 1.5014 5.0825
4r.66 1.4408  9.6860
“q1366 "+ 1.3674  13.7061
© 741,66 1.2890 17.1306
'41.66

-

NOTE:

.PP :

A .»CT :

' ‘PIW &
P2W

TABLE 4.5

1.2104  20.0051 -

L3
b ta

Procesing Power. !;'

C-Bus Throughput
in Messages/sec.

Wait time for PEl.

Wait time 'for PE2.

»

N ANALYSIS RESULTS OF SPN2B.

" P1W

0.2297
0.2329

10.2377
+0,2492
0.2796

0.3163
0.2890
0.3949

S~

P2wW /

i

0.2297
0.2329
0.2377
0.2492
0.2796
0.3163
0.2890
0.3949

[N
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mathematical solution limits the use of SPN in modeling

CUENET. . This prompted us to consider ’_‘_the Generalized-

‘S't;ochastic Petrinets(GSPN), hhich‘ are de‘rivativés ‘of the

- +SPNs. for,;ghg modeling of CUENET.
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CHAPTER V
]

GENERALIZED STOCHASTIC PETRINET(GSPN) MODELING OF CUENET.

5,
Y

2
5.1 Preliminaries:

In chapter IV the SPN modeling of CUENET has brought home

the fact that the increase in the splption complexity ,when’

we grogrgssed from two tq three processors, is béﬁause of
the- enormous increase in the number of _states in the
reachability set. 1In an effort to limit the size. of the
eachability set and at the same time maintain reasonable
level of details in the model, 'we bhave adopted the
GSPN(proposed by, Marsan et al)[MARSAN-84] for -the m;helind

of message communication in CUENET. ' -

In the GSPN modeling of CUENET, the assumptions made for

the SPN models still hold. Also we are employing the same

values of As'and ps as used in the SPN models.

.

Since GSPN has two kinds éf transitions, namely timed
and immediate, in our models we have adopted the following
assignment rules” for the various transitions. Those
transitions which model message generation, transmission and
reception are treated as transitions. Each of them{fire at
a mean rate following an exp§neptial distribution. The
system parameters kfand 1! determiné‘fhese mean";étes. The

other transitions which model the various other operations

of CUENET like checking the availability, of .the different

i

.



-

L#!

110 .

¢

(24 ¢

resources required, resolving deadlock situations are
LI :
represented as immediate transitions which fire in zero

.

time.

o - ‘
5.2 Two processor GSPN models: N a’

"

Fig5.1 shows the two processor GSPN model(éSPNZA) of CUENET .
whiéh ié‘simiiar to the SPN2A.The assumptions made fbr
simplifying the SPN2A. also hold good for GSPN2A({See pqge'
No.87). The GSPN2A has.lé places, 6 timed transitions and 6

. .
immediate traqgitions. The transitions ta,t3,tg,t7,tg and
. :

t1g. are timed transitions while the transitions tj,tg,ts,.

tg,t11,t12 are immediate transitions.

0 **

- The interpretat;ons for Glgkse transitions-are exactly
similar to that of SPN2A. The main difference of GSPN is
the way in which the various immediate transitions are

‘éssigned probabilities: of firing when more than °one
.~ immediate transitions get enabled in a given marking. The
vl ) ]
f#)ing probability for each immediate transition depends on

thé number of immediate transitions that get enabled in a

~ barticular marking and on certain characteristics of the

system being modeled. These various probabilities are given
« .

in the form of a-probabilityfﬂistr}bution called "switchipgv
distribution”. .

In .this model, the immediate transitions tj,tj cannot

7 h g

21

. & .
get enabled.at the same time, due to the conflicting timed~

transitions t3 and t3. For the same reason, the immediate
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transitions ts.énd tg cannot get enabled simultaneously.

o

The immediate transitions t; and tgs cannot get enabled
at the' same instant, due to the reason plates pg and pg
cannot have tokens at the same time. ‘This reason also holds

for transifions t4 and tg.

the immediate transitions tj;j and tj;2, being transitions

for resolving deadlock . situations, get ~ enabled

independently.

.
-
e 4 e

<, . R
Due to the above reasons, only one of these six

3

immediate transitions get enabled in 'any’  given vanishing ~
. state. .Hence their switching distribution is that each of
them will fire with a probability 1.0, when they are .

enabled. ‘ ‘n

Fig5.2 shows the modified -de processor  GSPN
model (GSPN2B). similar to the SPN2B.The GSPN2B has, 17.places,
6 .timed and 8 immediate transitionsi Once ‘again the

interpretations for these ‘timed and immediate transitions

are similar to that of the SPN2B.

i
!

The switching distributions for the'vérﬁous immediate
transitions are as difcribéﬁygelow: .
In this model, like in GSPN2A, immediate trans;tions t2 ghd
ts cannot get' enabled at l;he same time due ‘to the two*™

conflicting timed transitions t3 and tg4. For the same

' reason, t7 and tjg cannot get enabled at the same time.
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Figure 5.2 Modified Tvo Processor GSPN model - G_SPNZB
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The immediate transitions t; and t7 cannot get' enabled

o

at the same time since the piaces p> and pg cannot contain a
token each: at the same. time(token p3 indicates that the
pa;tibulaﬁ input buffer free while a token in pg indicates

the input buffer contains a message). The .immedaite
. N R .
transitions tg and 9&1 cannot get enabled at the sdme time,

for a similar reason. -

>

Thus itii; observedy‘from the varioué~vani§hing sta;es:
that the tran;?tio s t1,ts and tjp get enabled individually
or in pairs. Alsoﬂthg\transitions ta,t7 and t3; get enabled
individually or in pairs. Transitions t; and ltll get
enabled together in certain vanishing states of the GSPN.
Thg ‘switching probability for each' of these immediateg

transitions will include all -these possibilities.

The following are. the switching probabilities for the

v
L}

immediate transitions:

4

t1: when tg or tio or tj; is enabled. :prob=1/2;

Otherwise, Prob=l,

to: when t; or t); is enabled :Prob=1/2; .

Otherwise: Prob =1. - , \
tg: when t] or t)p is enabled : Prob=1/2;

Otherwise : Prob=1. .

t7: when ty or t); is enabled: Prob = 1/2;

Otherwise : Prob=1. i

e ti1o { wheﬁ t; or tg is enabled: Prob = 1/2;

Otherwise: Probsl. v

. ]

v

1

4
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tij1 : when t] or .tz or t7 is enabled: Prob =1/2;
Otherwise : Prob=l. r.

As we have found the size of the tangible states in the

reachability sets were not too large, a more detailed GSPN’

was evolved. In the casé of GSPN2A and GSPN2B models there
are no send and receive message‘queues. In the new model we
have included the send and receive queues at each processor
and;the resultant GSPN model (GSPN2C) is shown in fig '5.3.The

GSPNZC‘has 23 places, 6 timéd and 10 immediate tra;gitions. !

« The initial state of the model is assumed to be that
both the processors PEj and PE; are "active", the various-
send and receive message queues are empty and the tespéctive
i:put and output  buffers and the C—Bué are free. This
| initial state is indicated by the foken distribution shown
\in fig 5.3. The token p7 indicates that PEj is "active" and
tokens in py and pjg represent the output and input . buffers
of PEllare f;ée. The tokens in ps and pyp indicate the size
of the send and receive gueues. The, placégl p17,p£2,p4,pig
and py4 correspond to the processor PEp and have the same
interpfeta;ion. The token in place pj;2 represents that the
C-Bus and C-Bus controller are free. ~ |

< k]

In . this moael, except for the traggﬁtions which model
the send and receive queues at each processor, the operation
of the other transitions are exactly similar to the ones in

GSPN2A. n

“

RS
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v
The immediate transitions t3 "and te .represent the
message queueing at the send and receive points in processor
PE;. Similarly, t33 and tg model the message queueing in

a

PE>.

The message generation' by PE; and the transfer'of the
message to PE; by the C-Bus controller are modeled by the
sequetfal firings of timed transition t3,immediate
transitions tp,t;, timed transition- tg Qnd the immediate
transit%on tg. The message reception by PEj; is modeled by

the timed transition tj; and immediate transition ti10-

Similarly the message communication from PE; to PEj is
modeled by timed transitions tj3,t7 - and immediate
transitions tj3,ty14 and tg. The recep:ion of the message b&
PEl- is modeled by timed transition t4 and immediate -

transition tg.

The immediate transitians tis and tyg resolve the two
deadlock situations similar to the ones in SPN2A and SPN2B.
Since in GSPN2C we are employing multiple tokens, thg'use of
inhiﬁitor arcs simplify the .-modeling of these deadlock

4

situations.

a

The switching distributions for each of the immediate
transitions are as given below.‘ Here, 1like in GSPN2A,
certain immediate transitions do not get enabled at fhe same
time. They. are (tz.,ts).(tip,t13),(t1,t9), and (tg.t14).

Also the transitions tjg and tj;g get enabled seperately.

>
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With these exceptions, the immedaite transitions in~GSPN2B

'get enabled singly, in pairs or in triples.

For example, t; get enabled together with ty or tg or ée'

or tj3 or tj4 or tjp and
(ts5rt14)~_We will describe
transi£ions 'tl,tz;ﬁs and
similar * manner, from the

processors, the switching

in combinations of (tj4,tjg) and

the switching distributions of

tg associated with PEj;. In a

homogeneous

nature of these
. »

.distributions fog;;tranSitions

t14rt13,t10 and tg.can be defined.

Switching distributions

for:

¢

ty :when t3 is enabled : Prob = m3/(m3 + mg); when

tg or tg or tjg or tj3 or tyj4 is enabled: prob =1/2;

when both tjg4and tjp or ts and t14 are enabled :Prob=1/3:

-othetwiseéprob=l.

- to : when t; is enabled : Prob

when tg or tjg or tj4 is enabled : prob

‘otherwise prob= 1.

J

ts : when tg is enabled : prob

when'tj3 or tj4 is enabled :

1/2;

prob

when both t; and tj;4 are enabled : prob-

otherwise: prob =1.

te :.when t; or tj
whén tg is enabled : prob =
otherwise:~prob=l.

In the GSPN2C we model

is enabled :

1

ms/(m3 + mg);
1/2;

mg/(mg + myq);

=1/3;

prob =1/2;

myg/{mg + myq):

the effect of different message

capacity for the message queues by simply altering the

t
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number of tokens in places which model them. For example,
places ps,p10/P14 and pyjg in fig 5.3 éontain 2 tokens each
indicating that this GSPN models a two processor CUENET with
§ize of the mesiigS/Queue 2. To study the effects with
message queue size 3 messages we just alter fhe number of

tokens in these places to 3.

N
5.3 Three processor GSPN model:

FigS.4 shows the three processor GSPN model of CUENET (GSPN3)
which 1is similar to the three processor model SPN3A. GSPN3
has 25 placeé, 12 timed transitions and 11 immediate

transitions.

The timed transitions tjs,t3 and t;g model the ‘message

generation by processors PEj,PE; and PE3 respectively. The
message transmission from PE] to (PE,,PE3), from PEj to

(PE; ,*PE3) and from PE3 to (PE;,PE;) /are (modeled by the
"

(|

pairs of timed transitions (;5't14)”(E3*19) and (tzg/t10)

.respectively. The message reception by /PE is modeled by
n~\~~/.l

the timed transition tj7 and the immediate transition tjg.
In the similar manner, the timed and immediate tr§3§ition
pairs (tg,t7) and (tig,tz1) model the messagé reception by
PE; and PEj reépectively. The C-Bus controller functions of
determining the availability of destination resources are
medeled by the immediate transitions tj,t4q,tg,t11, t13 and
t;B The operation of this GSPN model is exactly similar to
the SPN model SPN3A. The major difference is the way the

various immediate transitions are assigned probabilities of

-
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firing when more than one of the immediate transitions -get

enabled in a given marking. - The switching distributions of

the various ‘immediate transitions are as follows.

There are certain immediate transitions which do not get

enabled at the same time, 'for reasons similar to ones given

in GPSN2A. We shall consider the immediate transitions
connected with processor PE] and describe the switching
distributions to them. In a similar manner, using the
symetrical nature of the model, the switching distributions
of the immediate transitions associatéd with processors PE)

and PE3 can be derived.

>

2

The immediate transition tjg do not get enabled at the
same time with the transitions tg and tj;3 due to the two
conflicting timed transitions tjp and t;7. Also tjg canno:v
get enabled with the tj,t;g since places pp3 and py4 cannot

have tokens at the same time.. Tyansition tj;g can get

‘fnabled at the same time with either t4 or tj;. —_—

The immediate transitions tg and t;3 get enabled
individually or together with one. of the other four
immediate transitions tj,tg, ti31 ana ti6- Thus the
swftbhing distribution for these transitions will include

all thesas various possibilities.
The swi;:;zhg distributions are:

tg: when tj;3 is enabled: Prob=1/2;

—

when (t33,t1) or (ty3,t14)° or (t13-t31) or (¥13,thg) oOr
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N .
(t%t4) or (ti1,t1g) are enabled together : prob= 1/3;

otherwise : prob=1. .
At
1/2;

t13 : when "tg .is enabled .: prob

when (tg,t;) or (tg.tg) or (tg,ti11) or (tg.tig) or (ti,ta)

or (tj1,tig) are enabled together : prob = 1/3;

otherwise : prob=l.

<

tyg:when tq or t;; .is enabled : prob=1/2;

' 4
otherwise : prob =lfﬁ“

5.4 AnalyQis‘of~GSPN models:

The-analysis of a GSPN model, 14ke . the SPN analysis,

-
invloves first the determination of the reachability set of

the GSPN which comprises of both the tangib markiﬁgs and
the vanisﬁing markings(see chapter II). The sécond part of

the analysis goncérns with the ‘determination of transition

. probability matrix for the Reduced Embedded Markov

~ ,
Chain(REMC) formed over only the tangible markings of the
-

GSPN under study.

. We havé\‘used the software package developed for this

purpose in Pascal language by Marsan et al[MARSAN-85b].

This software is designed to run on VAX11/780. It mainly
. i

consists of an interactive editor and various modules for

determining the reachability sets, transition probability

~ -
matrix and solution to the steady state probabilities of the

resulting REMC. The interactive editor helps in describing

the GSPN model in terms of the-places,-timed transitions and

their firing rates, and impediate transitions along with

L.
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their switching distributions and the initial markings. The

»

firing rates and the initial markings are treated as

variable parameters so that the GSPN model ¢an be executed
for differentr initial markings and .fi;iné rates without
specifying the model description every time. Firing ~£§t s
for the timed transitiong can'%e assigned with a fixed éate
or' a rate which varies withnthe number of tokens in its
input places. . Also- this s?ftware allows the‘@efiniti&n of
firing rates and swifching distribution with complex marking

3

dependecies. ‘ ‘ T
fal
\

%

Determinatign of the reachability set:
In this the number of,‘tangible‘ marking% ahd vanishing
markings present in the'r;ach;bility set are 3de€%?hined by
the program GRG. Epe program starts with the initig%
marking of the GSPN model and fires all the éﬂabled\
trahsitions in that marking. As di§cussed in section 2.4,

the rules for the firing*of the timed and immediate

trasnitions . are followed while firing the various timed and

immediate transitions in a articular marking. Alsd 1in
par g

determining the nature of a new marking generated from an

existing markingé the rules for determining tangible and

\vanishing markings are used. In this software the timed

‘transitions proceed on breadth-first manner, in which .all

the enabled timed transitions in a given marking are fired

N

in sequence The immediate transitions are fired on a

depth-first manner where in the firing of successive

]

wt
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immediate-transitions in the resulting markings

are foilowédu

till a tangible marking is reached. This ordering of the

Mmarkings in the reachability set help in determining the -
- . s -

transition  probabilities for -the various vanishing to
tangible path.. These probabilities are used in determlning

Y
the entries of the transition matrix defined over the

“ ®
tangible markings only.: .

S

) e
Table 5.1 gives the details of reachability set for the

models GSPN2A, GSPN2B,GSPN2C and GSPN3. A representative
l{%ting of 'the tangible and vanishing markinds of “a)\

reachability set is shown in Appendix E. _This.is the
, ‘

reachability set fot“GSPN:B:;

-
: -

Determination of the steady state probabilities of the
| tangible markings:

' "

The program GMD first convertes the markiné’dependent fffing-'
definitions and the switching distnibutions into firing rate

/ probability definitions. Here a  recursive descendent

" -

algorithm is employed to perform syntatic’' analysis of ‘the

)
El

‘ logical‘ definition stgtements and then trgnslates them into
a sequencegbf if+-then-else §tatqments.‘ Then the transition

.probabilities for the transition matrix formgd only by, the
tangible markings_ére éetérmiéed by the program “ GMT using *
these definitions gtateménts and informatiom” coliected

during the determination of the tangible and vanishing
\ ¢

markings in the reachability'set. This transétion matrix®

I
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formed over only the tangiblg markings 1is solved for the

termination of the steady state probabilitfég. éhe GSPN
diftwarg employs Gauss -ellimination and Gauss-Seidel
ite;ative methodé} programs. GGE and GGS) for the |

determination‘of‘these steady state probabilities.

Determination of the values of the Pergormance measures:
?

‘The token density dj for each place pj in‘ the given GSPN

1%

model is determinéd.by the relation.4.3. 1In this context,
Yj is the(ateady state probability‘of tangihle marking j in

: \ :
the reachibility set of the GSPN model.

From the various token densities, the performance

measures are derived in a similar manner as done in the case

1

of SPN ana1y51s. . As an example, the performance measures

T

for the two processor model GSPNZB are determined by the 3

following relatioflis:

.Pfoéessing Power P= d; + d?ﬁf

€-Bus throughput = (1-dg)XHK, e~y

d; + dg,

PEgmeanwait ‘= djg + dj2»

] - ! A
AY , 4 -~

5.5 Discussion of GSPN models of CUENET:
Table 5.1.shows how, the ti(phablllty set of GSPN varies with
the GSPN complexlty of the model It u .s&en. that ‘the 'f

growth of, the overal% reachab111ty set*is similar, but

\ ) . ) ’ ~ \
N - “ l\

leger thap&he growth of the SPN -reachability set
2 ' : .



126

| .
VAN
L4 \ .

TABLE 5.1 ‘
. e !
DETAILS OF MODEL AND REACHABILITY SET SIZE
OF GSPN MODELS OF. CUENET.

-

-

GSPN NO. OF NO. OF ' NO." OF SIZE OF .NO. OF NO. OF:
MODEL PLACES. TMD TRS IMM RES R S T St  V St

 GSPN2A 15 6 6 70 40 30
‘Geski2p v 17 6 8 182 .. 167 - 115
- ! . lad
' GSPN2C 23 6. ' 10 763 . 200 563
(Qu sz =1) . (1152)% |
L : =T A 1 ' '
GSPN2C 23" 6 - 10 . 2828 . 612 2216
(Qu Sz =2) : (5832)* o
GSPN3 25 12 - 11 826 479 347
. NOTE: . ’ N
TMD TRS : Timed Trans}tions.(
IMM TRS : Immediate Transitions. . *
R S : Reachability et.
T St : Tangible States. —
V St : Vanishing States.
Qu Sz : Send and receive message queue size.

~ * : Equivalent 'SPN reachability set size.-
~ ) '

N . o -

l.\ . ’ ’ -
] ‘ =~ | L
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TABLE 5.2
COMPUTATIONS TIMES FOR GSPN ANALYSIS:%k
L N
* MODEL ° T1 T2 T3
GSPN2A 0.830 1.4 0.4
'GSPN2B 2.59 4.8 0.8
GSPN2C 24.0 82.9 2.2
(Qu Sz =1)
GSPN2C 87.0 2900.0 25.0
(Qu sz =2) ' .
GSPN3 41.0  2750.0  10.0

set and form the Transition Matrix. .
Time in secs to determine Solution from
Tr.matrix using Gaussian Elimination Method
Time in secs to determine .the solution from

the transition matrix us1ng Gauss Seidel

iterative method.

Send and réceive message queue size.

Time in secs to determine the Reachabr%\izl
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(see Tabled.l) (?Pis difference 1is quite significant for’
GSPN2C, * for which, the figu;es given in parenthese
correépond to the geachability set of equivalent SPN). But
the stateé‘ of GSPN are bifurcated into tangible and
vanishing states and the computational complexity of the
solution depends mainly on the size of the tangible markings
of the GSPN. By obsgr;ing the twq tables 5.1 ,and 4.1 the
computational complexi®y in the case of GSPN will be about

one-third to one half the solution complexity of SPN.

The . computational time requirement, £o1 doing GSPN

v

‘analysis using' the Gauss Ellimination method and the

Gauss-Seidel Iterative method, are shown in Table 5.2. It

is . observed from Table 5.2, that the Gauss ellimination

‘method takes a large amount of time, even with moderate size

of the reachability (tang’i’bl"éh) set of t‘he GSPN. Thus for
GSPNs with larger size tangible states the Gauss-Seidel
iterative method was employed M obtaining the sothion.
The approximate sdlutioé provided by this iterative method
compares quite well with those obtained using Gauss

ellimiantion method.

“he results of GSPN analyéis done on GSPN2A,GSPN2B,
GSPN2C and GSPN3 are shown in Tables 5.3,5.4, 5.5 and 5.6
respectively. Tables 5.3 and 5.4 gives the wvatriation of
prdcessing power, C-Bus throughput, and ﬁrocessor wait time
with the system load factor. 1In Table 5.5/;he variation 'of
proéessing power and C-Bus throughput wiéh system load

-~
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0.0% 0.4166
0,05 2.083
0.1  4.166
0.2  8.333
0.4 16.666
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N
+ 7 -
i
TABLE 5.3 |
GSPN ANALYSIS RESULTS‘OE'GSPNZA.

h PP CT P1W .
41.66 1.4539 0.2270 0.2731
41.66 1.4507 _ '1.1307 © 0.2747
41.66 1.4457 2.2485 0.2772

"41.66 1;3319 4.4346 - 0.2821
41.66 1.3912 8.5423 0.3044
41.66

0.8, 33.328.4
1.0 41.66

41.%6

c NOTE:

PP
- CT

P1W
P2W

s oo

1.2772 15.4614 0.3614
1.2142 18.2761 0.3929

7
/ -
.

Processing Power.
C-Bus Throughput
in Messages/sec.
wait time for PEl.
wait time for PE2.

»

-

P2W
0.2731 )
0.2747
0.2772
0.2821
0.3044
0.3614
0.3929
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v TABLE 5.4

-

GSPN ANALYSIS RESULTS OF GSPN2B:

4

. - T I PP CT P1W
0.01 0.417 41.66 1.5261  0.2625  0.2369
0.05 2.083 ~L1.66 1.5209 1.3186 0.2395
'0.1°  4.166 41.66 1.5131  2.6205 0.2434
0.2 8.333 41.66  1.4934 ,'5.1599 0.2533
0.4 16.666 41.66 1.4396 . 9.8921 0,2802
0.6 24.996 41,66 1.3723 - 14.0643 0.3139
0.8 33,328 41.66 " 1.2984 17.6494 . 0.3508
1.0 41.66 41.66 1.2230 20.6818  0.3885

NOTE: . .t
' PP : Processing Power. '
\ CT : C-Bus Threughput ’
in messages/sec.
PIW : wait timé® for PEL.
P2W : wait time'for PE2.

P2W

0.2369
0.2395
0.2328

. 0.2533

0.2802
0.3139
0.3508
0.3885
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1

factor for different queue sizes are depicted.

The comparision of the results in Tables 5.3 and 5.4

with results in Tables 4.4 and.¢35 shows that the resu />5§

1~

SPN and GSPN models for two processor CUENET agree.

In® a loosely coupled system ‘thé presence of message
queues at each processor facilitates a better use of the
resources of the system. The coqparision of the results in
Tables 5.3 and 5.4 with those of T%ple 5.5 indicate how the
increase 1in the C-Bus throughput has less decreasing effect
on the processing power, with the introduction of message

queues at each processor, in the model.

The resultg xfor three processor case (GSPN3) shown in
Table 5.6 indicates “that the processing power, C-Bus
*throughpdﬁ * increase propéitional to the  number of
‘processors, as compared to the results of two processor case
(GSPNZA}. The processor wait time increases due to the

increased contention for the use of C-Bus.

5.6 Aggregated GSPN model for two processor CUENET:
In chapter IV and so far in this chapter we have modeled the
v \\yarious message comunications aspects of CUENET for two and
-/ %hree processors cases. In these models thé action of each
‘ p?ocgssor are explicitly modeled. Aléo we have considered
the d;fferent system characteristics such as the presence of
only output and input .buffers apd message queues at each

processor,
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GSPN ANALYSIS RESULTS OF GSPN2C: '

0.417
2.083
4.166
8.333
16.666
24.996
33.328

41.66

NOTE:

41.66
41.66
41.66
41.66
41.66
41.66
41.66

41.66

PP :

132

TABLE 5.5

QU SIZE
PP

1.5778
1.5758
1.5725
1.5636
1.5321
1.4797
1.4095

1.3287

"
-
3

=1
CT

0,2876
1.4357
2.8647

5.6939

11.1404

16.1050

20.4126

.-24.0041

Processing Power.
CT : C-Bus Throughput
. in messages/sec.

ISt

QU SIZE =2
PP CT

.1.6479  0.3466

1.6462 1.5716
1.6439 ) 3.1382
1.6376 6.2514
1.6155 15.3247
1.5737 17.9870
1.5082' 22.9520

1.4231 27.0269

/;)
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0.4 16.666

0.6 24.996
. 0.8 33.238

1.0 41.66

- . NOTE:

CSPN ANALYSIS RESULTS
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TABLE 5.6
OF GSPN3: -
(FOR [=41.66)
CT P1W

PP
o

 2.0663

'2.0603

2.0501
2.0191
1.9206
1.7919
1.6537
1.5190

PP
CT

Plw
P2W
P3W

.o

e o

0.3586 0.3112
1.7868 0.3132
'3.5526 . 0.3166
6.9861 . 0.3270
s
13.2453 0.3598
18.4773  0.4027
22;6734' 0.4488

25.9727 0.4937

Processing Power.
C-Bus Throughput
in messages/sec.
wait time for PEl.
wait time for PE2.
wait time for PE3.

J

P2W

0.3112 -
0.3132 .

0.&166
0.3270
0.3598
0.4027
0.4488

0.4937

P3W
0.3112

0.3132

0.3166
0.3270
0.3598
0.4027
0.4488

0.4937
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I

Tqbles.l illustrates‘how the model size and the reacﬁability
set size increase with increase in the details of the system
being modeled. The number of places and transitions
required to model two processor CUENET wit; messaée queues
is almost equal to those required to model three. processors
without ﬁéssage queues. The size of the three processor

model with the message queues will be 37 places and 29

transitions (12 timed and 17 immediate).

Also in GSPN models, the definition of thé"switcﬁing
probability for the various immediate transitions can get
.~
™ . . ;
quite involved with the increase in the number of immediate

transitions in the model.

Since, in the final analysis, one is interested in the"

s

behavior of the oyerall system, we could represent the
actions of individual processors collectively through the
use of multiple tokens in selected places. By doing this
&ihe increase in the size of the model will not be high when
addit;onal details are included in the model. Further by
doing such aggregation, the extension of tﬂe model for
larger number of processors cé4n be done easily with the

change‘in the initial token distribution and/or by adding a

relatively small but a new section to the model.

Since GSPN offers a better modeling capability than SPN,
we have adopted GSPN for doing these aggergated CUENET

models.

—

@
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2
*

Fig5.5 shows tﬁe aggregated two processor GSPN model of
CUENET(GSPNR2). This model has 13 places, 8 timed
trinsitions and 6 imme@iate transitidns. GSPNR2 eséentaflly
mode}s the two processor CUENET witﬁout message queues. It
is similar to the GSPN2B but differs from GSPN2B in two
aspects:‘One is we are using multiple tokens which may be

used’ to denote the number of procéssors, input buffers or.

@

' output buffers. -The second aspect 1is '.that the rate\ of

-~

firing ofs., the timed --transitions wvary ‘with the number of

t

tokens dt their input places.

In GSPNR2 the activities of the various processors are
modeled by places P1/P2/P3/P4+P6+P7:P13 and timed

/_

s

The C-Bus controller acgivities include ,checking the

transitions tj,ts,t3; and tjj.

availability ‘of tpe input buffer of the destination
,queueihg the message if nec;ssary and the actual message
transfer. The places (pa,pg,blo}pll,plz), timed transitions
Xt5,t7,t8,tlo) and immediate transitions (té}t4,t5;t9) model

these activities. : '

The two immediate transitions tj3 and tj4 resolve the

two deadlock éituations similar to the ones _in SPN2B and

GSPN2B. . 7

We shall describe the opeartion of the mgdel by assuming
an initial condition’\§n which both the processors are

\\ -
)

hdl

Y.
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"active,the output and input buffers and the C-Bus
controller are free. This initial state is‘indicétgd by the
' token §%stribution shown in fig 9.5, where place p; contains
2 tokens indicating both.processors are‘gctive and places p3
and pé contain 2 tokens each indicating that both the inpué

and output buffers of the two processors are free. Place pg

has one token to represent C-Bus controller being free.

S

The message generation by the sender ana its placement
in the output buffer is modeled by the timed transitions tj
and tp. The immediate transition t3 and timed transition tg
represent the C-Bus cgntroller functiéns of determining the

.
L

availability of the free receiver and the transfer of
.x message to it. The message reception by the receiver
processor is modeled by the timed transitions tj;j and tj3.

This forms a message communication cycle.

1

When ;he destination's input buffer is busy, the C-Bus
controller queues this message. This 1is modeled by. the
immediate trabq&Eiqg t4. The immediate transition tg models
the queueing of Qecqgg'/;:;sage for the same destination.
The timed transitions ty and tg model the message reception
by the destination processor 'with the additional
information, one and two méséage are queued for +the same
destination. The operation of immediate transition tg is
similar to £3 with the information that this message was

- ] quyeued for this destination, Timéd Eransition tio

N .
represents the C-Bus controller's message transfer of one of
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the two queued messages. AN

In the previous models the transfer rate -tomprised of
the message transfer’ rate .at the sender} to its° output

buffer, .the transfer rate of the C-Bus controller and

receiver processor rate of ‘removing 'the message from the
, .

¢

input buffer. In-this'model these components are éeperastely.;»
(modeled by. different timgd transitions.-. The timed
transition fzdfires at a marking depdndenf rate aT,“wherele .

is *the rate at which\ the’ sender processor transfers the -« ‘m#/
mes;agé . to its output buffer. The timed tgans{}ions’t7; tg

and tj2 fire'at a marking dependent‘iatélxg, wheie (04} %s the

rate at which the receiver processor rem;ves the message (T
from dts iﬁppt buffer. The.timed pransitfoné tg and tjpg
f&;e ‘‘at a constant rate K@ where K¢ is th? rate at which
the C-bus controller transfers messages from the senders’
odtput buffers té the recei;érs:.input buffers. The'messaée
transfer rate M used in the earlier models and these three
rates are related by the following e#pression:

1/ =1/ e + 1/ &p + 1/‘XR--------‘---~-------°--j---(5-1)
The , immediate transitions t3,tg4 and_tg model the éelection\
of the receiver's input-buffer. At certain mérkings more . -
than oﬁe i.e either t3,tg or t3,ts will be’ enabled
igdicating that tﬁe message may be directed to” a free
teceiver's input buffer or can Qqueue for a busy Enput

buffer. To model this we have to éssign probabilities of ‘

firing to these transitions, when they are enabled_together. A

3 -
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Tth‘pggbabiIity will depend on the marking in which' thise
immediaée transition gets<¢ enabled. Thus ~the switching
distribution_for each immediate transition In terms .of the
tokens at their inpﬁt places can §g_,%§termined. ‘The
switching distribution for the t;ansitions t3,tg té.and tg
are as given.below: T K

For t3 : mg/PROCS, S
For tg4 : m7/PROCS,

For tg. : mg/PROCS, - ) ) ’
For_tg:‘when t3 is enabled , mj;qg/PROCS

Otherwise 1.

where PROCS is the number of processors in the model.

ve

. 3

The above switching distributions holds goo& for all .

marking in the reachability set' of the GSPN. |

b —
L - . :

, . - /
Fig 5.6 'shows the reduced GSPN model including the send
/ . . .
and message queues(GSPNRQ2).This GSPN model -has lT;places,B

timqa transitions and . 8 A immediate " fransitions. The

operation of this model is essentially same as the GSPNR2.

- 0 - - . »
The extra information contained is the queueing of messages

at the sending-and receiving ends. This aspect is modeled

"by the immediaté transitions tz -and tjy4. The immediate

-~ L]
transition tj; models the message-queueing at the senders'

side and tj4 models the reception of the messages contained

in the receive message queue. Thus the message generation

and placing the ggnerated message in the sender processor

send gqueue are modeled by, the timed transition t; and

&

~

@

/
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immediate transition t;. Timed trasnition t3 models the
movement of the  message from the send queue'fo the output

r

"buffer of the sender processor. _ ,

gbr the sake ‘of simplicity, in this model' we have
assumed that the interaction of the p;ocessor is ﬁini@al
duriné the movement of the message from thé .Seéd queue to
the bﬁtputubuffer. Alternately, tgas model also represents
the situation if a coprocessor} like the 82586 LAN
communication Eontrolier [INTEL-84], were to be present to

“take care of the message communication functions of the

-~
a

processor.

The immediate transitions t4,£g5 and tg model the
2

seIgction of free gr busy desting@ion receiver for message
transfer. Timed transition t7 models the. message
transmission by the C;Bus‘controlier to 'a free receiver's
inéut buffer. The / ti%ed‘ transition tg represents the

movement of message from the receiver's input buffer to 1its

receive queue. . I

-

The timed transition tj;3 and immediate transition tjg4
together model the reception of a message 1in the receive

queue by a processor. , .

N .

The timed transitions tg and t;gp model the same
operation as done by the timed 'transition tg “with the
additional ‘'informatibn that one and two output buffers are

queued, respectively, for that busy receiver's input buffer.
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The timed transition tj;j represents the transfer of a

message from one of the two queued output buffers to that

.

receiver's input buffer. o 7

The immediate transition t;;) models the sélection of .the

queued output buffer message for transfer by the C-Bus

controller to the required receiver's input buffer.

=4

TRe immediate transitions tjg  and tjg resolve the

deadlock situations simildr to t13 and tj4 in GSPNR2.

P

The fiﬁing rates of the timed transitions are similar to
that in GSPNR2. The timed transitions tj and t;3 fire at a
marking dependent rate mf&}\/z, the timed transitions t7 and
tiz fire -at a constant rate Kc and the transition t3 fires
at the marking dedpendent rate mgX &n. Transitions tg,tg
and tjg fire at a‘ﬁarking dependent rates mjpX &r, mj3X QR
©and mjgX QR repectively.l The rates K¢, Xp, Xg have the same
relation as given+in equation 5.1. As it happens in GSPNR2,
in this model also in certain mafkinés more than one
immédiate trans;tiéﬁ can get enabled at the same time. The
immediate transitions ta,t4,tg and tg will getr enabled
singly or in groups of two orsthree.Also the immediat?
transitions tj1 and t14 get enabled  simultaneously in

certain markings. *

In these groups, for the sake of simplicity, we assume
that the immediate transition modeling the processor

activity will get priority. For example, if immediate

s
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.

transitions tj and tg get enabled in a given marking then a
probability of 1 is a551gned to the firing of ¢t while a
probability of 0 és assigned to tg . With this assumptions
the switching distributions for the various immediate
transitions are as follows: '
t2 and tj4 will fire,yith‘probability 1,
t4 : when t2 enabled : probability =0,
otherwise probability = mg/PROCS,
ts: when t; is enabled : probability = 0,
- otherwise, probability = mjg/PROCS, ‘
tg: when tp enabled : probability = 0, ' oA
otherwise, probability = mj3/PROCS. N .
tll; when tj4 enabled: probability =0,
otherwise; probability =1,

where mj* is the number of tokens in place p; and PROCS=

TS

number of processors in the model. ‘ .

The extension of the reduced two processor GSPN models

~

(GSPNR2', GSPNRQZ) to three and higher number of processors is
quite strlght forward. P1955°7 shows ' the three processor
version of GSPNRQ.Here the processord activities portion do

not get altered, only the number of tokens in the initial

marking gets: changed. The portion modeling the C-Bus

controller needs to be extended to queue One more processor.
- ( y - .
In fig 5.7 the places p1g,pP19/P20, the timed €ransitions

N

nﬁ§lglt20 and the immediate transitions t17,t19‘?epresent this

extension "of C-Bus queue (shown enclosed in dotted lines).

-
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'Thus this three processor aggreéated GSPN model has 20
places, 10 timed and 10 immedigE? transitions. To model a
system with "i" processors this portion of the C—éus
controller queues must be extended (i-2) times. Thus for
modeling a 5 processor CUENET we need three such extra
portions and thus the total number of places will come to
26, timed transtions 14 and immediate transitions also to

14.

7

5.7 Discussion of Agrregated GSPN models of CUENET:-
Table 5.7 gives the detalls regarding Lt‘he/ size of the
aggregated GSPN models and the si;e of their reachabiliﬁy
Qeek By comparing the entrie
Table 5.1 we observe that the aggregation ha resulted in
sﬁaller and compact) GSPN models for the tw
CUENET. The savingg one obtains in . terms of places and
transitigns is quite sigﬁi{icant as one progresses from two
processor éo three processo?ﬁaggregate modgl with messége

queues. ° -

But the overall reachability set for both the aggregate
and detailed models are of the samé magnitude. This is due
to: the fact that with the aggregate model we are still
presentingxghe same or greatef amount of details of the

system.  Hence the reason for the same size in the

reachability sets.

in Table 5.7 with those in °

processor -

<



DETAILS OF MODEL AND REACHABILITY SET SIZE
FOR AGGREGATE GSPN MODELS:

GSPN NO. OF NO. OF NO. OF SIZE OF

-ox
MODEL  PLACES
GSPNR2 13
GSPNRQ?2 17
(Qu Sz=1)
GSPNRQ2 17
(Qu 'Sz=2)
GSPNRQ2. 17 vy
(Qu(gz=3)
TOMP 9
' NOTE
TMD TRS
IMM TRS
R S
L . T St :
V St :
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TABLE 5.7

TMD TRS IMM TRS R S

8 6 129
8 . 8 876
8 8 2012
8 }8 3616
6 ‘i 5 . 24

: Timed Transitions.

Immediate Transitions.

: Reachability Set.

Tangible States.
Vanishing States.

)

NO. OF
T St

90
342

708
1202

16

NO. OF
vV St

39
534

\
2012

2414

Qu Sz: Send and Receive message queue size.

.
-h

o

L ]

-
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: TABLE 5.8

—

COMPUTATIONAL TIMES FOR GSPN' ANALYSIS OF

AGGREGATE GSPN MODELS:

—_

MODEL ‘71
GSPNR?2 2.89

GSPNRQ2 22.74
(Qu Sz=1)

GSPNRQ2 55.0
(Qu Sz=2)

GSPNRQ2 96.0

(Qu Sz=3) ’

Time in secs to determine the
and form transition matrix.

Time in secs to determine the
transition matrix by Gaussian
Time in .secs to determine the

3. .
0'5
8.5

20.0

100.0

reachability set

solution from the
ellimination.
solutionn from

the transition matrix by Gauss-Seidel

iterative method.
Estimated value.

Send and receive message queue size.

A

«
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The last entry in Table 5.7 corresponds to the reachability
.set of the. reduced GSPN model of TOMP mhltiprocessor,
modeling 5 processors, 3 common memories and 2 buses. Here
again, as seen in SPN analysii, the loose coupled nature of

4

CUENET results in a. larger size reachability sets.

—_ Table 5.8 gives the computational time required for .

-

doing GSPN analysis of these aggregate models.
[ 3

From these results, we see that the aggregate GSPN modad=*-

does not provide much computational advantage. But it does
provide the advantage of compactness and ease of expansion,
as illustrated in the previous section, to represent the

system with higher nuqﬁgr of processors.

' Table 5.9 gi;es the GSPN analysis results of GSPNR2,
whiie tableé 5.10 and 5.11 contain the.results of GSPNRQ2.
The Table 5.9 gives the\EEPN analysis\results of GSPNR2,
which is the agregate version of the two processor model
GSPN2B. Here the different aspects of message communisation
are modeled in more detail as compared to GSPN2B. The size
of average inbuffer queue length is due to the fact in this
model, the situation of processor sepding a message to
itself 1is also modeled. When a processor is sending a
message to‘itself, the other processors will have to wait

for an extra amount of time, which is reflected bylthe

average size of the inbuffer queue.

R} LY
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TABLE 5.9 .
GSPN ANALYSIS RESULTS OF, GSPNR2:

o A J PP or CBQ IBFQ.
0.01 0.417, 41.66 1.6887 0.2364 0.0000 0.5618
0.05 2.083. 41.66 1.6662 .1.1684 0.0000 0.5568

0.1 4.166 41.66 1.6386 2.3034 0.0002 .0.5506
0.2 8.332 41.66 1.5848 4.4751 0.0001 0.5390
0.4 16.664 41.66 1.4837 8.4406 0.0003 0.5181

0.6 24.996 ,-41.66 . 1.3914 11.9441 0.0007 0.4999 -
0.8 33.328 41.66 1.3077 15.0424 0.0012 0.4840
1.0 41.66 41.66 1.2317 17.7877 0.0016 0.4700

v

v  NOTE: >
PP : Processing Power..
CT : C-Bus Throughput
in messages/sec. .-
. CBQ : C-Bus average
~ queue length. N
. . ' IBFQ : Input Buffers
‘ average queue length
1 -

L

s e E
-
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TABLE 5.10

GSPN ANALYSIS RESULTS OF GSPNRQ2:
(Processing Power for different queue sizes.) "

_-

€

p AL B ' PPl “  PP2 PP3 .

> 0.01 %Do.417 41.66 1.8093 1.8617 1.8916

0.05 2.083 41.66 1.8062, 1.8594 1.8898
0.1 ‘ 4.166 41.66 1.8017 1.8562  1.8872
o~ 0.2 c - 8.332  41.66 1.7908 1.8484  1.8810
0.4 16.664 41.66  1.7610  1.8279  1.8647
0.6 24.996 41.66 1.7216  1.8013  1.8436
0.8 33.328  41.66 _1.6739  1.7690  1.8180
- 1.0 41.66 41.66 1.6200 1.7311 #.7881

. ‘ g . :

NOTE:
PPl : Processing Power for

Queue size= 1 message.

PP2 : Processing Power for
- ; Queue size = 2 messages.
PP3 : Processing Power for
- Queue size = 3 messages.
o

.
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: - © . TABLE 5.11
- 2
: GSPN ANALYSIS RESULTS OF GSPNRQ2:
(C-Bus Thfgyghput for different queue sizes. )

P

" CT1 . CT2 CT3
0.01 —-  0.417 41.66 0.2664 0.2793 0.2867
0.05 2.083 41.66 . 1.3377 1.4045 1.4424.-
0.1 4.166 41.66 2. 6874 2.8270 2.9062
0.2 8.332 41.66 5.4121 5,7171 5.8894
0.4 16.664 41.66  10.8797 . 11.6106 12.0159
0.6 24 996 41,66 16.2352  17.5440 18.2524
0.8 33.328 41.66 21.3500 23.4014  24.4940
1.0 41.66 41.66 26.1281  29.0713  30.6399
NOTE: ) .

CT1 : C-Bus Throughput in messages/sec
o for queue size = 1 message.,
CT2 : C-Bus Throughput in mesages/sec
for queue size = 2 messsages. - ~
CT3 : C-Bus ThrqQughput in messages/sec ...
for queue size = 3 messages.
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The 1mproveméht in the processxng power and C- Bus throughput
with the 1nc1u31on of message Queues at the send and receive

points is lndlcated in.the results presented in Tables 5.10
) ~ ¢ . .

and»S.ll ;espectively. ‘ ; e

The study of these detaxled and aggregate GSPN models of

CUENET suggests that the GSPN mode;lng technique can be

utilized. <o study a small'loosely coupled DCS, say with two

or three processors. 3 ’

s
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CHAPTER VI

CONCLUSIONS.

X

This thesis aims at. the performance evaluatlon of CUENET

(Concord#a Unlver51tyqaducat10nal NETwork) .a loosely coupied

Distributed Computing System (DCS)L usvng Stochastie

Petrinets(SPNs) and Generaligzed Stochastic Petrinets
o . . ~ (

(GSPNs) . ‘ s v

Of late, SPNs and GSPNs are employed in the ﬁperformance

studies of tightly .coupled_ DCS like . the Td:ipo

-

Multhrocessor(TOMP) [MARSAN 83], and the PFault Tolerant

4

Multhroébssors(FTMpy [WOOD 84]. -These recent applications

h\
of SPNs and GSPNs.on one hand and the —presence of QUENET

here in oyr department on the other hand are the main
1Y o
motivating factors in undertaking this thesis work. Also,

to the author's knowledge, to date, these techniques have
. <

not been employed in the performance study o a loosely

coupled DCS.

a

The SPN models, presented in chapEer IV, for the two and

three processor CUENET reveal two aspects:

(1) The ease with which concurrency and conflicts in the

system can be modeled.” Also using the Petrinet model

éroperﬁies‘like poundgdnéss and Iivggfssn the modeled éjg!;m

[can be easily checked for deadlock.

~~

(2) The reachablllty set of the SPN grows enormously af one

proceeds to add more and'ore details of the systemqlntb?the
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model. Table4.l illustrates this increase.
] 4 .

LY

5
.

| )
thesis, is attributable to the loose coupling and the
. \ "

The large size of the reachability set reported in this

protocol details employed in ‘a network such as CUENET. K The .

-

autonomous and asynchrogous nature of a 1loosely coupled
\ - -

system results in a* large number of system states, This
‘éontrasts with the size of tpeﬂéPNs and reachability sets of
the tightly coupled TOMP éhowq in Table 4.3. The large size
of the reachability set results in high computational times
‘to. obtain the steady’ state solution of. the underlying

discrete Markov chain.

The clasgification of transitions into timed and
immediagf"types" in GSPN allows o to express more details
of the system for.: the same time E lexity £ e model.
The ~GSPN models of chapter V illustrate this\aspgft. . Table
5.1 giveé'the details of the reachability-setsrof‘ the GSPN
models. The models GSPN2A, GSPN2B have lesser number of
states as compared to their SPN counterparts, where the
level of details are the same. The GSPN2C models the two
, processpr CUENET with additional detaiis of message éueueing
rat eacﬁ processor.. This has far lesser number of states as

compared to an equivalent SPN. Also the results of the two

«
processor GSPN models GSPN2A and GSPN2B compare well with

)

e

- as indicated by the Tables 5.3,5.4 and Tables 4.4,4.5

3

respectively.

»

. tHe results of the corrésponding SPN models SPN2A and SPN2B,

[

4

~

Nea
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e
The main advantage of aggergate models 1is in their

compactness and the ease of expansion of the model to

<

’ SN )
. represent additional processors. However, in an aggregate

model one cannot ‘get the details of the activities of

individual_processorst The aggregate GSPN models for two

processor CUENET are shown in figures 5.5,5.6; and for three

‘ . L e ! . &
processor CUENET is shown in fig 5.7. Table 5.7 gives the

details of the reachability sets of the aggregate models.

Here also we see the fast growth of the feachability set

- <

with addition of more system details in®the model.

k

For the analysis of GSPN models, the software package
- l‘ j‘

s
supplied by Dr. M.A.Marg@n\“of Politechniquo de Torino,

Torino, JItaly [MARSAN-85b] was used. This software was run

on VAX 11/780. The SPN models were analysed by means of a
set of programs dévelopéd by the author onleber 835. The
compulational times for GSPN éodeis were given 1in tables
5.2,. 5.8 and for SPN models in table 4,2.- From these
results it is observed that analysis of lbosely coupled
systems, even with as few as two processors, incurrs a
substantial amount of increase in the computational times
witﬁ addition of more details of the system. I% Ehe GSPN
anal}sis 6f the two processor model, the computatigon time
variés from 0.5 secs to 100 secs with the addition of
message queues at each processor. Hence the  analysis of
tens and hundreds of processors would be impractical in this

way. /
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For the analysis and modeling of loosely coupfed systems
> involQing hundrgds of processors, likf the Cosmic Cube

(SEITZ2-85], methodologies of applying GSPN models have to be \

evolved 1in . future. , It is an open proéle worth future
N study. One wayh¥o s£udy them could be to decoﬁﬁose a large

v

system into _é set of small and compata(\g?aﬁly managable -

51zes and solve this set, perhaps uslng a DCS.

. A \
¢
i o
. . .
-
4
‘
) s

N\
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: PROGRAM REACPET ( INPUT,OQUTPUT )
C THIS PROGRAM TAKES THE DESCRIPTION OP A STOCHASTIC PETRINET AND DERIVES
C THE REACHABILITY S8ET FOR IT. .
¢ 5

C
REAL PROB(200)
DIMENSION RTRANS(50), DENS(IS),NPRIHE(SO),NSTATE(2000),NINPUT(SO)
DIMENSION NTEMP(50),NOUT(50)
DATA (NPRIME(I), I=1,50) /2,3,5.,7,11,13,17,19,23,29,31,
1 37,41,43,47,53,59,61,67,71,
2 73,79,83,89,97,101,103,107,109,113,127,131,137,139,
3 149,151,157,163,167,173,179,181,191,193,197,199,211,
4 223,227,229/
PRINT 10
10 FORMAT ('l','THE FOLLOWING IS THE DESCRIPTION OF THE',
2'' GIVEN PETRINET.‘) »
° READ 11,NPLACE R ‘
11 FORMAT( I8 )
PRINT 15.NPLACE
15 PORMAT('0',' THE NUMBBER OF PLACES FOR THE GIVEN'
2 ! PBTRINET Is ', 15 )
READ 11, NTRANS
PRINT ZO.NTRANS
20 FORMAT ('0','THE NUMBER OF TRANSITIONS FOR THE GIVEN'

2 ' PETRINET IS ',15 ) ’
c .

C LOOP THROUGH THE TRANSITIONS CREATING THE INPUT AND QUTPUT .
C )
PRINT 22 '
22 FORMAT('l', 'FOLLOWING IS THE DESCRIPTION OF THE INPUT AND',
2 ' OUTPUT PLACES FOR EACH TRANSITION IN THE NE’I‘.')
-0 50, I=1,NTRANS
NINPUT(I)-I .
NOUT(I)=1 N
25 READ 11,NP

PRINT 30,1I,NP
30 FORMAT ('0','THE INPUT PLACEFOR THE TRANSITION',IS,

S 2.t 18 ',159
IF (NP.GT.NPLACE) GO TO 25 .
IF (NP.LE.O) GO TO 385 ) .
NINPUT(I)= NINPUT(I) * NPRIME(NP) ' '
GO T0 25 .

35  READ 11,§P . \ <

PRINT 40,I,NP
40 FORMAT('0',' THE OUTPUT PLACEFOR TRANSITION ',IS,
2 ' 18 ',15)
IF (NP.GT.NPLACE) .60 T0 35 . " an
IF (NP.LE:0) GO TO 50 ]
NOUT(1) = NOUT(I) * NPRIME(NP)
GQ TO 35
50  CONTINUE

PRINT 23
23 FORMAT('1',' THNE AVERAGE FIRING RATES FOR BHE TRANSITION ARE. ‘e/)

DO 54 I=}, NTRANS L

o
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READ 12,RTRANS(I)

. 12 ponnar(ra.c)
—_ PRINT 53,I,RTRANS(I)
53 FORMAT ( o' ‘THE AVERAGE TRANSITION aarn or rnansxrzon'.zd .
. 2 ' 18 ',rlo.c )
54 CONTINUE . .
PRINT 55
55 FORMAT('0','END OF THE DESCRIPTION OF THE PETRINET. ')
PRINT 60 ’ .
60 FORMAT ('l','DESCRITION OF THE INITIAL MARKING OF THE NET. ') ¢
NSTATE(1l)= 1 ) -
DO 65, I= 1,NPLACE v o
READ 11,NTOKEN
PRINT sl,x,nrox
61 FORMAT('0',' THE CE ',I5, ' HAS ?,1I5, ' TOKENS IN IT.')
NSTATE(l) = NsrATs(l)*upnzus(x)**Nwoxsu
65 «CONTINUE
c . ° ?
C NOW pENBRATE THE VARIOUS REACHABLE STATES.
c
NUMST=1 . , ,
67 NEWFLG = 0 . .
— LIMIT = NUMST .
: DO 80, M=1,LIMIT
_ TERNODE = 0 . . ' .
' DO 70, J=1,NTRANS
. NTEMP (J ) =0
IF (MOD(NSTATE(M),NINPUT(J)). NE.O) co 0 70
- TERNODE = 1
NTEMP(J) = NSTATE(H)/NINPUT(J)*NOUT(J)
70 CONTINUE .
IF (TERNODE .NE. 0) GO TO 71
PRINT 72,M - .
72 FORMAT('0', 'THE MARKING WITH STATE',I3,' IS A°', o -
2 ' TERMINAL MARKING.')
' L 2
c PUT THE NEW STATE IN wxra THE OLD IN QRDER.
.C -
R 71 DO 80, J=1,NTRANS . .
IF(NTEMP(J).EQ.0) GO TO 80 ’ ‘ S .
DO 75 , I= 1,NUMST ‘ X
IF (NTEMP(J).EQ.NSTATE(I)) GO TO 80
75 CONTINUE
‘NUMST = NUMST + 1 d
NSTATE (NUMST) = NTEMP(J) -
/ NEWFLG = 1
" 80 CONTINUE *
] C .
C SEE IF ANY NEW STATES.
c . .
IF {NEWFLG.NE.0) GO TO 67 ~-
\ PRINT 85, NUMST )
FORMAT('0','THERE ARE ',I5,' STATES IN THE REACHABILITY ', -

85

e
N

2 ' SET FOR THE GIVEN PETRINET.') . st

-
)
&“‘ £
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3 - -
' L4
- PRINT 95
95 FORMAT('l', 'THE MARKINGS CORRESPONDING TO THE VARIOUS

: 3 ' STATES IN REACHABILITY SET OF THE GIVEN/ '/
- ¢ ' PETRINET ARE AS SHOWN.')
\ DO 110 I= 1,NUMST
DO 115, J= 1,NPLACE
_ _ : NTEMP(J)= 0
' , NUMB = NSTATE(I)
) 120 IF (MOD(NUMB,NPRIME(J)) .NE. 0) GO TO 115 .
c
c COUNT, THE TOKENS AND REMOVE THEM. S

2

NTEMP(J) = NTEMP(J) + 1
NUMB = NUMB/NPRIME(J)
GO TO 120
. 115 CONTINUE
] PRINT 125, I, (NTEMP(J), J=1,NPLACE)
, ' 125 FORMAT ('0',‘'STATE ',I3,':',40I3)
110  CONTINUE

STOP -
END \
s . - B P g
3 A
. , ) , .

2t




-
- =

. % *
. ,
. ,
.
' )
- s
.
“ :
N ' - «
L .
R . )
. ,
' L)
» .
.
\ v
. .
, .
®
" - : Program Listing for’
.
: Binary numper method.
. . ‘ _
,
. A 3
- N ’
v 4 -
. ’ ’
) .
1 L4
s w
' 1
, .
» [ B . .
¢
’ t
]
L. & o '
: \
\ . . 4
o 0
\ .
. .
' - .
° -
. ' a - 8
r” ' .
e ‘ R
. - .
B I\ : ) - )
N . ‘- - . Y v ‘) . ' . N
B i ' M ’
‘ e ’ . +
] L]
a B “ X .
v ! » .
. ) B
- ’ r o, o .
', ' s v AR ' . A
' o + ’ ' .
. N Y B d * R
” " [ M . v
N N ¥ . ‘
, N \ N LI . ’.» o

.
-
'
. 1]
. o
. M f L
(PN
N t t
R SR .
. R e
. -
a
1 8
. N
o
Lo !
[] - '
.
»
-~

APPENDIX B:

@

determining the SPﬁ’reachabillty set using : . :

\J

o
P \
. .
* -
. *
.
9 ks
1 A .
. B
J s
Q
, .
. y
o
v L
,
N
* -
" .
. . °
M .
\
&
. - -
. ' t
. v -
R .
. s .
.
E !
. .
P .
;) :
- il '
© ' ’
‘ RN Y &
3 .
o
, .
Lo T
e

wr

0

A

N
, '
.
. .
v .
' . -
B b
oL .
f e
s n
4 .=
, , e
‘ . .
- , -
- \ ‘

. e - .
. . . .
) E -
o emn !
. . .
s
.
.
. “
. . “
‘g
. n

. .
- %
‘e H
»
. 4
1y . .
. .
o
1
[
. .
P ]
. . .
v
'
A i
, .
B . '
- -
'
) .
.
. f
-
"
’ s
4 13
. .
L
.. . -
P .
NN .
) ‘
) -
‘ ‘ ’
' . "
. SN
©, "
. . 5
» [ - .
. ot
o
: voeoe M
R A T
Ve » & s
N PR B
f LI
L ¥
. . *
Ctwe 0T e
Lo
\
, . , N '\;
Y .
. . ‘ L 5



~ 4

o

© 10

15
20

25

L4 -
-—

o

\}\‘ PUI r A . )
E 1” . , . o
¢
\
N \
. \
N\
PROGRAM BIREPET (anu%,ompuw) \
RAAL PROB(200) \
DIMENSION N§TATE(6000),NINPUT(100),NOUT(100),NTEMP(1000}),
1 RTRANS(100 o ¢ . , '
STATIME = SECOND() . Yy
¢ PRINT %0
PORMAT('1',’' THE FOLLOWING 1S THD DESCRIPTION OF THE °,
2 U GIVEN, PETRINET. "
READ 15,NPLAC . .
FORMAT (18 - ,

PRINT 20,NPLACE ’
FORMAT( ' 0' ' THE NUMBER OF PLACES POR THE GIVEN PETRINET IS ‘L I5)

READ 15, NTRANS /

FORHAT('O'

PRINT 25 NTRANS
" THE NUMBER OF TRANSITIONS ‘FOR THE GIVEN ‘e

2 PETRINET ‘I8 ',1IS)

PRINT
FORMAT/( '1'

@ «

' FOLLOWING#IS THE DESCRIPTION OF T INPUT AND',
[}
}

3 /OUTPUT PLACES FOR EACH TRANSITION IN THE PETRINET.

DO 35' I=
NINPUT({I)
NOUT(I) =0
READ 15,NP
" PRINT 45,

FORMAT('0°,

4 ' Is ", IS
IF(NP.LE.O

- IF(NP.GT.RPLACE} GO TO 40
NINPUT(I) = NINPUT(Z) + 2%+(NP-1)
oMo , ,

a G 40-
READ 15,NP
pnrnw 55,1,

RMAT('Q",

‘4 '-;s”',xs

IF(NP.LE.O

1,NTRANS
=0

*

I,NP '
* THE. INPUT PLACE FOR TRANSITION ’,IS5,
) . whe <l

) GO TO 50 .

™~

o

.
)

NP o Lo
' THE OUTPUT -PLACE FOR TRANSITION ',IS,
d & !

} GO TO 35 e

-IF(NP.GT.NPLACE) GO TO 50
NOUT(I) = NOUT(I) + 2**(NP-l)

. GO TO 50
,conw:nuz
DO 51,1= 1,

. PRINT/60,I
FORMAT('O'
4 Nbuwdﬁi
CONTINUE
PRINT 36
FORMAT('1',

_ FORMAT(FB.4) .
PRINT 38,I,RTRANS(I)
FORHAT('O' ' THE AVERAGE PiRING RATE OF TRANSITION_' '
2 15,' IS | ,F15-5) I
CONTINUE’ }
" PRINT 65 ' °
'"1 \ “ .
b . \ . 4 * \; . ‘
RSN
» .
- - 2 sn 7 . ' ‘ul - .
. ‘ c " Y
I ’:» ' ’ b :’ o )@
- ~ o < 'y
A ’
"q v ~ -

NTRANS * . . a
+NINPUT(I) NOUT(I)

'2F0R TRANSITION ',I5,"' NINPUT 'vI20,
eI 0) ¢ ,

t

.

' THE.AVERAGE FIRING RATES FOR THE: TRANSITIONS ARE:'/)
DO 37, I= 1, NTRANS -
READ 16, RTRANS(I) (



76
{C
C NOw

85

86 .

95

105

" FORMAT('0',' THE PLACE ',I5,' HAS ',I4,' TOKENS IN IT.'{

- i ’ e ) . T ': ' _“ 3

. , - "

188 \ u :
. a

- - - 7 { ’
FORMAT('0',! END OF DESCRIPTION OF THE GIVEN PETRINET. ') :
PRINT 70 : -
FORMAT('1',' DESCRIPTION OF THE INITIAL uanxxnc OF THE pﬁ!axuar.') '
NSTATE(1) = 0
DO 75, I = 1,NPLACE
READ 15,NTOKEN -

PRINT 80, I,NTOKEN .

NSTATE(1)= NSTATE(1) + NTOKEN®(2#%#(I- 1)) ‘ ‘

PRINT 76,NSTATE(1) ' -
FORMAT(' 0', THE VALUE OF NSTATE{1) Is ',120) -

CONTINUE - s - 2

GENERATE THE VARIOUS REACHABLE STATES.

NUMST = 1

NEWFLG = 0

IF(NUMST.EQ.1)" ISTART = 1

LIMIT = NUMST

PRINT 86,LIMIT

FORMAT('0',' LIMIT = ',I5) . .
DO 90, M= ISTART,LIMIT :

TERNODE = ‘0

DO 95, J= 1, NTRANS

NTEMP(J) = 0

IAND = NSTATE(M).AND.NINPUT(J) -
INEQ = IAND.NEQV.NINPUT(J) . )
1F(INEQ.NE.O) GO TO 95 , N
TERNODE = 1 )

INTRES .= NSTATE(M) .AND. ( .NOT.NINPUT(J))

NTEMP(J) = INTRES.OR.NOUT(J)

CONTINUE . -
IF(TERNODE.NE.0)GO TO 104 , ‘ - -
PRINT 105,M,NSTATE(M)

FORMAT('0',' THE MARKING WITH STATE ',14, IS A ', ‘ .

5 ! TERMINAL MARKING. AND NSTATE(M) = ',Il0)

100

115

GO TO 85 . E . . C

DO 110,J= 1,NTRANS
IF(NTEMP(J).EQ.0) GO TO 110 v :

DO 115, I= 1,NUMST ‘ :
IF(NTEMP(J).EQ.NSTATE(I)), GO TO 110 * . .
CONTINUE - Lo
NUMST = NUMST + 1 : ¢
NSTATE (NUMST) * = NTENP(J) ,

NEWFLG = 1 \ " '

CONTINUE \ ‘ :

CONTINUE ‘ :

- [4

IF ANY NEW STATES. - o . ’ <

IF(NEWFLG.NE.Q) THEN . “ ¢ . a

ISTART = LIMIT . . 1. : -
PRINT 300, ISTART L . .
FORMAT('0', ' ISTART= *,14) ‘ °
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ENDIF
* PRINT 120,NUMST

4

120 FORMAT('l’,' THERE ARE ',I5,' STATES IN THE REACHABILITY ',
4 ' SET OF THE GIVEN PETRINET. ') .

) DO 125, I= 1,NUMST

~ PRINT 130,I,NSTATE(I)

430

/

«

~—% ' I8 ',120)
125 CONTINUE
c

C DETERMINE THE TOKENS IN VARIOUS PLACES FQR.EACH STATE AND PRINT THEM...
c

DO 140,I=1, NUMST
NUMB = NSTATE(I)
DO 145, J= 1,NPLACE
RTEMP(J) = 0
IF(NUMB.EQ.1) GO TO 155
IF(NUMB.EQ.0) GO TO 145
IODDx = MOD{NUMB, 2)
IF{IODD.EQ.1) GO TO 155
-NUMB= NUMB/2
GO TO 145"
155 NUMB = NUMB ~ 1
NUMB = NUMB/2 . )
NTEMP(J) = NTEMP(J) + 1
145 ' CONTINUE

{

FORMAT{'0',' THE STATE NUMBER OF THE MARKING ',I5,

PRINT 150, I, (NTEMP(J),J= 1,NPLACE)

- 160 FORMAT('0',' STATE ',I3,

140  CONTINUE
ONETIME = SECOND()

TMEINT = ONETIME - STATIME

PRINT 500, TMEINT

'y4013)

500 FORMAT('0',' THE TIME FOR DETERMINTRG THE REACHABILITY °,

2 ' SET 18:',F15.6)
STOP
END .

AL

/
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' PROGRAM BIREPET (INPUT,OUTPUT)

DIHBNSION NSTATE(4000,3),NINTIM(50) ,NOUTIM(50), NTEMP(SO 3),
1 RTRANS(50) ,NTKTMP(50) ,NINIMM(50),NOUIMM(50),

4 NSTANG(4000,3), NSTVAN((OOO‘,EI)

STATIME = BECOND()

PRINT 10
PORMAT('l',' THE POLLOWING IS THE DESCRIPTION OF THE ‘',

2 ' GIVEN GENERALIZED STOCHASTIC PETRINET. ') .
READ 15,NPLACE ;
RMAT(I8) ¢ ° N
RINT 20,NPLACE
FORMAT('0', ' THE NUMBER OF PLACES FOR THE GIVEN PETRINET 18
READ 15,NTIMTR

PRIND 25,NTIMTR
FORMAT('0',* THE NUMBER OF TIMED TRANSITIONS FOR THE ',

2" GIVEN GENBRALIZED STOCHASTIC PETRINET 1s ',15)
READ 15,NIMMTR

* PRINT 26 NIMMTR
FORH.M.‘('O" * THE NUMBER OF mm:omfrz TRANSITIONS IN TH
2 ' GIVEN GENERALIZED STOCHASTIC PETRINET IS ',IS)

PRINT 30

FORMAT('l',' FOLLOWING IS THE DESCRIPTION OF THE INPUT AND',

3 ' OUTPUT PLACES FOR EACH TIMED TRANSITION IN THE °,
4 ' GENERALIZED STOCHASTIC PETRINET..)

DO 35, I= 1,NTIMTR . < .
NINTIM(I) = 0

" NOUTIM(I) =0 1

READ 15,NP’
PRINT 45, I,NP

. FORMAT('0"*, g THE INPUT PLACE FOR TIMED TRANSITION ',IS,

4 ' 18 ',15)
IF(NP.LE.O) GO-TQ SO ' :
IF(NP.GT.NPLACE) GO TO 40 bt
NINTIM(I) = NINTIM(I) + 2**(u1=-1)
GO 'ro 40
READ 15,NP
NT sq.I NP

X Is'rs'cx); ' THE OUTPUT PLACE FOR TIMED TRANSITION °',IS,

115) .
IF(NP.LE.O) GO TO 35 . - Seo (
IF(NP.GT.NPLACE)~GO TO 50 -
NOUTIM(I) = NOUTIM(I) + 2%*(NP-1)
GO TO 50 ' L 8 PR

35 CONTINUE, - o .
) \PRIN‘I‘ 31 .

FORMAT('0',' THE POLLOWING IS THE INPYT AND OUTPUT PLACE ',

2! DBSCRIPTION FOR EACH IMMEDIATE TRANSITIONS OF THE GIVBN 'y

'3 ' GENERALISED STOCHASTIC PETRINET.')
DO 300, I= 1, NIHM‘I‘R

- NINIMM(I) =

NOUIMM(I) -o :
READ 15,NP - o
PRINT 310, I,NP

'/ 15)

b

5

FORMAT('0"', ' 'I‘BE INPUT PLACE FOR IMHEDIKTE TRANSITION *',15,

m‘ﬂ’\ . s [
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4 ' 18 ',15) . . : ¢
IF(NP.LE.O) GO TO 315
IF(NP.GT.NPLACE) GO TO 305
NINIMM(I) = NINIMM(I) + 2**(NP-~})
TO 305 ’ "
315 READ 15,NP :
PRINT 320 I,NP -
320 FORMAT( ' 0' ' THE OUTPUT PLACE E‘OR IMMEDIATE TRANSITION '1IS,

4 ' 18 ',I5) .

IF(NP.LE.O0) GO TO 300 - +
IF(NP.GT.NPLACE) GO TO 315 ‘ ' ‘
NOUIMM(I) = NOUIMM(I) + 2**(NP-1) : ‘

GO T0 315

[N

300 CONTINUE
DO S51,I= 1,NTIMTR, .
- PRINT 60, I NINTIM(I),NOUTIM(I)
60 FORHAT( 0' ' FOR TIMED TRANSITION ',IS5,'. NIN‘I‘IH- ',120,

- s NOUTIM= ',120)

51 NTINUE , .
DO 52,I= 1,NIMMTR . X *
PRINT 61,1, NINiMM(I) NOUIMM(I)

61 FORMAT( ' o' * FOR IMMEDIATE TRANSITION *’ks,' NINIMM= ',120,

B S mxunu-',xzo) .

52 CONTINUE -

PRINT 36 "o

36 - FORMAT('l', ' THE AVERAGE.FIRING RATES FOR THE TRANSITIONS ARE:'/)
DO 37, I= 1, NTIMTR -~ . )
READ 16,RTRANS(I) : _— .

16 FORMAT(F8.4)
. PRINT 38,I,RTRANS(I)
38 FORMAT( * o' ' THE AVERAGE anxus RATE OF TRANSITION ‘',
2 15,* 18 ',FlS 5)
kYR CONTINUE
PRINT 65 ‘ : '
65 FORMAT('0',' END QF DESCRIPTION OF THE GIVEN °',
2! GENBRALIZED STOCHASTIC PETRINET.')
. PRINT 70 . co
70 "FORMAT('1*,' DESCRIPTION OF THE INITIAL MARKING OF THE .PETRINET. ')
p0 75, 1 = 1,NPLACE
READ 15,NTOKEN ¢
PRINT ao, I, NTOKEN
80 - FORMAT('O’, ' THE PLACE *,I5,' HAS ',14,' TOKENS IN IT.')
NTKTMP(I)p = NTOKEN .
' 75— TONTINUE
PRINT 81, (NTKTMP(J), J= 1,NPLACE)'

”"81 "V FORMAT('0',' INITIAL MARKING IS : ',20I5)

CALL FORMST(NPLACE,NTKTMP,I1STAT,12STAT,I3STAT)
. NSTATE(1,1) = I1STAT
NSTATE(1,2) = I26TAT .
NSTATE(1,3) = I3STAT. :
, PRINT 76, (NSTATE(1,J),J= 1,3) . : y
76 FORMAT('0’, 'THE VALUE OF NSTATE() IS ',3120) - .
c
9C NOW GENERATE THE vanxous REACHABLE® STATES FOR BOTH TIHED AND xuuzoxnrs
v

-

A
-
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. » .
! . C TRANSITIONS OF .THE GIVEN GENRALIZED STOCHASTIC PETRINET.
. p 4

o
5

)
‘.l.

' »
$ .

Rk

[

g " NUMST = 1 s
o NIMH = 0 , -
) NTIME = 0 : , ' :

85  NEWFLG = 0
LIMIT = NUMST ‘ .
: IP(NUMST.ZQ.1) ISTART = 1 .

, . PRINT 86,LIMIT
- 86  FORMAT('0'}\' LIMIT = ',IS)

DO 90, M= JSTART,LIMIT VI

ENAIMM = 0 :

ISTMONE = NSTATE(M,l) - ‘

ISTMTWO = NSTATE(M,2

ISTMTHR = NSTATE(M,3)

. CALL FNDMRK (NPLACE, ISTMONE, ISTMTWO, ISTMTHR , NTKTMP)
; DO 95, J& 1, NIMMTR
B . NTEMP(J,1) = 0
I S NTEMP(J,2) = 0
- NTEMP(J,3) = 0
: INVEC = NINIMM(J) . ‘
. : JOUTVEC = NOUIMM(J) “
- . IENIMM = ITRENA(NPLACE, INVEC,NTKTMP) L
A IF(1ENIMM.EQ.0) GO TO 95 k
T : ENAIMM = 1
f . CALL. FNDNWST (NPLACE, INVEC, IOUTVEC, NTKTMP, NTMPONE, NTMPTHO, NTMBTHR)

T B ~ NTEMP(J,1) = NTMPONE
L& - . NTEMP(J,2) = NTMPTHO .
: NTEMP(J,3) = NTMPTHR
oo 95 CONTINUE
IF(ENAIMM.EQ.0) GO TO 200 :
) IF(NIMM.EQ.0) GO TO 210 N
: DO 220, JK= 1, NIMN - :

; IF( (NETVAN(JK,1) .EQ.NSTATE(M,1)).AND. - .
- . - z (NSTVAN(JK, 2) .EQ.NSTATE{M, 2) ) .AND.
, N 3 (NSTVAN(JK,3).EQ.NSTATE(M,3))) GO TO 225 ‘ o,
220 CONTINUE -
X © 210 NIMM = NIMM + 1 .
- . DO 230, LK = 1,3
NSTVAN(NIMM,LK) = NSTATE(M,LK)
© 230 ) CONTINUE .
225 ' DO 240, J = 1, NIMMTR » © g !

, IF( (NTEMP(J,1).EQ.0) .AND. (NTEMPJ, 2) .EQ.0)
. " -2 JAND, (NTEMP(J,3).EQ.0)) O TO 240
* DO 250, I = 1, NUMST
IF -( (RTEMP(J, 1) EQ.NSTATE(I,1)).AND. ' /-
2 (NTEMP(J,2).EQ.NSTATE(I,2)).AND. . '
3 _(NTEMP(J,3) .EQ.NSTATE(I,3])) GO ro 240
. . 250 CONTINUE
. +  NUNST = NUMST + )/

| ' DO 260, L = 1,3 -

g . : NSTATE ( NUMST, L) = NTB&P(J.'S) . .-
, ‘ : ~ . .260 CPNTINUE - : 4

" \/" B NEWFLG =.1 " ' : '
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240
200

. 265
105

500
.100

405~
400

415
410

’

4

115

112
110

600
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CONTINUE
GO TO 90
ENATIM = 0
DO 265, J

NTEMP{J,1)

NTEMP(J,2)

NTEMP(J,3) ’

INVEC = NINTIM(J) ' .

ICUTVEC = NOUTIM(J)

IENTIM = ITRENA(NPLACE,INVEC,NTKTMP)

IF(IENTIM.EQ.0) GO TO 265 !

ENATIM = 1 .

CALL FNDNWST(NPLACE, INVEC, IOUTVEC,NTKTMP , NTMPONE , NTMPTWO , NTMPTHR )

NTEMP(J,1) = NTMPONE

NTEMP(J,2) = NTMP : .

NTEMP(J,3) = NTMPT ,

CONTINUE ' . .

IF (ENATIM.NE.O0) GO TO 100

PRINT 105,M, (NSTATE(M,J),J=1,3)

FORMAT('0',* THE MARKING WITH STATE ',14,' I5A 'Y,

S ' TERMINAL MARKING. AND NSTATE(M) = ',3I20)

PRINT 500,M, (NTKTMP(J), J= 1,NPLACE)

FORMAT(' 0' ' M= ',15,' THE TERMINAL MARKING IS:

GO TO 90

IF( NTIME .EQ.0) GO TO 400

’

= ]
= 0
= 0
=0

-

'.},3015)

—

" DOA05 - IKe -1 NMIME - o T -

IF( (NSTANG(JK,1) .EQ.NSTATE(M,1)).AND.
2 (NSTANG(JK,2).EQ.NSTATE(M,2)) .AND. .
3 (NSTANG(JK,3).EQ.NSTATE(M,3))) GO TO 410
CONTINUE ~
NTIME = NTIME + 1
DO 415, LK = 1,3
NSTANG (NTIME, LK) = NSTATE(M, LK)
CONTINUE
DO 110,J= 1,NTIMTR . . ‘
IF( (NTEMP(J,1).EQ.0).AND. (N’I‘EHP(J 2). so@ ) , .
2 .AND. (NTEMP(J,3).EQ.0)) GO TO 110 2 N
-DO 115, I= 1,NUMST
IF( (NTEMP(J,1).EQ.NSTATE(I,1)).AND.
3 (NTEMP(J,2).EQ.NSTATE(I,2))
2_.AND.(NTEMP(J,3).EQ.NSTATE(I,3))) GO T0 110
CONTINUE .
NUMST = NUMST + 1 \
DO 112,N = 1,3 ) -
NSTATE(NUNST,N) = NTEMP(J,N)
CONTINUE N R 4
NEWFLG = 1 : ..
_ CONTINUE '
IF(NUMST.GT.8500) razu ,
PRINT 600, NUMST
FORMAT('0',* THE VALUE OF NUMST IS ',15,'
2 ' ARRAY ‘RANGE OF NSTATE.') :
sToP . . ' .~
" ENDIF . .

, . S

AND EXEEDS THE ‘., ’

g. o
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90 CONTINUE .. q |
c v ' h
C SEE IF ANY NEW STATES. .
c
IF(NEWFLG.NE.0) THEN
ISTART = LIMIT
PRINT 700, ISTART
700 FORMAT('0',' ISTART= ',I5) Lo - ,
.GO TO 85 :
+ ENDIF ~ ' .
ICOUNT = NTIME + NIMM ) )
IF(NUMST .EQ. ICOUNT) GO TO 425 - ' :
PRINT 430 :
430 FORMAT('0',' ERROR IN THE DETERMINATION OF REACHABILITY',
2 ' SET: ',/,' THE BOTAL NUMBER OF STATES DO NOT TALLY WITH °,
3 ' SUM OF NTIME AND\NIMM STATES.') S
T PRINT 435, NUMST;NFIME{ NIMM- - — — . - ~ - — SN,
435 FORMAT('0',' NUMST = \ I5,' NTIME® ',IS,’ quu- 1,15) :
STOP
425 PRINT 440, NUMST et

440 FORMAT('0',' THERE ARE A TOTAL OF ',I5,' STATES IN THE ',
2 ' REAGHABILITY SET OF THE GIVEN GENERALIZED STOCHASTIC .,
3 ' PETRINET.') . . _
- PRINT 450, NTIME 4
450 FORMAT('0',* THE GSP NET HAS ',IS,' TANGIBLE STATES.')
" PRINT 455,NIMM
455  FORMAT('0' ' THE GSP NET HAS ', I5,' VANISHING STATES.') . ,
PRINT 120, NUMST :
120 FORMAT('1",' THERE ARE ',I5,'. STATES IN THE REACHABILITY ',
4 ' SET OF THE GIVEN PETRINET. ') - .
PRINT 460 ” '
460 FORMAT('l',' THE MARKINGS AND VALUES FOR. EACH STATE OF THE ',
2 ' REACHABILITY SET OF THE GIVEN GSP NET IS AS SHOWN:')
. PRINT 465 -
465 FORMAT('0',' THE STATE VALUE AND THE CORRESPONDING MARKING ',
2 ' FOR THE VARIOUS TANGIBLE STATES ARE AS GIVEN BELOW:')
CALL LISTAT(NTIME,NPLACE,NSTANG) _
PRINT 470
470  FORMAT('0',' THE STATE VALUE AND THE CORRESPONDING MARKING ',
2 ' POR'THE VARIOUS VANISHING STATES ARE AS GIVEN BELOW: ')
' CALL LISTAT(NIMM,NPLACE,NSTVAN) ' ,
©  ENDTINE = SECOND() “ : A
ELAPTME = ENDTIME - STATIME - -~ -
PRINT 710,ELAPTME
710  FORMAT{'0'," THE EXECUTION TIME IS : ',F15.6)
STOP . . .
END \
SUBROUTINE LISTAT(NCOUNT,NPLACE,NSTARR)

¢
C THIS SUBROUTINE LISTS THE VALUES OF VARIOUS STATE VALUES AND -
C THEIR CORRESPONDING MARKINGS. | ,
c : : .
o SION NSTARR(§000,3),NTOKEN(S0) . < - .
né”fgs. I= 1, ' ) ‘ . o . 3
. | . . s
- N — .‘ .
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PRINT 130,I,(NSTARR(I,J),J=1,3)

. 130 FORMAT('0’, ' THE STATE NUMBER OF THE\MARKING '1151
5"' I8 ',3120)

125 CONTINUE

c +

C DETERMINE THE TOKENS IN VARIOUS PLACES FOR EACH STATE AND PRINT THEM...

c p :
DO 140,I=1, NCOUNT
ISTONE = NSTARR(I,1)
ISTTWO = NSTARR(I,2)
ISTTHR = NSTARR(I,3) '

. CALL FNDMRK(NPLACE, ISTONE, ISTTWO, ISTTHR, NTOKEN)

3 PRINT 160, I,(NTOKEN(J),J= 1,NPLACE)

160 FORMAT('0',' STATE ',I13,' : ',4013) ) b

140 . CONTINUE o _ N
RETURN . : ‘Y

- zND .

SUBROUTINE FORHST(ICOUNT NTKARR, ILOWNUM, IMIDNUM, IHIGNUM )

THIS SUBROUTINE DBTERMINES A STATE NUMBER FOR BASE 1§ AND ON THE ’
NUMBER OF TOKENS AT EACH PLACE AS GIVEN BY THE ARRAY NTKARR.

0nnn

DIMENSION NTKARR(100),NHEXNUM(3)
— DO 10,J = 1,3
NHEXNUM(J) = 0 :
10 CONTINUE
c rd
. C DETERMINE THE STATE NUMBER FROM THE TOKEN INFO IN NTKARR.
c .

v

K =0 ) 77

DO 15,1-= 1, co . v

NTOKEN = NTKARR(I) _ -
IMINUS = I - 1 . . .
IMOD = MOD(IMINUS,12) »
IF(IMOD.EQ.0) K = K + 1

NHEXNUM (K) XNUM(K) + NTOKEN* (16%*IMOD)

15 CONTINUE

ILOWNUM = M(1) ‘ . .

IMIDNUM = NHEXNUM(.2) . -
IHIGNUM = NHEXNUM(3) - .

RETURN -

END . ,
SUBROUTINE FNDMRK ( ICOUNT, ISTONE, ISTWO, ISTHR, NTKARR)

v ~ ' \

THIS SUBROUTINE DETERMINES T;IE VARIOUS TOKENS AT EACH OF THE PLACE
IN THE GIVEN PETRINET AND STORES THIS INFORMATION IN THE NTKARR

ARRAY.
*

oznsusxou NTRARR(IOO).NSTNUH(3) :
NSTNUM(1) = ISTONE . ——

NSTNUM(2) = ISTWO , : ‘
NSTNUM(3) = ISTHR . ‘ .
DO 10, I= 1,ICOUNT k ) -

NTKARR(I) = 0 .

.

annonn

.4
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CONTINUE .

c . .
C PIND THE NUMBER OF TOKENS IN EACH PLACE AND STORE THE VALUE
C IN THE NTKARR. ,

c

¢

15"

(e Xe NpXe]

20

c

IMASK = 15 . \ .
K=1 o .
ITMPNUM = NSTNUM(K) - ) s
DO 15,7 = 1,ICOUNT . :
NTKARR(J) = ITMPNUM.AND.IMASK
"NUMSHF = SHIFT(ITMPNUM,-4)
ITMPNUM: = NUMSHF
IMOD = MOD(J,12) i
IF(IMOD,EQ.0) THEN
K=K+
ITMPNUM = NSTNUM(K)"
ENDIF
CONTINUE
RETURN )
END X
FUNCTION ITRBNA({&UNT,ITRIN,NTKARR) .

THIS SUBROUTINE DETERMINES WHETHER A GIVEN TRANSITION IS ENABLED
FOR A GIVEN STATE AND AUCORDINGLY SETS A FLAG.

DIMENSION NTKARR(100)

IFLAG = 0
NUMB = 0

IONE = 1 -
IMARK = ITRIN

DO 20, X = 1,ICOUNT
IAND = IMARK.AND.IONE .
IF((IAND. m 1).AND. (NTKARR(K) . NE 0)) NUHB = NUHB + 2"“(-1)
ISHFNUM = SHIPT( IMARK,~1).
IMARK = ISHFNUM
CONTINUE .

IF(NUMB .EQ. ITRIN) TBTAC = 1
ITRENA » IFLAG -
RETURN | ,
!ND * N 3 ’ Y
SUBROUTINE !'NDN“ST( ICOUNT,NINTR, NOUTR, N'I‘RARR ISTONE, ISTWO, ISTHRE)

C THIS snn;foo'rmz DETERMINES THE NEW TOKEN DISTRIBUTION POR THE. ENABLED

C TRANSITION AND FINDS THE MARKING STATE FROM THIS NEW TOKEN
C DISTRIBUTION, ,

C.

20

DIMENSION mmnuoo) NTOKEN(100) ' C o

DO 168, I= 1,ICOUNT —
‘NTOKEN(I)= NTKARR(I)

CONTINUE

IONE =1

DO 15, K = 1,ICOUNT
INAND = NINTR.AND.IONE :
IF(INAND. m.x) NTOKEN(K) = mur.mn) -1 .

[N
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ISHFIN = SHIF&(NINTR,-I)
NINTR = IN-
IQUTAND = NOUTR.AND. IONE
IF(IOUTAND.EQ.]1) NTOKEN(K) = NTOKEN(K) + 1
ISHFOUT = SHIFT(NOUTR,-~1)
NOUTR = ISHFOUT
15 CONTINUE

.C FIND THE NEW STATE FROM THE NEW TOKEN DISTRIBUTION GIVBN IN

C THE ARRAY NTOKEN.

CALL PORMST(ICOUNT, NTOKEN, IONETMP, ITWOTMP, ITHRTMP)
ISTONE = IQONETMP .
ISTWO = ITWOTMP
ISTHRE = ITHRTHP . , . .
RETURN i ‘
END - . . o o
- ‘ ~ . - _‘
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72 STATES IN THE REACHABILITY SET OF SPN2A.

THERE ARE

THE VARIOUS STATES IN THE REACHABILITY SET. ARE LISTED BELOW:

[£}
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STATE' 51
STATE 52
STATE 53
STATE 54
STATE 55
STATE 56
STATE 57
STATE 58
STATE 59
STATE 60
STATE 61
STATE: 62
STATE 63
STATE 64
STATE 65
"STATE 66
STATE 67
STATE 68
STATE 69
STATE 70
MTATE 71
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GSPN2B HAS 67 TANGIBLE STATES. ‘AND 115 VANISHING STATES.

28.
THE FOLLOWING IS THE LISTING OF THE TANGIBLE STATES OF GSPN2B:

THERE ARE A TOTAL OF é&:‘BZ STATES IN THE

REACHABILITY SET OF G

~

'
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THE FOLLOWING IS THE LISTING OF THE VANISHING STATES OF GSPN2
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