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Abstract 

Dynamic analysis plays a increasing role in software development as it helps assess 

mode] behaviour. Techniques II1vo]ved in dynamic analysi'i include graphical simulation 

and perfOl mancc analy~Is. WhIle the f()J'met pnncIpally ad dresses the qualitative behav

iour of models, the latter produces quantitative performance indices. The re~olution meth

od~ involvcd m both analyses tequire formaI modelling techniques. Models based on the 

Petn net formali~m have been extensivcly used to a~sess models, principally due to their 

descriptive power. 

ln thIS rescatch, we review the Petri net formalism as weIl as the resolution methods 

involvcd III graphical ~ImuI,ttion and performance analysis and introduce generic concepts 

that enable lI.,>e! '> to Vi'>lwlize the re~lIlts of dynamic analysis through a consistent user 

I11terfacc. FIOTll the llscr\ pOlI1t of view, our goalls tü facilitate the usage of dynamic anal

ysis and ea~e the JI1terpretablllty of Jt,> reslIlts. ThIS is achieved by hiding complex 

dynamic analysi~ rcsolution mcthods behind an attractive user inteIface layer, while pro

viding the use! v. ith full control over both the methods' execution and the display of their 

resllIts. FlOm the designer's point of view, wc introduce gencric visualization concepts 

that can be tailored to specifie application domains. 

ln the past year, we dcveloped a toolset called Macrotec 1[36], which integrates the 

modclIing activity and both aspects of the dynamic analysis activity, namely graphical 

simulation and performance <lllalysis. Macrotec's user interface was designed according to 

our dynamic analysis visualization concepts. Its development allowed us to validate the 

gcnericity of thcsc concepts by tailoring them to the business domain . 

1 . M.lt'lOtec \\ .I~ dc\'dopcd as p.lrt of a JOlllt CRIM/DMR Group Ille. projeet, which is part of the IT 
l\'IACROSCOPF proJcct. 
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Abstmcl 

Our experience shows that dynamlc analysls promO!l'\ system impnlYl'l1\l'nt hy 

enriching the modelling activity and thus, wc ~trongly behl'vl' 111 the bt'Ilclits of Us llsagl' 

in software development. To promotc this, we undrrtook the tation.lli/ation of thc rl'~ults 

produced by dynamic analysis and the elaboration gcnC11l' COllccpts pClIllitting thel .. vislI

alization . 

July 1993 McGl1i University v 
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Résumé 

L'analy~c dynamlquc Joue un rôle accru dans le développement de systèmes car elle 

permct d'évalucr le compOltcment de modèles. Pat mi les techniques d'analyse dynamique, 

on trouve la :-.il11ulatioll graphlLJuc ct l'analyse de perfonnunce. Tandis que la première a 

li ait pl illcqnllc!11cnt au comportemcnt qualitatif de modèle~, la seconde fournit des mesures 

dc performance quantItalivc..,. Lc~ méthodes de résolution utilisée') dans ces analyses né, 

cc..,:-.itcnt une tcclll1llJlIC tOI mellc de modéll~ation. Dlh pnncipalement à leur pouvoir de

seri plll, Ic:-. l11odclc\ ba:-.é\ ,>ur le 101 mal i~mc des réscaux de Pétl'l sont fléquernment utilisés 

afin d'évaluel UII ~y\tèl1le. 

Dan:-. cet ouvrage, IlOU.., exposons le~ méthodc~ de lésolution de la simulation 

graphlquc et dc l'analyse dc perfOlmance telles qu'appliquées au formalisme des réseaux 

de Pl'III. De plu~, nou,> IntlOd u i :-.om, des concept~ généllques qui permettent la visualisation 

dC'~ lésultat.., d'analy:-.c dynamiquc scIon une intetfacc lIsagercohérente. Du pomt de vue de 

l'usager, 1l0W, tcnton~ d'augmclller l'acceSSIbIlité de l'analyse dynamIque et de faciliter 

1 ï ntclj)ll'lat ion de ~c~ 1 ésultat:-- et cc, en camouflant ses méthodes de tésolution delTlère une 

IJ1terlacl' attnlyantc, tout en lai:-.~ant à l'usager le plcll1 contlol SUl' l'exécution de J'analyse 

ct l 'aftichage drs H~~ll1tal!'>. Du point de vlIe du développeur, nous déclivons des concepts 

de vislIal!\atioll généraux pouvant aisément s'appliquer à quelconque domaine d'applica

tion. 

Au cours dc la demièrc annér, nous avons développé l'outil Macrotec 1 [36] qui intègre 

il la fois J'activitc de modélisation ct les deux aspects ci-haut mentionnés de l'analyse dy

narl11qllc, soit la ~imulati()n et ranalyse de petformance. L'intelface usager de Macrotec 

conl'll'tlsr no~ concepts dc visualization d'analyse dynamique. Son développement nous a 

1. l\tllIOtl'l.' nll""lI d'lIll pro let l.'OIlJll\l1t cn\Je le CRIM ct Le Groupe DIvfR h\c.l~t Ll1t parite du projet 
l'"lACROSCOP" rI 

------- -----------------------------------
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Rt'Sllll1€' 

permis de valider la généralité de ces concepts pUiSqUl' ManOlrl' s'appliqul' l'~sl'Illielk

ment à l"organization du travail. 

Notre expérience démontte que, par le t'ai.t li 'enrichir la lllodl'lI".IIWt1 de 'ystt'lIIl''', 

l'analyse dynamique promeut leur taffinement. Am"l. nous 'OIllIl1C!'. prohllllk~nll'Ilt l'llll

vaincu de son effet bénéfique lors du développement dl' -'y!'.ll'Il'l'), Dan' le hui dl' l'appli

quer de facon efficace, nOlis avons donc entl'cpm la 1 allona II "a t \(ln dl" ll''Iultah plOt! III h 

par l'analyse dynamique ainSI que des concepts permettant leur vlsuali"atIOI1, 

July 1993 McGl1i University 'III 
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Introduction 

Modclling and model analysis have become an integral patt of software engineering. 

More particlIlarly, dynamic analysis, which is the stlldy of the behavioural aspects of sys

tem~, IS a powcrful instrument of ~y~tem design and refinement. Various formalisms and 

methodologlcs havc l'Ollie to SUppOll dynamic analysis in system development and evolu

tion. ;\dvancc~ 111 Petri net thenry [34] have made a slgmficant breakthrough in drawing 

toguhcr da~sical analysi~ mcthods and powclful modelling formalism~. 

Wc dcscribe in thi~ work wldely-used dynamic analysis methods used on Petri-Net

bascd modcb. Wc fOClI~ on two types of analysi~, namely ~imulation and petformance 

analy~I:--. Thc hl ~l one i'i the direct cxecution of a system a~ it is virtually "brought to life". 

The sccond dl'l1lof1:--t1 ate" the quantitative a.,pect of the system 's pelformance through 

time. Wc ;.lIggc~t 111 both ca"ie~ visualizatlon techniques, mcorporating st,ne-of-the-mt 

gUlphlC'> and anllnatlon technique." that make use of dynmnic analysis methods and 

plc~cnt modcl bchavlouJ as hlgh-lcvel graphlcal abstractions. Furthermore. we present the 

design 01 an lIltcgrated cnvmmment supporting the tasks of modelling, Slmttlation, and 

pel formancc allai y:--IS where a loo~e coupling between visualization schemes and analysis 

models favolll s rClIsabrlity and evolution. 

Chaptcl:-- 2 and 3 arc dedicated to graphical simulatIOn and performance analysis 

rcspl'ctIvl'ly, dcsci ibing po~~ible lInderlying models and visualization techniques. Chapter 

4 dcsclÎbc~ the Macrotec toolsct [36] which integtates both aspects of dynamic analysis 

into :\ cohclcnt enVItOllll1Cnt targeteù at business modelling. Chapter 5 draws a pat'allel 

bctwccn M,ll'WleC sImulation and algorithm animation and proposes extensions that 

would uItimatcly cnable Macrotec to support visualization of dynatnic analysis in the gen

ctal "t'IlSC of algonthm animation. Finally, the last chapter surveys ongoing and future 

\VOI k. \Il the dynal11ll' analysi"i visualization domain . 

"uly 1993 McGlI1 University page 1 
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1 nlroduclion 

This research provides the following original c('ntributlons 10 the dynamic mmlysis 

visualization domain: 

- Generic'visualization concepts are described that reflect the quantitatIve and qualitative 

temporal behaviour of systems through an intuitive graphicaluser interface. 

- Generic ViSl:.itlization concepts are described that allow for the CllstOll1lzatlon of d}namic 

analysis resolution methods as weB as for the tailoring of thc resolution l1lethods' reslIlts. 

These concepts are illustrated through a graphieal user interface that allgl1lrnt~ the lrans

parency of the underlying analysis engine. 

- Simulation and performance analysis visualization concepts arc dearly distinguislll'd as 

these two complementary aspects of dynamic analysi~ achicvc differcnt goals throllgh 

their own specifie resolution methods. 

- A precise voeabulary describmg dynanllc analysis results 18 intlOduccd whlch plOll1ote~ 

a taxonomy for both dynamic analysis findings, and the visualization repCtlOIlC addrcs~l11g 

each of them. 

- Generie dynamic analysis visualization concepts are validated and tatlOlcd 10 the busI

ness modelling domain through the Macrotec toolset WhlCh ~l1ppOlts II1tcgratcd ~lmulati()n 

and performance analysis. 

- Finally, graphical SImulation is described in tcrms of gcncral algorithm animation. ThIS 

approach provides a solid base on which to con~uuet, evaluate, and extcnd graphlcal sim

ulation as it promotes synergy with a well-established related discipline . 

July 1993 McGl1i University page 2 
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Chapter 1 

Background and Related Work 

1.1 - Dynamic Analysis and Business Modelling 

1.1.1 - Problem Statement 

Dynamic analysis is being successfully applied at improving the pelformance and 

rcliability of computer systems. This technique aims at decreasing a computer system's 

overall uI1cet1all1ty and cost, and this, by facilitating detection and ehmination of unantici

patcd performance and reliability bottlenecks in both its software and hardware compo

nCllt~. 

Thc tCl m dynamic analysis is used here in a generic way, to include performance 

asscssmcnt. rcIiabllity assessment and fault-tolerance analysis [17]. This research [ocuses 

on perf0ll11anœ asse~sment. both qualitative and quantitative. Moreover, it concentrates 

on a pmticular typc of application, namely business modelling. 

Business modelling is a technique for specifying and analysing an enterprise's infra

stl1lcturc. hs ove rail goal is to identify, design and evaluate value-adding opportunities for 

busincss improvement. To this end, business modelling approaches should support the 

design and analysis of an enterprise 's architectural stlllctures and their information tech

!1ology compollcnts as weil as the analysis of their dynamic aspects. Moreover, these 

appl\)l\ches ShOlild encompass the evollition of the architectural structure of business proc

es'\cs [5J. 

July 1993 McGiII University page 3 
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Chapter 1 - Background and Relntcd Work 

Dynamic aspects of business modelling address the behaviour of systl'ms. peopll' m\li 

the organization as a whole as weil as the pl'OCCSS control and phY!'.lcal !"l'sourn' stt lH.'tllll'S 

of the business [5]. ln the area of business modelling. kcy pcrfOll1\ann.' I1\theatOl ~ wOllld 

therefore include items such as rcsource utilization. and dynamic~ ot prOdUL'1 and II1l0rl1\a

tion ftow. 

1.1.2 . Envisioned Solution 

In light of the ab ove problem domain, it is c1ear that a bllSIIH.'SS moddlmg appl\l:lrh 

should provide a fOlmahsm with precise semantics. Thi!-. formallsm !-.hollid Iw 11Ighly 

expressive, yet intuitive to non-specialist<;. Moreovcr, to !-.lIpport the dynal\IH aspl't h 01 

business modelling, it should be well-suited fol' 1 cprcsentlllg conClIIH.'ncy .... yndll on I/a

tion, communication, and cooperation among modcl componcnb. t\ well-defll1cd tmlllai 

ism, together with a visually attractive teprescntatioll fOI the H'!-.ultlllg Illodel ... , will 

enforce a common language among participants and may furlhcr COmmUl\lcatlon and 

training in the enterprise. 

Fmthermore, such a formalism should support logical and !-.tructlll al :I!-.se!-.!-.Illcnt. iI!-. 

weIl as analytical performance evaluation. Spcciflcally, thc methodology and Ih forlllal

ism should pro vide support for the analysis of causal relatlonships bctwccn PI()LC"'~C!-., tor 

the investigation ofundesirable system propettics such a ... dcadlock ... , and for the alltomatic 

generation of quantifiable timed performance mcasurcs. Also, the mcthot!ology "hou Id 

favour prototyping to gain scalable optimization of thc models . 

The next section describes prominent modclling formalisms and detaih the olle we 

feel be<;t suited for business modelling. 

July 1993 McGl1i University pDg/! 4 
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Chapter 1 - Background and Related Work 

1.2 - Evolution of Modelling Approaches 

1.2.1 - Simulation, Queuing Networks, and Petri Nets 

Simulation techniques such as Monte Carlo and analytical models such as Markov 

chains [50] are lIseful in describing phenomena of probabiIistic nature. They have been 

widely lIsed for modelling system~, evaluating pelformances, as weIl as ::.tudying sensitiv

ity to parameter val iauons. They hold, however, a major drawback in that their usage is 

restricted to pelfot mance spcCIalists. Clearly, higher-Ievel techniques would bridge the 

gap betwcen c1iellt~ on onc ~ide, concerned with the pelformance of a real system, and 

modeIlcls on thc other, unfamiliar with the system domain. 

These conccl11s triggered the development of two important abstract formalisms, 

namely queuing Iletworks and Petri nets. We discuss these formalisms in the l'est of this 

section. 

A queuing network is Cl set of interconnected queues in which customers circulate and 

possibly an'ive from and leave to the out si de world [48]. Defined routing probabilities 

detcrmine the path followed by customers through the network. Many packages make use 

of the queuing theory, presenting resolution techniques such as simulation and exact or 

npproximatc ~U1alytical methods. One sllch tool, AT&T's Pelformance Analysis Worksta

lion [51] makes use of the visual attractiveness of the queuing formalism to simulate and 

present performance indices through a graphical user interface . 

July 1993 McGiII University paye 5 
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Chëlpter 1 - Background and Related Work 

Petri Nets (PNs)1 have gained wlde acccptanœ as a powerful modclling too\ duc ln 

theu' descriptive power in presence of phenomcna such as concUlTCllcy amI synchronil:1-

tion. PNs, however, do not support temporal specifkations. anù thercfoll'. no tll1le-rdated 

JX~lformance measures l'an be obtamed from analy~is. SIIlCC thelr originall'labOlatlO1l in 

the 60's, many extensions of PNs have been plOposed in an attempt to a,>sonate t1llring 10 

net elements. E-nets [591, for example. introducc tlxed tlllle delays betwl'CIl the ellahll'

ment of a transition and its firing. Another variatIOn of PNs associa tes 111111imlll11 and max 

imum firing time durations to each transition [53 J. ln this Il'seareh, however. we tOCIIS on 

yet another class of Petri Nets, naml'Iy the Stochastie Petn Net (SPNs) for lea'\ons which 

will become clear later. At this point, let us formally def1ne PNs. 

Basically, a Petri Net consists of li set of places P, a set of transitIon'\ T, a sct of 

directed input 1 and output 0 mes conncetmg places to tran~itionc.; and ttan~lt\()n~ to plae('~ 

respectively, and a marking M. The marking or statc of a PN is del1ned hy the Illlllllwr of 

tokens in each place. The mm'king is repre~ented by li veetor whosc Ifh component Il'ple

sents the number of tokens in the nefs 11h place. A PN can be formally de~l'Ilbcd as [491: 

PN = (P, T, l, O,M) 

P= {Pl'P2' ,Pn} 

T={l1,12, ,lm} 

lcPxT 

OcTxP 

M' = {ml ',111 2 ', ,m:} 

where M' is the initial marking of the net. 

SPNs are extensions of PNs where random, exponentially distributcd firing timec.; arc 

associated to transitions. An impOttant breakthrough in PN thcory occllrrcu whcn Molloy, 

the father of SPNs, proved SPNs to be isomorphic to Continuolls Tlme Markov Chain~ 

(Cf MC), SPN markings t!lUS cone~pondl11g to states of thi.., partlculat type of Malkov 

chain [56]. This property irnphe~ that a Markovran modcl can be :tlltomatlLally dCllvcd 

from a SPN and that, conver~ely, performance indice~ produced from thc Ic,>ollillOI1 of a 

1. Readers may refer to Appendlx A, "Glo"ary 01 Bd,IC Petn Net Tcrmtnology", 

July 1993 McGl1I University piJge 1) 
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Chapter 1 - Background and Related Work 

Markov chain. The performance indices in qlle~tlOn may be the average numbeI of tokens 

in a place, the freqllency of firing of a tnll1SIt!on, the average delay of a token, etc. The 

advent of SPNs therefore bndged the gap between graph models and probabilistic models 

famllIar to performance analy~ts. 

Exten~JOn~ of SPN~ soon followed Mol1oy's initial work They attempt to improve 

the expressive power of SPNs by introducing new classes qf transitions, while retaining 

the behaviollral equivalent to continuoll~-time ~tochastlc processes. Generalized Stochas

tiC Petn Nets (GSPNs) [50], for example, ~upp()rt tlmed and immediate transitions. Imme

diate tran~JlIOI1S, by definltlOn, fire in zero time once they are enabled, whereas timed 

tran~iti()n., fire artel a Jandom, exponentially di.,tnbuted tune. Detcrministically Timed 

P(~tll Net:-- (DTPN:-,) support a I11IX of exponentlally di~tributed ,lJ1d fixed transition time 

delay~. Flxcd time delays may be useful in evaluating the performance of hardware COI11-

pOllent:-- whcre tran~ition timings can hardly be Imagined ta be exponentially disttibuted 

randorn variables. 

1.2.2 - Discussion 

QlIClI ing netwot ks have become widely used in modelling stochastic processes due to 

the Icduccd comp\exlty of thelr solution at the network's equilibrium state. In effect, the 

stt'ady-state solutlOll (cf. Section 2.2.3, "Execution Options") of most queuing nctworks 

l'an he faetOlcd lllto thc product of the steady-state solutions of individual queues [48]. 

Thc major urawback of queuing networks is their lack of expressiveness in modelling 

~ynchronization. hlockmg and splitting cllstomers. Moreover, these phenomena destroy 

the prouuer form pt operty of the qucuing network, rendering necessm)' the conversion of 

tili.' ~implcst queumg lllodclll1to a contmuous time Markov chain. 

July 1993 McGl1i University page 7 
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Chapter 1 - 8ac"glollnd and Related WCI" 

The interest in Petri nets can be justified by their ùescnptivc POWt't'. Howcwr. thl'y 

must be converted into Markovian models which suffer from cxponrntlal stall'-Spal'l' 

explosion [1]. In case of intractable solutions. performance n'slllt~ 1l111~1 bl' plOdlll'l\d by 

simulation techniques nt high proccssing cost, due to long programs and large amoullis of 

input data [1]. 

SPNs 111 patticlliar are restricteù by the limited-size sy!-.tems they l'an graphical1y ll'p

resent and the complexity of their analysis. This last factor is dur to thl' fart Ihat al'tivllil'~ 

in the same model may execlIte rap1ùly compated 10 others whlch .Ill' l'IlIlcal1y tlllll' rOIl

summg. Fmthermore, sûme actlvitle~ may l'ven be inserted tOI ~()ml' pUIt' Jugie a"pel'IS, 

making it difficult to define thel!' timing and resllltmg in a "y"lclll 01 l'qlwllon:-. wlllch 1" 

difficult 10 solve [48]. GSPNs and DTPN~ have leduced rC~()IIIII()n and Il'plc~t'nlatlon 

complexity due 10 the introduction of new dasse~ of ttrned Itan~ltlon~. 

From the above remarks, wc deduce Ihat Petri net~, and 111 partirulal (iSPN:-. and 

DTPNs, me the mûst adequate fûrmaltsm fOl business modclllllg, perf01Il1alll't' l'valuation. 

and sensitivity analysis. ThiS research therefore conccl1tratc~ 011 Petri nl't:-.. 

1.3 - Support for Modelling Approaches 

1.3.1 - Existing Packages 

Dozen5 of packages have been reported to makc U5e of Petn Net formall~ms in the 
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Chapter 1 - Background and Relaled Work 

modclling and analy~is of real systems. Feldbrugge's most recent overview [25] of Petri 

net loob for cxamplc, !J~ts 23 ~uch too)s, each offering diverse funetionalitles. In what fol

lows, wc look at thrcc toob which we feel well-suited for busines~ modelling, namely 

/)c~lgn/(,PN, GlcatSPN and SPNP. 

J)c~ign/CPN by the Meta Software Corporation [54] makes use of Coloured Petri 

Nct~ (CPN~). CPNs allow tokens to be of different types and to take on values specifie to 

th{)~e type,;. Wlth CPNs, the size of models ean be kept much smaller than with classical 

»eui net ... 1541. Deslgn/CPN supports hierarchieal models and temporal specIfication. It 

ha~ an opell architecture and may therefore be expanded to support other type ... of Petri 

Ilct~, ncw allaly~i~ tools, or to Interface with other modelling techniques. Design/CPN con

tall1s a po weI lui gIaphlcal editor which pelforms semantic checks. Ir support ... graphical 

~imlllatIon as weil a~ the detcction of potentially unsafe situations. Deslgn/CPN enables 

lI~CI ~ to plogram code ~cgment~ which are executed when the ~peclficd transItion fires. 

Many preddincd fUflctlOns aIC availablc for computing petformance-related mea~ures by 

Il1cans of the~c code ~egmcnts, however analytical resolution method~ are flot ~llpported. 

GreatSPN [15], a tool developed at the University of Turin. is based on Generalized 

Stochastll' Pi.'tl i NCb. Although GSPNs support two types of timed transitions, Immediate 

and l'xponenttally di~tributed, GreatSPN offers solution algOlithms ~upporting determinis

tic tillli.'d tlan~itlons a.., weIl. The package include<; a graphlcal editor for net sprcification. 

1t pernllt!'. valtdatlon of the qualitative behaviour of the net by means of invariant compu

ta!lon!'.. detectlOtl of structural properties, and graphieal simulation. GreatSPN supports 

exact analytil'al !'.oluti()n~ as well as Monte Carlo simulation to derive performance resuIts. 

Rc\ult.., l'an hl' computed at stcady-state (equilibrium) or at specifie time pOll1ts according 

to the Math.ovlan uansform solution. Results may be displayed on the edited network 

llIH.lc1 hlstogram reprcsentation . 

The Stochastic Petri Net Package (SPNP) [16], developed at Duke University, is a 
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tool for the solution of Stochastir Reward Nets (SRN). ,\lhlch arc t''\It'II!'-.i 1 lll'> III ~Iodla-.tlc 

Pen; nets. The steady-state and tran~lcnt solution algorithm~ 1l1ake lise of the l'dal kov 

reward chain, a Markov cham 111 whH.:h rcwards have lwen .\"'Igncd III ~(.\\~' .... \I\d tll\l\-.\

tions. SPNP also allows resolutlOn by ~lll1ulation. ln a(\tl!tIon to the '>tand:\td "l'I ul 1l1l':I\

ures already available, rewmds allow a~soCl<Hing cllstom nll'a~IIIl'\ III Ill.II kmg'> 1)1' thl' 

SRN. Logical assertion of the net l'an be performcd by a\,\(lclatlllg logll.:.11 a"1'1110I\~ III 

specifie markings. SPNP al~o supports ~ensitIvlty analy~ls. 

1.3.2 - Towards the Solution 

In developmg a business modelling approach SUppOi ted by a C()nVClll~nt petllll m,mec 

evaluation package, three altematlvcs command attention. The fil~1 ont' i~ .... llllply \('!elllllg 

an existing general-purposc package such as the ones de~cl ibcd 111 the pll'ccdlll!.! ,>l'l't Illil. 

This approach, although advantageous In the short term, Impllc~ blun mg lllil applll.lt IOn 

specifies, with aIl the disadvantage~ wc know. The ~ecolld altelnatlv<.' i .... to dt'wl(,/l .III 

application-specifie - business-onented in our ca~c - fOimali .... 1l1 willk IClI\llIl! Il'\OlllIlOIl 

models of existing tools. ln this case, a dcdlcatcd u~cr int(,,1 face mu .... ' hl' deve\0pl'd, 

accompanied by a transformation componcnt in older [() tran~latc the IOlïllllll'>1l1 11110 the 

formalism of the package used. Benefits of a direct mapping l'rom the model IOIlIl,t!I\m to 

the business "jargon" mu<,t be carefully wcighcd agall1<.,t the ovel hl'ad lt· .... ulull)' Il (lm the 

additional transformatIOn component. MOIeover, this approach lmpl!e,> :l110thl'l (halll'Jl)!l', 

that of eonverting general pelformance indices into relevant bll'>II1C~) IlgUIC'>. r ,a)tly, the 

third alternative IS to develop a complete methodology l<ulorcd tü the pal tllulal applica

tion domain with a formalism and resolution models ~pccific to that (\ornalll . 

With any of these alternatives, the target ..,ystem should exhlhll thlcC Important fCél-
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tUlC~. The fir~t l~ a u~cr-friendly user intelface that allows both edition and automatic val

idation of the network as weil a" the graphical edition of petformance results. The second 

is the support for ~tructural analysls of the model by means of graphical simulation and pos

sibly invanant computation. Fmally, the th11 d feature is the SUppOlt of an analytical network 

rc~()lution mcthod whlch ·dl~pcn"e~ lI~el s from the overhead of s;mulation. FUlthermore, 

thc~e fcature~ ..,hould be fully mtegrated at the interface level, allowing access to the full 

fUl1ctionality of the modelIingand analy~iscomponents in aconsistentand transparentway. 

t.4 . Research Content 

Chapter 2 addresscs the first feature mentioned above by describing a Petri net editor 

allowing for both nctwOl k ~pecification and validation. This editor constitutes the basis for 

thl' vi~ualization concrpt~ :-,ubsequently de~cribed. Chapter 2 pursues with an extensive dis

cussion of the ~econd fcature Illcntioned above, namely graphical ~imulatlon, wherea~ 

chaptcr 3 addresses the third fcature, petformance analysis. Note that chapters 2 and 3 con

centrate on the dynamic analy:-.i:-. vi:-,uah"atlon a'5pects and do not intend to describe a full 

l110delling and analysl~ tool. 

Roth chapter 2 and 3 describe genet ic visualization concepts applied to simulation and 

performance :malysis and which have been elaborated with two main concems in mind, 

namely case of tailoring to vanous application domains and ease of integration into one sin

gle cdition and dynamlc analysis tool. These concepts promote cllstomization of simulation 

and performance analysi~ rcsolution methods, as weIl as the interpretation of their results. 

Furthcrmore, thcy are illu~tIated throllgh a state-of-the-art graphicaluser interface which 

combines thl' highe-:-,t abstractlOn-level [eatures found in various exi'ltmg toob considereù 

in tlm. ~tudy. tools "lIch a~ r54]. [14]. and [26]. This user mterface is 4111gmented wah orig

inal concepts. Hlcntlfll'd a ... sllch In the rc~catch. which we feel f1l11hers the interpretability 
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of dynamic analysis. 

Chapter 4 descnbes the Macrotee1 toolset and in so doing, mecls three spcelÎll' Plll pos

es. The fifst one is the validation of the general applieabllity intcndcd by the gCllcrie VISU

alization concepts of the preceding two chaptels. ThlOugh Maetotcc, thcsc gcnl'rtc 

concepts are sucessfully tailored to the busines ... domam, the scope of the Macrott'L' pr0.ll'l'I_ 

The second put-pose of ehapter 4 IS the venfication of the feasabilily of IIllegraling 

graphical simulatIon and pelformancc analysl!'> into one s1l1gle system, lIndcr li t:Oll!'>lslcnl 

user intelface. This has effectIvely been achlCvcd 111 Macrolcc, the 1 cSlIltillg lI~l'l IIHelfacc 

being described in chapter 4. By mean<; of slIch extensible intcgratloll, Maclotl'c surpa!'>!'>l'!'> 

in sorne re~pect the partial functionahty offered by variolls tools considcled 111 thl"'ll'!'>l'atrh 

such as RDD100, Eva) [73], MetaDeslgn, Design/CPN [54], and Voltallc r(lOj. 

Finally, chapter 4 illustrate~ the design tradc-offs mvolvcd in dcvelopll1g li huslIlcs!'> 

modelling approach supported by a pelformance evaluatlon package, as lllenllO\1ed III the 

preceding section. In fact, at an early proJeet stage, we considered the three alternallve!'> dt'

scribed above. Since we developed a business-specifie methodology, we d Id no! purslIe thl' 

first alternative. For lack of resources, we di~carded the third alternative. Wc IlIlally settlcd 

for the middleground, alternative two, and undel100k to devclop our own origlllai formal

ism, yet using an existing pelformance analysis package. 

Finally, chapter 5 takes on a new approach to graphical simulation as it dc~crtbc!'> Il in 

terms of algorithm animation. This chapter descnbes Macrotec's gra.)hital !'>imulation de

sign in terms ofexi~ting algorithm animation packages ~uch as [46] and addrc,>!'>e ... , accord

ing to this point of Vlew, the exten~ibility of Macrotee in order to support ln the very dctall 

the visualization concept<; de ... cribed 111 chapter 3. 

1. Macrotec ha., becll eldboratcd <1'> part 01 the MACro\topc Ard1ltecture proJcct (MACA), a Jom! proWLl 
bctwecn CRIM and the DMR Group 11lL. 
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To conc.:lude, chapter 6 outlines the present and future work pursued in the field of dy

nam ie analysis visual ization and the last part of this research emphasizes its majorfindings . 
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Graphical Simulation 

2.1 - Definition and Purpose 

Graphical simulation, also known as "the token game", I~ the vlsual l'\I'Cl\!I01l (lI tht' 

network. 1t promote~ comprehensive ~tructural and behavioural a~"I'''"ml'111 (\1 .t lH'twOl: 

by visuahzation of the cau:-.al relauon:-.hlps bctwCl'11 Ils compOl1elll", Tlm", Il l'1I.lhk\ ont' 

to answer questions such as' WhlCh token:-. are lequl1cd 101 a ltan"ltlon flllng' ln wllll'h 

orcier do tIansitions occur') What outputs ale obtalllcd? What ale thl' nl'l 1.'''\.11 y IIlll'lllIl'dl 

ate transitions to be perfOlmed? What inputs are rcqullcd 1'01 a ~pl'l'Iltt'd OUi pu!" 

In this chapter, we tirst discllss the back-end of simulation, We de/Ille the ll'qulIl'd 

inputs to the simulation engine, propose a ~Imulation algonthm, and de"cnbl' Il'' l'xpl'ctl'd 

outputs, We then tum to the front-end of graphlcal ~imlllati()n ;h wc PIOPO\l' il h.I"IL )'Iaph

ka} Petri net edItor and partlcularly fOCll~ our attention on il ~ct of glaphll" pIIlIlIIIVl''> lI'>l'd 

to visualize net behavlOur and simulatIOn lesuIts. 

Our discu~sion is based on a c1ass of Petri nets with rnultipllclty, <Je tel lTl1111 "llc 11111et! 

transitions, and immediate transItions. The vi,>ualization concept,> Intloduccd, however, 

mayas weil be applicd to Colollrcd Petn Net~, Gcnclaliz~d Petll Nel,>, 01 <Illy othel da"" 

of PNs. Taking into account Petri net clement'> ~tIch Cl'> gUClrd<." col()r~ct", Il1hl bllOI aIL ", 

etc. would indeed refine the modclhng approach, but would cOJl)idcrably (olllpIIUltl' the 

resulting simulation engme. This would, however, add nothmg to the d l''l U"<.,IOIl 01 vl"ual

ization, the rnum focll~ of thi,> chapter . 
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2.2 - Simulation 8ack-Edd 

2.2.1 - 1 nput Paramcters 

The Inpllt<, of a graphlcal sImulation engine are the following 1: 

- the set of placc~, li an~iti()n~, and arcs 

- the III III al m;1I kll1g of the network 

- the fillllg timr of li an:-.itlons 

- thc Wl'Ight of transltJon~ 

- the Illllltlpilcity of ,IIC~ 

Figure 1 \how\ a network ready for simulation. The network con"Îsts of four places 

pl. p2, pJ, and p4, one lI11mediate tran~itton t 1, and three deterministic trafl';ition~ t2, tJ, t4 

with fixed tinng tllllC~ of 2,2, and 4 lime unit~ respectively. T2 has a weight of 4 and t3, a 

\wlght of (l. The multipliClty of t2\ output arc is 2. 

2.2.2 . Execution Model 

The eXl'clition of a nctwork from an initial mat'king is calledfol1vard simulation. In a 

timcd forwat d ~m1Ulation. a global dock keeps track of the simulated time unit<; elap<;ed 

!-oll1el' thl' bcginlling of the :-.imulation. The global dock starts at time zero and is incre

mentcd, carh rimc ,\ tran<;ition tIres, by the firing time of that transition . 

1 Re,ldl'l\ 1I111,1I11lh.lr \\ lUI h,l~lC Pern lIet tcnlllllology ma)' rcler to Appcndix A. 
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L-_--,-_!l~4 t4 

.-------------~.~ "-.!.-J.---------. 

2 

Figure 1 - A Petn net ready to be sil11ulatcd 

The general algorithm of a timed simulation is the follow in!!' 

While Enable_transitiol1s do { 

Adjllst~lobal_time 

Resolve_conflicts 

Fire_transitions 

} 

p4 

Enable_transitions An inactive transition is cnablcd If as mput place~ eaLh LOlltalll a 

number of tokens equal to or greater than the multiplicity of the arL J0lnlllg that place tu 

the transition. A transition remains enabled for a numbcr of rime unit~ cqual to Ih fir rng 

time . 

AdjusCglobaCtime Many transitions may be cnablcd srmuJtancou~ly. The glohal 
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'iimulated dock is incrementcd by the ~hortest firing time of ail enabled transitions. 

Resolve_coli/fiels Enablcd transition~ which have completed their execution become 

hrahlc. Conn icts betwecn firable transitions me resolved according to the weight propor

tion of the conf1lcting t .. ansition~. 

Firc_transitÏlms Whcn a transition is filed, ml tokens are removed from each input 

place of the tram.ltion and /no tokens are added to each output place of the transition~ mi 

and m() being the multipliciucs of the input and output arcs, respectively. 

2.2.3 . Execution Options 

The ba~ie simulation algorithm described m the pl'evious section may be l'efined to 

(lccount for user-specifie goal~. We propose here, diffetent facets of sImulation which can 

be intcglïlted into an interactively-clIstomizable simulation algorithm. 

Timcd vs untimed simulations. A tirs! aspect is to allow both timed and untirned 

simulations. Timed simulations imply a cleal' distinction between the enablement of a 

transition and its fillng, the former occm,-ing at simulated time ')< Ir tJ being the simulated 

time Ht whtch the latter takc~ place. Clearly, tFt, is the tiring time of the transition. 

Un ti Illed s 1111 U lalions execute tramttions w ithout delay, therefore, a~ if they had immediate 

firing lime. 

Mallnal vs antonlatic conflid resollllioll. Confiict resolution may be manual or 

<lutomatic. Automatic confiiet resolution is performed without liser intervention, by means 

of transition weights. as wc have already scen. Confliets rnay also be resolved intente

tiwly by sclecting the transition fOI finng fmlll the confticting set. 
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Automatic vs step·by-step execlltioll. The simulation cnginc may be Idt 10 'llll unat

tended in what is called Ollfomatic execufioll. or it may hl' fOll'cd tn paU'\l' and rcstal'Il'd 

again llpon user l'elJl1e~t, enabhng in thl~ way such manipulations a~ manual ('ollllict Il'SO

lution and editing. The btter type of eXCl'utlon i~ known .11i ,If<'p-"y-,I!!'!) .11I11//ln//oll. \\'lwll' 

a step is the interval betwcen COl1!o,ccutlVC pallse~. IntuitIYcly, a !-.tl'p rorn.'\plllld ... lU Olll' 

iteration of the central while loop of thc simulation algorithm_ Loglcally, a ~tl'p l'Olll' 

sponds to the time lapse betwecn consecutive trall~ition tll illg~, "i l1ec het \Vl'l'nlhl'''l' 1I1I1l)! 

events, "nothing" is consideree! to happcl1 at the behaviOlllal net kvel, .md IlIlll' "ll11ply 

skips to the next tran<;ition fi ring. 

Automatic executIon req li iles specifying the 1l11l11ber of !o,illlul ation ste ps lu l'Xl'Cutt' as 

weil as the real time lapsc betwcen each step. Both cxccutlOn modc,>, ilUIOlllalll' ()] m.\IIual. 

shollid terminate and prompt the u~er when the network ha., Il'achcd a d('adl()d~ (i.e IlO 

transitions can be enablee!). 

Cost analysis_ Simulation may be a lIseful tool for cost analysis. A co,>t Illay hl' a\\()

ciated ta transition')_ The simulation enginc adds the co!':.t of a fircd ll'al1~ItI()III() Ihl' oVl'lal1 

cost of the pl'Ocess. The transition 's contribution to the ovc1all pr()ccs~ l'an be calcu lated a~ 

a percentage of the total l'ost and presented as a gl'aph. 

Backward simulation. Backward simulation il) llsed to f1nd if a cCI-tain mar-king i~ 

p.ossible from specified input places and, if it l~, find the dtffcr'cnl path ... Ieadlllg to Ihi~ 

mat·king. Backward simulation helps answcr que~tion ... ~\Ich a ... : Which alte1natlvc~ pro 

duce a specified output? Which alternatIve ha.., l()we~t dclay and 1 ()wc~t co ... !') 

------------------------ --------- ---------
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2.2.4 J>csired Outputs 

Simulation ptomotes comprehen~ive structural and behavioural assessment of a net- ' 

work. SpeclfH;ally, ~imulati()n helps rcalize thrce goals which can be associated to con

crete simulation rC~lIlts. 

1- Simulation cnables user~ ln understand, assess, and debug: 

the ,,>cqllcncc or tranSItions 

. the "C<.]III1'l'IlH.'tlt ... of a transition 

-the outpulS ot a tlan~lti()n 

-the 1"0](' ni a t ramllion 

-the J"ok (lI the model <1" a whole 

-Ihe li ynillllic .... 01 the model (the pos~ible ~eqllellces and parallelism) 

The "imulation rc<;ults needcd to achleve thisgoal are of qualitatIve nature: 

- which and when do transllion~ become firahle and enabled 

. which millkings l'elm1t il tran'iition's enablement and which seqLence of firings 

leads (0 them 

-whlch place,> and how In<ll1y tokens aIe involved in transition firings 

- which paths le'ad to il particular firing or marking 

2- Simulation allows for model cvaluation in t~rms of performance, It helps to iden

tif Y modcl charactcristics which are not cvident during design. It enables the 

idcntilicat i on of de ad lock and bottleneck condi ti ons . 
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To realize this goal. quantltati ve results al e 11'1]1I1 red such .t-;. 

- the average number ot tok('n,> H'sldmg in a placl' dUllIlg.I sll11l1latwll tinll' Inll'Ival 

- the simulated time requllcd for a t1nng 01 ,1 m.lrk.ing ln llCl'lIl 

- the clitical path, tÎmc-wl..,l', 10 achlevl' a spel.'ltic malk"tng 

- the average pell'Cntage ~Imulatlon umc ~pcnl l'\.l'Cllllng .1 Ilan..,ltlOn dllll1lg a ~11ll1l1,1 

tlon tlme interval 

- the average thioughplli of a transition dllllng a !'.1I1111latlon tlllle 1Ill<.'1 val (I.e. the aVl'I

age number of tokens t\Hvmg through the tt ,1I1'>ltlon pel' ..,ll11ulation tlllle lIt11tl 

A~ we will sel' 111 the following l'hapter, the!'.e and othel le~lIlb l'ail Iw adlll'wd 

through performance analysi~. Note howevci. that the le~ulb l'omputed dUIIII)! Pl'IIOIIll

ance analysis are derived analytlcally, whcll'as III graplllcal ,>illlulatioll, lhey :1Il' updatcd 

incrementally at cach simulatIon ,,>tep. 

3- Simulation helps dewlop new rnodeb. 

To pl'omote this, simulation fll1ll1~hes way,; of l.'olllparing two modeb !loth 11\ tl'IIII\ of 

fUl1ctionality and performance, u:-,ing the qualitative and quantitative re"'lllt~ (lf 1 and 2 

2.3 - Simulation Front-End 

2.3.1 - Network Edition 

We now tackle the front-end uf glaphical ,>imulatlol1, lI\ wc lay out thl' h"'.Je l'dit Ill)! 

function~ of the lISel mterface. Wc plOpo,>e a gcneric PcU 1 net l'ditor ami "'lIgge~1 edltllli! 

concepts wc feellmportant and notc-w0I1hy. Thl'> ~eltl()n provide" the "look and Icel" of 

the netwOlk, from the u..,el \ pOint of VlCW, and plOvlde,> thl' ba'>l'> for the vl,>ualllatloll of 

simulatIon re~ult~, a tOpll handlccl 111 the !ollowlIlg ,>ecuon. 

----------------- --- -
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Ba'>lcally, the cditor provides a four-region window as ilIustrated in figure 2. The fir~t 

ICgjOI1 1'> the drawmg alca, thc ~ccond i~ a tool palette, the thin! i'l a menu bar, and finally, 

the fOlilth 1<., an 111101 matIOn Icgion which plOvide~ feedback ta the li <iCI. The palettc 1<; con

~lItut('d 01 ICOI!'> lepre<.,cntl11g the modcl'~ ba"lc buildl11g bloch. The top-mmt icon, when 

'lclccted, aIlow\ lI"C)" to enter text, for example, the labeb of place:-- and transiti()n~. The 

othe) ICOIl\ Icplc,>cnt thc placc:-., the tran,>iti()n~, t1medand immedmte, and the alCS L1sed to 

d'dW the ~trllllllrai component 01 the net. The menu bar offcls ~tandard file operations 

<.,lIch ,,'> New. Opl'I!, ... c,·ove, and Save As, as weIl as standard edlting operations slIch as 

(J"do, ('opy. CIIT, and p(/S(('. Moreover, ail simulation command~ are accc~~ed through the 

Smlll/11I/011 l'ollll11and of the menu bar. 

UI 
File Edit Simulation 

0 pl 

0 [QJ )9 l'lace 

labell pl 1 

B marl.rngl O 1 

EJ ~." <!!S .... tl 

B 
STATUS: edit ion 

Figure 2 - Specification of a place 's label ,md initial marking 

The cditor provides diffcrent modes of network specification, depending on the user's 

familiarity with the editor. An example of such mode is the attribute specification 

dcscribcd hcrcaftcl. 
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The basic buildll1g blocks of the l110deb are char,ll'tcl\ll'd hy dl\'l'I"l' tltllII>IIII',\. 

Timed transitlon~ are characterized. for examplc. by a firing tinw. :11<:'" :Ill' l·h:llat·tl'll/cd 

by theil' multiplicIty, and place>; by the number of tllJ...el1'" the)' IIllllally l'lmt:llll \\'l' 1 1.11 11 l' 

abjects charactel ized 111 thl>; \Vay the OW/1ers of Ihell' t l'~pl'l't Ive attllbu Il'''' l'lw cd I\( li \lI!, 

ports two moJes of altt Ibute specification. ExpcllCIlced lI~Ct ~ may type III ,llltIlHlIl' v,tluc'> 

in the drawlllg arca, slllce attribute~ ,ue textual Ob.lCCb that. UpOIl l'1l'.ltHln (lI Il!l'1I \)\\'IIl'I. 

are displayed and glven default values. N<'vlcc .... 0,1 Ihe othcl hand. 1ll.1~ \pnlly "llllbUIl' 

values through the Attrihllf(' menu, which. 1'01 cach potl'J\tl,t1 O\VIIl'I. llt ... pl.\\'\ a lll,lI11glll' 

box prompting the user for attnbute values. The dIalogue box -;hown 111 tigllll' 2. tlll l'\alll 

pie, IS med to speClfy the attnbute of a place obJect. 

The manipulatlOl1 of graphical obJect~ IS ~emantic-depcndel1t. FOI' l'xample. th a)!(! Ill)! 

an owner from positIOn (x,y) to position (x',y") wtll alltomallcally rcdl ... play Il'' atlllhllll'~ 

from theil' relative po~ition 10 (x,y) to the ~ame relative 1)(),,!l1011 10 (x·.y·) 

Semantic con'ectness IS conservcd throllghollt model edlllon. Arc,>. 101 t'xampll'. l'an 

not connect two places or two transitions. Consltall1t~ bctwecn graphlcal OhJl'l'h aIl' 

enforced. 

Displayed abjects belong ta one of two c1a'isc~. The fir~t c1a-;~ I~ cOlllpo ... ed 01 ohfl'l'h 

together with their attributes which arc relevant to the ~ll1l11IaU()n Cllgl11C. The "l'cond ria,,) 

is composed of pure graphical objects. Thcse objech me the ~tandaru obJt ch Ollt' lI"lI.dly 

finds in drawing application'). They enablc liser,> to annotate the nct in OIdc! 10 Ill1lca"e il'> 

understandability. 

Attribute display may easily overload a window, a,> netwOlk complexlty IIlClea"c..,. 

Furthermore, pure graphical object.., may pos,>ibly Icad to vl'>lIal confu..,lol1. Tht' cdnol 

therefore allows for ~electivc JI~play of informatIon (attnhuH''> ami pure g!aphll.d ohWrl'» 

------------------------------------------
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through simple Show and Hitle commands. 

2.3.2· Simulation I~csults 

2.3.2.1 . General Considerations 

The re~lIlt~ we expeet flOm a ~lInulation were (hscll~sed In section 2.2.4, "Desiree! 

Outpllt~". Wc now COl1ccntrate 011 thelr ple~entation to the user or, In other words, on ViSll

alizing ~imllla\I()Il, Wc 1\I\t introdllcc the b:ISIC graphical primitlve~ u~ee! to &.,play ~imll

lalion lesult~, Then, wc plc\cnt a :-,cenario whele ~nap<;hot~ are used to I1lllstrate the 

IIItcgration 01 th('~c pnrl1ltlve.." 

A transitlOll may be in one of three states - inactive, enabled or firable. Furthermore, 

IIrablc tIan..,itiom may he confticting, Accordingly, the ~imulation u~er interface provides 

graphieal dl!'>tll1ction bctwecn thesc ~tates and depict~ conf1icting ~Itllations, The time 

rcquircd for ,lllan..,ition to becot11c tÎlable after its enablement IS also made av,ulable to the 

U~l'r. The lI!'>CI ean di!'>play thl!'> figmc a\ a Ical nllmber, as contInUOl1~ qualItatIve feedback, 

or <1" both. COIIIIllUOUS qllalitati ve fccdback, a<; descnbed in details 111 the next section, is 

appiIcd to graphieal !'>ill1ulatton in an original way, 

Upon transition fiting, tokens removed from the transition's input pla,ce are shown 

travelling along the p.tth dictated by the input alC, so as to show they are "absorbed" or 

"uscd" by the IIrrd transitIOn. In the same way, output tokens (U'e shown as travelling 

along the output arc to their assigncd output place, 
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Smoothing out graphical transitIOns by way ni nutllerouo.; intcIlllClhatl' dl:-.play:-. l' 

essentIaI in rendenng a sen~c of vlsual continu ity which inclca"co.; the llwra llulldl't '\Iand

ing of model behavlollr. FOI eXLlmplc. cnntttlunliS tnKcll 1l10Vl't1lC'Il! help' ln dl,t1ngui'ih 

which tokens are lI~cd and creatcd by tramttlon .... and IS pal ticuhnly u"l'Iul III 1I1O'l' caSl" 

where many finng tran~ltlon<; !-.halc ttlput plan? .... TI1l't"c is, hOWl'VC'I, a (lcrfonn,ltll'l' Il,Idc-

off between the f1equency of IClII,\wltlg and the 'pl'rd or '\lt1\UlatlOn. Stl100th tl.I1l,lIllltl" 

necess itate nu merolls dl~plays and tllay l'un slo'\v Iy, due to 111111 tcd rompu t Illg pt 1\\'\'1. On 

the other hand, fcwer dl!">play~ producc a qlllCk anlmat Ion but 111,1)' abo pl ndul"l' .Iblllpt 

changes which dazzle inexpcllcnccu lI"er" 

The simulatIon user Interface support., IWO ~ll1lltlallOl1 Idll' ... h t1llHIl'", Illll' ... llOwl\1g 

continuous movement and the othel <;howlIlg only the onglll and dl'~tlllatl()\l ut tllOVl.'llll'nt. 

Users may altell1ate betwcej! thc~c modc!"> dllllI1g \lIlllll,ltlOn. MOII'OVl'I, the 'pl'l'd 01 ~1111 

ulation or real tlIlle between ~lIb~cqllcnt dlsplay"_ i~ :ldJll~tahk vIa a ~l'Inllhal. 

2.3.2.2 . Scenario 

A scenario of !'>tep-by-step simulation is dcscnbcd hClcaftcr-. The ~CCllall() 1:-' illu~

trated with figures 3 to 7. 

Different quantitative data rnay be calculatcd a~ ~lmLllat\Otl plo(,l'cd". BcIOll' laullch 

ing the simulation engine, U~CIS rnay ~pccify which data 10 compute tlll(JlIj!h il ... tandald 

dialogue box ~uch a~ that shown 111 Figurc 1. Figulc 3 "how,> l'x:lmplc., CIl dlll('ll'tlt 'Ital!" 

tics ~uch as thf' thlOughput and thc perec nlage u ttlll'au on IlInc of li an,,1I101l <, d'> wC' II lI'I the 

percentage tmlc a place I~ cmpty and tt ... nUlllocl 01 token.,. l he"c ~tilll'>lIL'> llIay he Will 

puted as an aveJ(I!{c bctwecn the .\tm t and \to/J lime pOint., and lOI "pCL! fil IIII/(' !)()I/ll.\ 

with a con,>tant il/Clement bctwccn the ~tdtl and ,>top potn!'>. 
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-------------------------------------------------------------

j9 STt\TISTICS 

Tral1~itllln PI.ICC 

'.] throllghplIl 1.1 toh!lh 
fr.J Cf(, 111111/.111011 Q ch; Clllpt) 

"t 0 P' [I[=:J 

0; lime P()11It~ 

lIlU cilie Il 1 O::::=J 
o..oA.O-A..OU'''' ........... ~ ~.. ... 

il OK 1. 
~ ~ .. ~ .... 

""glll-c 3 - /\ dialogue box pre~entlllg pO~~lble ~tatlstlc~ to be computed during simulation 

The lI~l'l' launches Simulation on thc network a~ 'lhown in Figure 4. A control box 

Ill1l1ll'lliately pOp-lIp" ~howll1g the ~i nlulated global dock and the numbt>r of steps exe

clltl'd. The c0l1tlO1 hox enablc" lI~CI'" to take onc I)llllulatHlIl ~tep fOl'ward (PLAY) and back

waHl (/a~'WIN[). U~CI ~ may cancel the ~lInulation and le~tart it flOm the 1a,,>t network 

,>tall'. They lIla)' al<.,o le~taJt the ~1I11l1ldtIOll from the netwOlk'~ initial state. The REWIND 

hl/tton of the ~1I11lllatl()11 control box, whlch acc(ll11pll~he"l the ..,tep backward, is an original 

concept whlch plOves u~eful 111 hlgh Iy concuncnt netwOIh, whele actIOn firing is ruther 

:-.catlcrcd on the SCIl'Cll. il aho ~CtVC" to ll'direct a path when a conftieting action has been 

dW"l'1l to tilC. SIIlCC Illultiple Il'winds ale p()s~iblc, the histOly of simulation must be con

'>l't'ved. Thl~ l'an ca\t1y be achlcvcd by stonng into memory the history of markings. 

ln figure 4, immcdlate u ansition t 1 is firable sinee it rontains enough entities in its 

IIlput place'. This i~ shown by the thickness of its ïectangle's pen pattem. Transition t4 is 

l'nabled and wIll bl'col11l' lir.lblc at global time 4 li!'. shown by .1 full slide bar imide the 

transition. The ~I!de bar dtxll'a~l''' contlllllou')ly, showl11g the time remaimng until the 

tramllHHl IWCllll1c,> lit.tblc. The ,Iide b~l1 raIl he ul1dcrslOod with the thennometer meta

phnl. 1 ht' blarh. portIon of tht' bar rl'pn?<.,enl'.. mCl\'l11y on a honzont:ll them10meter belong-
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------------------------------------------- -

ing to a transition that tires al "temperature zero". \Vhcl1 thl' PIAf button IS dld.l'd. thl' 

entity in pl will be removed and one entity will be cH'atl'd in e.tch 01 p2. 1'3. and pl 

r'>w::~ 

..; A ; 
~ ~ 
"'~~ .. ~ ~ ... 
~{OM>""N"~>~ 

'Of ( .. "**~ .. ~ ..... 

File 

;>>l'~ 

~d, 2 
., . 
'-=. ........ ""' ........ 
..... ~ ~~ .. 

~ ~-
~ .. :v. .. ·w .~(~' 
'-(, .o...}~!o ..... 

.:: 

STATUS. "imulatioll 

Edit Simulatioll ------------
pl E~d 

[
-~mïïIGh.;;; -1 

c=== t 1 IlIm: () \lep 1 1 

f(~~, \~ "1; [~LI 
p4 

FIgure 4 - Simulation ~napsh()t al ... Iep 1 

Figure 5 ~hows the di~play at stcp 2, thercrole aftel the PLAY buttoll i:-. c1lchl'd. TIan 

sitions t2 and t3 arc conflicting -;incc only ()l1C tokcn 1:-' prc~cnt 111 thcll cornlllllll III pli 1 

place p3 and their firing limes are cqlla1. ConfllLh L'an be m,tell' apparelll hy /1.1,,11111(' thl' 

conflictll1g transitions, for example, 01 by mlng a dIflcl('lH cololll 10 hlphlIl'ht thclll Wl' 

also ~ee that t4 ha" completed half Its exccutwn "" "howll hy " hall-rl!11 "lldl' bal. 

Figure 6 ,>how~ two tokeI1~ In plat mnulaUo!1 "tep 3. Wc a\)UnlC th a! 12 fil ('d \IIlCe il<-. 

output arc ha~ a multiplIcny of2. The lI~cr may have ~clcctcd explIutly t2101 fil-ill!', 01 the 

simulation enginc may have automatlcally ,>elcucd t2 lor /11111(' aCLordlll)! 10 the welpht 

latio,> of t2 and t3. Tl i" firable "incc Itl'> immcdlate ,1Ild ha,> plcc('dcnL<~ OYl'1 11t1H'd Ilan~i

tion,,_ 
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File Edit Simulation 

pl 

SlIIllIlatloll 

tune = 2 ~tep = 2 

STATUS.\lIllllldtlOll 

Figure 5 - Simulation snapshot at step 2 

File Edit SiulUlation 

S 1,\TlJS: ~1I1l1l1,ItIOIl 

Figure 6 - Simulation snapshot at step 3 

• Splltling up stcps into substeps would aHow finer-grained graphical ~imulation, e.g. 

Slllooth Illlrll movcment <lnd smooth thermometer decrease. For example, figure 7a iIlus-
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trates the network after tl has fired. as it shows a snapshot of tilt' tl)\...l'Il~ 11.\\ l'ihn)! III r(lll 

tinuous fashion 10 tl"s OUlput places. FigUtC 7b. shows a snap~IHll. ta\...ctl al ,\ l.ltl'l Il'.t1tltlll' 

than the preced11lg one, showing the contllluollS occrciI<;l' nt t4\ Ihl'rlllllllll'Il'i ,1\ llll' 11.\11,1-

tion executes. t2 ano t3 arc enabled. howcvci. they ale not yct til;lhk ,Il \ltllUI.llH\t1 IIn1l' l, 

as shown in figure 7b. 

File Edit Simulation 

[J pl 41 

~,,,,,,,,:;,~;;, fô1 
tml' J tl 1 Il Ill: () 'lep 

f5 2 :1 1; J Hl \\1\1> li 1'1 A\ ~>=~~ '~~ --< 

J=1 p4 

~~~: 
,l..Y':».h' '~ 

t~ h= 
STATUS: simulation 

lI.t ~ 

Figure 7a - Token movement bctwecll stcp 1 and ~tcp 2 

In oroer to free window spacc, the mer ha,> the option to ,cIel'! 1 vcly d I .... play 1111 ()11ll.! 

tion. For instance, the slidc bar or labeh of place,> and tran'>llioll ... 1ll,IY hl' hlddl'Il, t\1l011ll'l 

example is the forementionco icol1<; ln the ~t.ltu,> regu)J1 whlch np,md Illlo flic, l"\lldlltlll)' 

statistics the u~er hd\ ch()~en to compute dunng tht' \imlll.ll!oll ï Ill' li ,VI 111:IV <'PC(!lv 

which information 10 di~play whcncvcr the '>lmtt1allo!1 Cl1J!IIW paU\l'\ 1 hl' kit IJ,lIld Il Olt 

of the statu" reglOn replesents il Ic~ult hIc contallltng tdhle ... and gldph\ Ali t"\dIllPh' 

shownin figU1e8contain~a table of the avcwgc thlOlIghputof lIan'>llIOIl ... dllli d IllIl' i'lapll 

of the average thlOughput ver~lJ) lime. The IIght-haml ICO!1 of thl' ... I"tll', Itï'\(111 Il'Pll'''(,1l1\ 

the simulation t1ace whclc, for each ~tep, the '>lll1l1latcd lIInc, the 111:lhl(' Il "1l<'111 1 )/1'>, and 

the mm'king ale ~pectfled, 
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File Edit Simulation 

pl 

------.. ()~~~--~~~~~ 
~lDlIIlatlOJl 

~Icp = 1 

2 

1'4 

STi\TUS ~lIllllldtl(lI1 

FlgUIC 7b - Thcrmometer decrea!-.e 

i\ vcr,lgc TIll oughplIl 

Il - 020 

12 - 015 

13 - 0.05 

14 - 0.025 

Average throughput 

0./.5 

0.20 

0.15 

~"'!III!I!III_12 
-~II 

13 
0.10 1 

0.05 

o ..".'""""''''''''<.'Vv-Vvv<C-.... '''-... '''' ...... ,,''''-.','<,·.:~''VAWb .4 ~ 
o 1 234 

Tlme 

Figure ~ - Simulation results - average throughput of tnmsitlOns 

Finally. the liser may split the drawing region into two sub-regions, each containing a 

mode\. Cil aphical slIllulation l'an be pcrformed simultaneously, for example on alternative 

models of the sarnc ~y:-,tclll. The U~CI may control the simulation through the ~ame dia

logue bo'\ a" the one "h()wll III ngure~ 4 ta 7b. Compat ative simulation can be describeu 
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with the same algorithm we saw at section 2.2.2 "Execution MOlkl", con\lol bo'\l's Iwing 

availablt' for each modell'ompared . 
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Performance Analysis 

3.1- Goals 

The goal of perfol mance analysis 1~ to obtain quantitative lesults about a model's 

hehavlolll in ortlel to undcrstand and a~~e~~ it~ dynal111c characteristic~. Exmnples of slich 

le~lIlt~ ale thc walting tnne fOI tranSItIons, the throllghpllt of the mode], the bottlenecks, 

and IC\OllICC uttll:tal1 1Il. PelfOlmance analy~l'; tndlcatc~ potenual problems in the model 

and laVOlll\ Il', Illlplovcmcnt, a\ It can bc condllcted on varioll~ scenanos. It helps users 

cvalllate the impact of change on ovcrall system performance. 

Thl\ chaplcl llndetlaJ...c~ the ~econd portion of the dynar11lc behnviour of Petri nets by 

lo()J...lIlg at pel lOI mallcc analysl\. In thi~ ch.lj1 ter, we first de~cribe the required inputs to 

perfOl mancc analysl~, teVICW the tc~oluti()n methods for Generalized Stochastic Petri Nets 

«( iSPN \), antl ple~l'nt the expected perfOl mancc II1dlceS re~llltmg from the analysls. The 

:-,ccond part of the rhaptet addre~sc~ the front-end of performance analysi~ by proposing a 

gcnetll' graplllcai ll~et mterface ~peclfic to performance lesuIts definition and display. 

3.2 - Performance Analysis Rack-End 

3.2.1 - Rcquircd Inputs 

The i npllts of the pelformance analysis engine are the following1: 

- the plares, transitIOns, arc", and initial marking of the net 

the tlring tllllC of t1 ansiuol1" 
~l'.ldl'l' \\ ho .11 l' IInl.IIlIlIl.\I \\ Ilh l'l'In 1ll:1 tcnmnology 111<1) rdel 10 Appcndl\ A 
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- the weight of confticting transitions 

3.2.2 - Execution Model 

Two types of performance analysis may be conducted. The lilst l' l'ondl1ctl'd accold 

ing to a ~imuJation mcthou, and the !'.ccond acconJing to an analytH:al ~0111110n 1llt.'lhod. 

The Monte Carlo !'.imulation [14J, 1'01 cxample, 11!'.l'!'. a p~l'lId()-land()m III 1 III 11l' 1 )!l'lIl'l.I!OI 

to implement the ..,tochastic ttall!'.1110n timing. A sequence of dl~cr('ll' l'wnl\ ~l'p:11 ,lll'd hy 

time mtervals is ~Imulatcd and pcrlOlmancc c..,tlmatco.; l'an bl' ohlallled hy g,llhl'lllIg 'tat" 

tics From the exccutlon of thl' modc!. 

In thi~ WOI k, we fOClI~ O\lr attention on analyl1cal ~()llIlIon ml'lhOlI, ba~l'd Oll (ll'lH'ral 

Izeù Stochastlc Petri Ncts (GSPN..,). ThiS patticulat cla~" (lf l't'III nl't~ h.!" bCl'1I wldely 

useù in the c()n~trl\ctlon of "Wcha"tlc modelo.; of JI~l'Icte ('wnt ~y~tl'm", due 10 LIll' IIH'I1l0 

ryless propclty of the exponential dl~tnbul1on of the fil ing trllll'~, makl11g Ihl' (iSPN '''0 
morphlc tu continuou~-t1mc Markov chams 14X]. P,trticulatly, we ail' IIlt<.'lt",ll'd III (;SPN" 

which have chmacteno.;tlcs that reduce the numbCI 01 Icachable 11latkrng~ amI thl!'" Ihe 

complexity of the solution ~llch as IIlhibitOl arc~ and priOlltic ... 150]. 

The a~..,ociated stocha..,uc model can be deI ived From the /('([e/IlI/JlII/y \('/ of a (;SPN 

in order to obtam pelfonnancc IIldicc<;. In the rc..,t of thl~ ..,ectloll, we fOlll1ally ddllle 

GSPNs anù de<,cnbe a firing lLilc lIsed to generate the rcachabJltty "et and glaph (thl· ... e al(, 

defineù below). Solution method.., for the dcnvatlOn of the ..,tocha<,lIC model and Il'> IIltn

pretation may be found in [49] . 

A GSPN wlth pnolltie<; and inhlbitor arcs io.; dcfined a<; follows [50]' 

---------------------------- -- -- - - ---
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GSPN"'- (P, T, II, I, 0, H, W, Mo) where 

- (P, 'C 1, O,Mo) IS the underlying basic PN (cf. Chapter 1), 

- H is a ~ct of inhlbitor arcs, 

-II I~ an a~slgnmcnt of pl1ontic~ to transitions, which associates lowest priority (0) 

wlth lImed li an<.,Jllons and hlgher pnorities (>= l) wJth immediate transitions, 

. W -0 (w 1, w2" .. , wn) I~ an amly whosc itll entry is: 

- the pal <lmetcr of the negativc exponential probability density function of the transi

tIOn finng delay, if fi 1<., a tlll1ed transitIon (i.e. the rate of the timed transition) 

- a wClght lIscd for the computation of firing probabllities of immediate transitions, if 

fi I~ an iml11cdiatc tran~lti()n, 

ln li GSPN WIth a given initial mmking M', the leachability set is defined a~ the set of . 
all markIl1g\ that can be "rcached" From M' by means of a sequence of tranSItIon firings 

1491, Thr Il'Oc!W/)(!tty Kraph is a directed graph whose nodes represent the markmgs, and 

atCS arc labcllcd wllh the transItIon whose firing produces the mm'king change. The leach

ahility set and graph arC' comtructed according to a hring policy, of which we describe an 

rx:tmplc below. 

A l'tlIlÎsIIIlIg 11/orkinK is il marking that enables at least one immediate tran~ition [48]. 

Whcn slich a marking is entered, the wcights of the enabled immediate transitions are used 

10 probabilisllcally select the transition to fire. A tangIble 11/Ol'king is a mm king that ena

bIc\ tll11ed tlan'\itlOll-; only [48]. When slIch a marking is entered, the rates of the timed 

II an'\iuon\ ;u c med 10 probabilistically select one timed transition to fire, Each timed tran

sition 1'\ as\ol'latcd 10 a timer that is set to a sampled firing delay instance from ib proba

bility dlstnbutlOn. whcn the tran'\iuon bccomes enabled. AIl timers of enabled timed 

tran'\ttion~ ;lIC thl'n dCLTea~ed at the samc speed untt! one of r lem becomcs zelO. At thlS 
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-------------------------------- - -----------

point, the transition whose timer equals zero tIres. E\'(,I)' ttlllt' a IlC\\' m;\t"lIlg 1:-' l'llll'tl'd, 

timers are reset to new values sampled flOm their transillotù plObabtltly l!t'lIlbullntL III', 

in effect, ines~;t'ntial to keep the values of timcrs duc to the Illl'mOl yh' .... pIOpl'tl\' ot Ihl' 

exponential distribution [50]. 

The firing of a transition is considered an atollllC Oper,ItIOIl whl'Il' Ill"l'Il' .ltl' 1l'IllOwd 

from the input places of the fired transition and addcd to Ils outpUI plan', III mU' im!tvlsl

ble step. 

P 
p5 

~~ 
po 

<D ~ 0 • 
P79 t6 

Figure 1 - GSPN model of a two-proccssor system l50] 

An ex ample PN, drawn from [50], and it~ concspondmg Icachabilny ~et :tnd glaph 

are illustrated in Figures 1 and 2. In this examplc, timcd transitioll'i arc a~'>limcd !o have 1)(' 

random variables with negative exponential distnbuti()n~ . 
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p7 p8 p9 
---- -- --
0 0 1 
------
0 0 ) 

---- ---- --
0 0 1 

1----- '----

() 1 0 
-- f----- 1----
() 0 1 
-- ----r----

1 0 0 
--- --------

0 1 0 
---
0 1 0 

- -- ---
() 1 0 

._-- -----
1 0 0 

1 0 0 
---- --

1 0 0 

Figulc 2 - Reachability set and gJaph of the GSPN m Figure 1 [50] 

3.2.3 ~ Execution Options 

The Markov chain may be solved at equilibrium conditions or at any arbitnu'y time 

instant t [48]. Wc rder to a rl'solutlon of the former type as a steady-state solutioll and to 

the latter as a fwmÎt'1lf solutÎon. In the tranSlent solution, pelformance mdices are calcu

latl'd at uscr-spccifil'd time points. Both solutions involve the resolution of a set of linear 

l'quations . 

The steady-state solution may use a standard sparse matrix computation algorithm, 

adapted to the solution of a set of lincarly dependent equatiol1s augmented with the proba-
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bility normalization condition, <l'\ proposed 111 [14]. In l'Use of matricrs largt'I titan 

1023x 1023 , the Gauss-Seidel iteratlve method is lIsed [29]. 

The transient solution method may br accompltshed by li matnx exponentiation .\lgo 

rithm, where initial estimate~ of the optllnal IIltegtatlOl1 :--tep ale dynamlcally adlll\tl'd III 

order to keep it as large a:-- po,>:--ible whlie keeping control OYeI Illllnd-oll t'II 01\ dllllllg 

vector additions. This resolution algorithm IS propo'\cd III r 141. 

3.2.4 - Results 

The reachabIlity graph permits the computation of the stcady-!'>tate pl obahtl Il 1 l'!'> of the 

markings. Foi' a Itve and bOllndcd SPN [4XJ, thc :--tcady-~tatc plOhabtllllC\ of the H'arhahk 

rnarkings are used to obtam the stcady-~tatc plObabtllty of an dltlonlwlIlg CIl,\hkd.I;IOIJ1 

this result, the token probablltty den~ity fUllctlon of caeh place cali he obwlIll'd. Thl\ 1t'!'>lIlt 

represents the steady-Mate plObability ot havmg a Illlmbe! ot tokcm. III ,\ plall'. 

From the steady-statc distribution ovcr !cachablc Illat klllg:--, the 101loWIIlI.! agglcgatl' 

steady-state pelformance parameter~ <lIe commonly and ca,>IIy cOlllputl'd [471 

- The expected number of tokcn~ 111 a place l'an be cornputcd fi 0111 thl! token plObahJl

ity density function. 

- The average throughput rate of a transItion. Thi!'> IC'>ldt mca,>ulc,> the f10w 01 tok(,l1~ 

through a transition and i<; obtained by the plOduct of the t1an'>ltlon\ fll1l1g latc and It,> 

probabihty of bcing enabled . 

- The token utiltzation or percentagc of tlme a token 1'> u,>cd ln the model 

- The average delay of a tokcn III li a ver,>rng a ~lIbnct can he dCI 1 ved u,>ing f ,IL! 1('.., f()J 
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mula [44]: 

E(T) = E(N) / E(Y) 

whclC [('1') I~ the average delay, E(N) I~ the average number of tokens in the process 

01 li avcr~lI1g a ~ubnct, and E(Y) I~ the average input (or output rate) into (or out of) the 

subnct. 

- The plobabtllty that an l'vent OCClIIS. Thi.., mea~lIIe i~ obtained by adding the proba

hdllJc~ 01 ~tll marklllg~ ln whlch the condition cOlTesponding to the event holds TRUE. 

l'Ill' cvrlll of mtclc..,t mu..,t br ..,pccitlcd by the dC'iigner. 

- The thlOUghpllt, whlch 1\ thc numbcl of output reslilts generated by the model dur

IIIg a speclflc tlllle pellod. 

- 'l'hl' 1 e\pon~c lime or total Ume taken to gct an output re~lIlt. 

Othcl perfOl mance Indlce'i whlch arc more difficuIt to compute are the distribution of 

Ihe drlay Încuneù by a tokcn in traversmg il subnet or in completing a cycle through the 

tll't [471. 

Dc:-.pitc the nature of thr indices generateù by analysis, they must be interpreted in 

01 der ln grasp the dynamlc behavlour and the impact of changes on the model. For ex am

pk, a IOJ.,CI1 uttli/aiion of c\o:-.c to 100% lI1(ltcate\ the presence of a potential bottleneck. If 

the tokell Il')1Il'\CIlI\ li 1 e:-'OllICC, the lI~er may attempt to increase the number of re~ources 

01 dt.'l"Ical.,c the tlllle delay of the ,lcttvity rc..,pon~lble for treating this resource if its aver

age thlOlIghput laIe II., comldelcd low. Dependmg on the network"s semantic, users may 

li ne-tune thl' Illodl'l untt! Ho.; behaviOUI' mects the performance requirements. The llsers' 

ablltty tn judge and Intrlptl't performance indice.;; as weIl a~ their comprehension of the 

tlllldl'l 1" l'Iucial to thc cftkwllt llo.;agc of pel formance analysis . 
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--------------------------------------------------------------------

Note that the above performance indices may, in princip\e. be l'omputcd for tranSlent 

solutions as weIl. 

3.3 - Performance Analysis Front-End 

The present section pIOpO~C~ a gcneric USCI interface al1()win~ for pctlorm:lnl'e 1 ('!'>ult'> 

definition and display. Note that the ll~el 1I1h'll ace de!'>l"Ilhed h(,1 l' '>pel'lflea Il y .ldd Il''>'>l''> 

pelformance analy!'>ls componcnt ot a gcnct al modelling and anaIY'>I'> 1001. Thl'> \I:-'l'1 1I1h.'1 

face i~ bascd on an OIig1l1al c1a'>'>If1catIon of perlOll11allll' Il',>ull!'>. The b.I'>I( plllll'lpks (lI 

the model editO!, on whll'h the vl!'>ualtz.ltlon \lI H?\lllt,> 1'> ha~ed. l'ail !Je 10l1l1d 111 !'>Cl'IIOIl 

2.3.1, "Network Edition" of thc plcccd1l1g l'haplel. 

Wc describe the ba'>lc concepts lelatcd tu the prc~cntatJon of pel foj'manee analy!'>ls 

results and illllstrate the dl~cll~'>lon \Vith a ~llite 01 flgule!'>. We dislillglll~h Iwtwcen I11Icl' 

different types of pelfOt mance IC'>lll t~ chat al'lcnzrd by thc Iletwork compolll'nl ln whICh 

they apply. These reslllt~ are attllblltcd to 

- individual baSIC network l'omponent~ 

- groups of similar baSIC components 

- network states 

3.3.1 - Results on Basic Network Coinponcnts 

Certain performance Jndicc~ l'an bc attributcd to '>pccific ba~ic componcnt l
, of the net

work. For example, the cxpectcd number of tokcll'> In a place i,> undouotedly ail attnbute 
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of the object type Place (we use the words component and object illt~rchangeably). In the 

,>ame way, the average throughput rate is an attribute of the object type Transition. 

Wc re~tl ain the set of indices related to basic components to the following: 

For cach place, the indices are: 

- the average nllmber of tokens 

- the probabtlity that it con tains at least one token 

1:01' cach tral1~itlon, the mdices .U'e: 

- the probability of enabk .. lent 

- the averagc throllghpu t rate 

ln CLl\C of ~tcady-~tate solutions, pelformance results are lInidimen,>ionaI, that is to 

say. to olle obJcl't COll e~ponds one reaI l1umber. In the case of transient 50IlIt~ons, the 

lCSUItS aIC two-dimcnsionaI as thc time dimension cornes into play. The best representa

t ion is thcreforc a graph such as a line graph, a histogram. or a table. 

Figlll e 3 ~h()ws a network upon completion of pelfonnance analysis. The reslIlts are 

complltcd over the modcI's steady-state and appeal' as l'eals at defalllt positions beside 

Ihcll owncr objcct. FigUle 3 also exhibit'i the pelfOlmance analysis (Pelf-Analysis) menu 

whiLh cnablcs acl'CSS 10 the full fUl1ctionahty of performance analysis, inc1l1dmg analysis 

opt ions, perfollll,IIlCC rcsults to be compllted and dispIayed, and of course, the pelfOlm

ancc cngll1c trigger . 
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~~-----------------------------------------------

r--""'--------------------------------------

File Edit 
~-----.----------------------------------------

t2 

c:O 5 
prob= 0.33 
thr= 0.167 

t3 

proh= o:n 
thr=O.167 I--___ --'-_____________________ -...:.:-=-~c.:..:..:.. _____ . __ _ 

STATUS: performancc allclly:>lS 

Figure 3 - Steady-state anal) si~ 

Transient resuIts are pŒitioned simiJarly ta ~teady-state rC~lllt~, however, aIl' 1I1111,t1ly 

represented as icans. Icans exhibit standard window ~y~tcl11 Iwhavioili and (':111 hl' 

expanded into resizable windows which, in tum, arc rC-lconizable. ï hr wlndmv d.~pl:ty'" 

the aetllal graph eomputed. 

Pigure 4 shows the same model as the preceding figure upon com plctioll 01 li li ansicilt 

pelformance analysis. The ieon representing the average numher of tokem 01 l'lare pl.,> 

shawn in its expanded state . 
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File Edit Perf-Analy~i., 

Q 1 , 

[QJ 
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EJ 
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a2 

EJ a3 

"k'fI'] 
STATUS pCllorlll,IIILc ,lIIaly~l~ ~ 

Figure 4 - Transient analysis 

The graphical behaviour of performance mdices related to basic network components 

is similar 10 that of objccts' attributcs in network edition. They may be dragged with the 

mousc and tetal11 their relative position to their owner object if thl~ one is dragged. They 

are, howcvcr, uncditable. F1\I1hrrmore, graphical obJects representing performance results 

t'caet to the samc pnnciple of selective display as object attributel:i. That is. they can be 

shown and hiddcn at Will, using a dialogue box provided for this pUt·pose . 
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3.3.2 - Group Results 

Group re,>ult~ aIr pcrform.lllL'r mdll'c:-, L'ornputl'd OVl'1 ,\ sct of ~il1ltl.lr b,I"Il' Ih't\\ \lI k. 

components (I.e. a group of place,> or a group of ,1l'tl()l1~) \\ hlch JIl', ultl1natl'I\'. ll'k\',IIl\ 

given the ~emantlcs of the networl-. GIOllp'> L'011'>1'-I ot ,\ '>l't 01 plan'" (lI .1 ,>et \lI 11.l1hlll\lll" 

over which rcsult-., slmIlar to the lC~UIt'> l'ol11pull'd 011 I1ldl\ Idual C1l1llp\)Ill'llh .. IIl' t \1111 

puted. FOI example, a netwOlk. Il'plc\entlllg a company\ oVl'lall .Irtl\ Itle,> LIli hl- P,IIII

tioned by grollp1l1g place~ and tJan~ltl\lIl~ l1l'IOIl)!lIlg ln Olll' palllrul,1I h1.l1lch \)1 the 

company. Re~lIlts computed ovel a glOUp. III thl\ l'\.:lmpll'. a C1l1llpany'" ht,lIlch. ,\Il' :t 

higher-level indicator of ovcrall pCI 1'01 mancc. 

For a group of place~, as fOI II1dlVldll,1l placc,>, wc cOll'>ldrl. 

- the average number of token~ 

- the probability that it contall1s al Ica"'l Olle tol-.cn 

and for a group of transltlon~, as for indivlduallran~lll()n~, wc con",dl'I 

- the probability of enablement 

- the average throughput rate 

Groups, being context-sen~itlve, I1ece~~llate Il,>el !'>pcclftcatlOIl lin Il 1-. t' ha'>lt t Oll1pO

nent results which may be compllted blindJy for II1dlvltlual IlCIWOl k. WlllpOlll'lIh. ;\ )!IOIIP 

of places, for instance, is defined by ,>clcctmg the plan',> hcl()nglllg ln the gloup ;lI1d 1(1('11-

tifying the group wlth a unique label. Figure 5 ,>how,> a '>Ilap ... hot of lhe plOU''>'>, wh('\(' 

-------------------------------------
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-------------------------------------------------~ 

--- ----------------------------·------------------1 
File Edit 

• 
,12 1 c () 51 

':. --;----.i. 

S !A'! {IS Il,III\ItlOll group dcllllltlOll 

\clcll Il.111\111011\ hclonglllg 10 grollp 

Tran .. itÎon Group 

TG) 

• ~ proh.llllht) of cllJbJcmcnt 

)ÏÎlj throughput r,lIc 

Il OK 

----------------------------------------------------~ 

PIgUIC 5 - Tran~lt1On group definition 

tlan~lttOtl~ 02 and (/3 have been .. electt'd to fot III group TGl.The statu,; area prompts usels 

fOI the applOpnate actIon .. 10 take during P!(/U' glOup definition. The dIalogue box permns 

gJl)Up identification , .... wdl a~ the ~peC1ficatIon of the indices 10 be computed. The group is 

lecorded upon a clIC" on the OK button. It ran be redbplayed and redefined, as the transl

ttons belonglllg to a group ale ~pecially lùcJ1ufied upon u<,er lequest. 

LTpon complet Ion of performance analy<;i~, group result~ are displayable directly on 

the lll'twOt k 01 thlOUgh a tc'..tu.!l tlIc. The fil'lt option, acces<,ed through the Pelj-Analysis 

mcnu, 1I1\'olw ... Idl'tltlf~ IIlg the Indlvldualcomponent<; of the group as weIl as displaymg a 

ho\ (.'otltallltt1g the gluup label and the rompllted mdlces. The second op non is accessed 

thwl1gh thl' tile lC\l11 lur glO/l/) "ho\\'11 III the ~tatl1"" rcglon, a~ illu'itrated in Figmes 3 and 4. 
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When expanded, the icon invoke~ a text ('(htur which automatlClllv Inad..; a tile nt' tilt' Illi 

lowing format: 

GroupLabel1 

Il 

Tokens=i 
% not empty = j 

GroupLabelJ 
t· .1 
Tokens = k 
% not empty = 1 

wherc t1 is the set of transitions belongmg 10 GroupLlIhel[ and l, 1'> the ~cl of lral1~l

tions belongil1g to GlOupLabelr i,j, k and 1 arc Ical numhcr~. 

Groups of placc~ are defined and dl~playcd 111 a ~imllar manner than the one jll~l 

described. 

3.3.3 - State Results 

Some pelfOlmance re~ults are relatcd to s!alrs or mark1l1g~ rcached by the netwOIk. 

The probability that a mat'king OCClIIS, the rctUlJ1 time 10 a matking, and the rn(Jdel'~ 

re~ponse tIInc are example~ of ~uch re\ulh. Suell a mark1l1g convey\ partludal rnealling to 

uselS, glven the ~emantJc~ of the nctwOlk. Rc,>ult\ computcd over ,>tatc,> arc l'onlext ~cn~l-

._------------
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tive, 1 ike leslllt~ computed over groups. 

The main challenge implied in the visualization ofresults defined over states, is not 

the di:-,play of the Ic~ults but J'ather the specification of the state itself. We descri be, hereaf

ter, an ollgmal u~cr IIItel'face approach wh ich enable~ interacti ve speci fi cation of network 

~tate~. 

The specification of network states is initiated through a command of the Pelf-Allaly

SIS menu. The malll WlIldow enters the state d~finition mode, as shown in the status area of 

FIgure (l, The Ilctwolh di <..;playcd does not contain the initial marking in orderto enable the 

dl~play of the u"<.'I-defined state. TheSfllfe dialogue boxpermitstoenterthe,>tate label as 

wl'll :l!-. the ml! icc~ to be computed for that stale. The State box remaim IhlOughout the 

\tate defll1itJon pl ()ce~~, thc final markmg being recordcd upon a c1tck of the OK button, 

The ,>tate dchn i t ion f(lllow~ a beha viour identlcal to the initial mmkmg defillltlon of mode 

f',t!lfwn (cl.chaplel 2).ln effect, by double clicking on a place, aP/ace dialogue.box,such 

a\ that ~h()wn in PlglllC 6 IS dl';playcd which enables the specification of the number of 

tokl'l1<"; in the 1 C lated place. Likl' initidl marking definition, advanced users may abo define 

staIl'''' byeditmg thc dcfault number of tokens, in this case the wild chameler """. Places 

which ('ontalll • -.-' number ot tokens are not cOllsidered in the state defil11tion. The tokens 

aIl' dlsplaycd 1I1~ldc the place when the OK button of the Place dialogue box l~ clicked to 

permit the tull Vlsllillization of the new marking. The process continues until the user 

presses OK in the Stafl' dialogue box. 

The butfer-!-.CI ver ex<.\mple of Figure 7 illustrates the use of a simple interesting state 

definitioll. A buffet with maximum size 1000 blocks accumulates data produced by the 

/Ilput component and consumed by the Serve,. component. The designer's performance 

indice of intl'rl'~t 1'\ the probability ofreaching the buffer's maximum capacity. given the 

latrs of dala production and consumption . 
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------------------------------------------

rP_l __ IF_I_.I_e _______ E_~d_it_::==_~_;_---I';=er=r.=A=.=l~='1=y~=;~ L_~_ _ __ _ 
III 

- :f' 

, 
1 ) l

ai c:( .5 

19 Place pl 

n1tl1~ mg 1'--__ 0_--.11 

p Stah' 
1-------------------

,11 

1,lhd [--- sT- _-__ -- ~==] 
lïl proh,lblhty 

ÏIiI! (/c Il'!tlfll t 1Illl' 

STATUS: :.tate dclillttion; ~c1cct places bclollglllg 10 the 

stale ,Uld enter marking 

Figure 6 - State defi nition 

Input 

Figure 7 - Buffer-sclver example 

The indices corn puted for mel-specificd ~tatc<; me d isplayed d irectly 011 IIH' Ilet work 

or through a textual file, The fir~t option is acce~o..,cd thlOugh the Pn{-AI1f1ly\/\ menu éllld 

in volves redrawing the tokens of the netwOlk to di<.,play the lJ~cl-~pcLdICd m.llking (1'-. weil 

as displaying a box containing the computed indices. The ~econd optlOIl l'Il.lhllll)! the di~

play ofstate indices i~ ac('cso..,ed thlOugh a filc lcon ~h()wn in the ~tatll) I(i~ IOJlllpO!l LOIll

pletion of analysis, su ch as that illu~lratcd III Figulc~ 3 and 4. Double-click i n)~ ()fl the 1{ 011 

----------------,------------- - ------
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inv()kc~ a text cditor which automatiçally loads a file of the following format: 

StateLabcl t 

{(Pl' ml)' (PH l, rnJ+J)'"'' (Phwml+n)} 

l'/Obability = i 

Retllrn Time == j 

Statcr~abclj 

{(PJ' mJ)' (pJ+J' rnJ+I)'"'' (pj+l,mJ+I)} 

Probability = y 

Retlll"fl Tllne = z 

wherc i, j, y, and z me Ical nllmbers, mi is the number of tokens of place PI' and {(PI' 

mi)} is the set ofpairs (Pl' mt ) defined for mmking StateLabeli' 

Ycrsionning being an impoI1ant task of the modelling activity, aIl pelformance results 

are rctained in mcmory. Uscrs may therefore modify object attributes or even subnets of 

equivalcnt purposc nctwOlks and compare pelfonnance results. Loading a network over 

which pClforrnance analysls has been previously run alltomatically enables the Show corn· 

manu for performance tcslIlts and displays the reslIlt file icons in the status region of the 

main window . 
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Integrating Graphical Simulation and 
Performance Analysis 

The Macrotec Example 

4.1· About Macrotec 

Performance analysis and graphical simulation are complcrnentary :--tratcglt':-- l'nahling 

network assessment and optimization. Wc cnvl"ion a dynillllic anaIY"I'> tool wtllch Slip 

ports these strategies by offering an intcgratcd cnVIIOnllll'nt b,l"ed fil"tly on a fOI mall.,rn 

intelligible tel both the performance analy.,j\ l'ngine and thc "jmulatiol1 l'lIgll1l', and 'Il'C

ondly, on a user interface facilitating altetnation bctwccn them. 

We describe in this chapter Ma'.:rotec, a mcthodology and tool'ict targctcd at hU'Iinc.,'1 

modelling [6] which realizes the integratlon of performance analy.,j., and 'illllulation. Wc 

begin with an introduction to the Manotee methot!ology [4] and onci a fllnctlOllal ovt'r

view of the Maerotee toolset. Wc pup.;ue wlth our two cngine., of 11ItCI ('"t, that 10." gl aphlcal 

simulation and performance analysl~, ami dc\cllbc thel), dC~lgn wlthlll Mauotce a\ weil a" 

their user intelfaee. Wc conclude the ehaptcr by J1IlI,>trating the m<l)OI M aCi otee concept., 

in Cl typical scenario and by slImmarizing the main IInplcmentation I..,'>UC'> . 
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4.2 - The Macrotcc Methodology 

Manolce 1'> a rncthodology and toobet for busine~~ modelling. It wm developed in a 

Joint proJcct betwccll CRI M and the DMR Group Inc. It combines seve rai concepts origi

nally dcycloped 111 ~eparatc context,>, ~uch as cntity-relationshlp modelling of information. 

spcewlll'alioll and mhcntancc III the sen~e of object-Oliented language,;, event analysis, 

and al1<lly"l~ 01 data (prodlll.:t) flow a-, weil a!'> lesourcc utIlIzatIon. The<.;es concepts were 

intqpatcd mlo a UIlIIOlI1l modelling framewOIk wlth precl!'>e semantlcs tor the dynamic 

a-'perl\, whlch have bcen dcfined through the formalIsm of Petri nets. We describe this 

IOJ'lnall"m in what lollow .... 

Action 

Figure 1 - Genet ic model for Macrotec 

Place 
of 
entities 

The.' gcncl il' model for the Macrotec formalism is shown in figure 1. Actions (repre

"enled as lel'tanglcs) aet 011 places (represented as ellipses) of entiues according to the 

type of relatIOn betwl'cn the place and action. The Petri Ilet equivalent to the tenn "entity" 

IS "tokcn", whcrcas "action~" ale equivalent to Petri net "uansitions". 

I\n actio/l is .t unit of wOIk which produces a change in the system's s!ate. Aetiens are 

charactcIllcd by a lirin~ time whieh can be immediate, random exponentially distributed, 

or detcrmini"tlL'. as weil as a wright used in situations of conflicts. Elltities which reside 
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._----------

insÎùe places may represent resollrce,>, for l'\ample, a hlllllan artOl rl'qlllll'd 111 tlll' aCl'OIll

plishment of an activity (arti<'n), 01 products cn_'.lIl'd \tom .1Il actlvlty\ l'\t.'cutI\Hl. t\ ,,/O('t' 

is a settmg which contain'i a collection of entitle,> belongll1g tn the '>anll' tYPl' .. \ \lotion 

equivalent 10 cnlours In Co!ourcd Petri Ne\'> l3·-l1. 111l' 111Itl.ll mal \...mg detinl''> the pl.Il'l''>' 

in i tial num ber of en ti ties. 

Relations ~onnect places to actIOns and arc ,>peclalization-; of Petn net "arc!'>". Tlll'y 

affect the state change of the netwOI k when an action lile,,_ Rl'latlom, aH.' chal al'tell/l'd by 

a multiplicity and belong to one of 5 types - C01/.\/II11l', CU'lIfe, Chllllge, l ',\t', and Xl!,'(' 

Vpon action fiting, entitic'i arc removeù l'rom the 1l1pllt place, addl'd tn the output place.." 

changcd, or used, pos<o,ibly exc111~lvcly (XUse) by the action, L1ccOlding to the 1 l'lat HlIICOll 

necting the place to the action. 

Macrotec: 

C=::>~cR-D 

~.xtJs-D 

~~CH-D 

G0.cu-y 
G 

~.us-D 

Petri net: 

~t·D 
~"'I 

~~ l' 
l} 

Figure 2 - Macrotec and Petri net equivalent 

Figure 2 show~ the c01Te~pondencc betwecn the Macrotec and the Petn net lormal

isms. The Create relation correspond.., to an output Petri ale and the Con<o,umc relation to 
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an mput PeU l,Ile 'f he XU:-,e Iclal10n cOlTespond~ to a input arc and an output arc connect

mg one place tel a U an~ltloll, the mput tokens being the same a~ the output tokens. The 

Change Ic]aUOIl IIlVolvII1g two places conespond~ tn an input and an output Petri arc, 

whelc thc IIlput tokcll valuc I~ lhftercnt From the output token value. The Change relation 

involvlIlg one place only can be con~ldered the ~pecial ca~e of the Change relation involv

ing two placc,>, whclc the II1put and output place are the same. The Use relation do es not 

have a Pctll nct cqulvalent. 

4.3 - The Macrotcc Functionality 

The Macrotec methodology is supported by a toolset with the same name. The Mac

rotee toolsct compn~c~ the following wols and facillties: 

. 
- a tool 1'01 the graphlcal editlon and validation of models, complemented with facili-

tie~ for gtaphical layollt, 

- a dynanllc analysl'> tool ~upp0l1ing both graphlcal simulation and performance anal

y';IS, 

- a substitution 1001 for coping with the complexity of models based on a hierarchical 

approach and autornatic abstraction of model pmts into higher-Ievel descriptions, 

- facilttJc~ for data exchange and evolutionaty design. 

FiguJ(.' 3 illustratcs Macrotcc'~ ovel aIl atchi tecture, as irnplemented in version 1.0 

l361. Note that a unique interface provldes external integration of the various tools.and 

facilitlCs. llscts II1teract with the ~y~tcm via a single base window, giving them access to 

the flill funl't\Ollality of the system and allowing for easy switching between the different 

tools. lnll'tn.llly. the l'Ole l(,pll'So/tatlOn manages ail information rnanipulated and 

l',changcd bl'twl'cn the liser interface and the v _lrious tools. InternaI integration is fm

tht'tcll by the lllldt'rlying swtagc facility. an oblect-oriented data base a llowmg for storage 
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and retrieval of the core representation. 

U~el Intel f.tee .md CnntlPI 

Core 
Rcprco;cnl.l!tol1 

Dataha~c 

Figure 3 - Macrotec's overall architecture 

Macrotec consists of two categories of lOols. In the I1r:-,t catcgory ail' the \001 .... that 

manipulate graph layout data. Such tools ~tOIC thcir data in thc GXF ,- 1 epn' .... l'Iltall 011. 

GXF+ is our customlzed version of GXF, a ~tandardizcd graph cxchangl' fOllllat 1521. SlIp

porting GXF+/GXF allows us to ca:-,ily cxchangc ùata wlth othcl, ..... I)L'lIal-pill pme, (;Xlo'· 

based systems slIch a:-, the automatic layout toob bClI1g dcvc\opcd al tht: 1 )111V('1 .... lly 01 

Toronto. Non-GXF+-based system,> rcqllire data tran!'>fOllnatlOll pl og J am,> Jo<)J 1 Il .... t:mu', 

integrating our sub'ititution tool (implementcd bcfolc aùoptll1g the CiXlo' 1 :-,wmlanl) 

required the development of the Tramj()J mer2 prognlm . 

Tools belonging to the second categOly manipulatc the modcl data that arc not related 
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10 the glaph rcplc~cntatlOn. In casc these tool~ are part of the Macrotec process, e.g., the 

atllmatJon tooJ, Ihcy ÎntcJact wlth the core directly. Otherwise, a data tran'ifer pro gram ta 

and ftom the COIC 1'> ICqllilCd. FOI instance, the performance analysl'> tool, rllnning as a 

scparatc pl OCC~:-', intel act~ wlth thc main Macrotec proces:-, via Tram/orme,. 1. Mapping of 

the cOle Intn the GXF+ Icplcsentation and vice versa i~ t:al11ed out by the Mapper compo-' 

ncnt. 

The following :-,ectlOns dl\CUSS the internaI and external integratiol1 of both simulation 

and petfollnanrc analysis toob. Macrotec\ ll<;er interface is an instantiation of the con

œpt~ di:-,clJ~~ed in the plccedll1g two chaptcls. Developing this user interface allowed us ta 

valtdate the~e conccpt~ and SUppOit the functionaltty requiled in Macrotec version 1.0. 

Thc comprchcn'>lon ot thc \y~tem's external mtcgration necessitates a ~hOl1 introduction 

10 ItS lIsel \ pel:-,pcctivc which wc dlscus,> in the followmg scction. 

4.4 - The User's Perspective 

The u~er intcli1cts with Macrotec through one main window. Figure 4, for example, 

shows a main wmdow containing the model of a simple delivelY system. The main win

dow consi~t~ of a palette on the left side containmg the modeb' basic building blocks, 

wherc plal'c~ aIC lcprcscntcd a,,> ovals, actions a~ rectangles, and relations a~ directed arcs 

brokcn by the lclation's anonym. The obJect attributes relevant for dynaITIlc analysis a.!'e 

dl~played Ill~idl' thelr owner. ThllS, a place's markmg IS shown imide the corre~ponding 

()val as an ll1tcger insldc a small cirde, and an élction's firing time and weight are shown 

in~ldc the c01Tc~ponding rectangle. The mliltiplicIty of a relation is represented as an inte

gel' bC'\lde the relatlOn's acronyrn. 
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File Edit Define Node S.imu LILI 
===-=:....=~=------'-'---'---.:._---- --------

ABC 

1 Action 

Consume 

-co 4-

Create 

-CR-~ 

Change 

-CH~-~ 

Change 

-CH)' 

XUse 

-xu-
Use 

-US-

Orùercu ploduCh SllIpmCll1 prq1.ll,ltlon l'IO(\lIch Il'.llI\ 1'01 Il,III\POII.11101i 

~co.r -CR.~ 

Prolluel\ i l'lmhllh ,II (\C ... tlll,llIoII 

!----.Clll CO:I 

Sehcdulcd 

O l ' • , , ~llIplllCIlÎ 
r--.,-L;-I.,( cr Procc~~llIg rcq\lc~1 Tr,III\j101 t 

d.I:5 @ CO.I-[~· 50 

Order 100m. 

~ .. co: CR:I 

('() 1 

~ ,",,,, , Ild""[,,y1,; 1 @ COI 

SeI","'Io ~ g 1 SI"I"'" ", """,,~,,- . 

CI~.I.@ 

Figure 4 - Macrotec model of a delivery sy~tcl11 

Graphical simulatIon and performance analysi~ can be dil cctly lallndll'd Ilolll wllllll1 

the main window through menll~ Simlllation and PCI/OIII/([1U'(' J(',>pelllvcly. (ir~lphÎl'i11 

simulation is c.mied out dircctly on the cditeù nctwork, lOI II1..,Wncc, ail glapltrcal ohlt'CI,> 

affected by a simulation step ,\le refrcshed to leOect theil new ..,tatc PCtIOllllilJlll' Il',>ult,, 

are also displayed directly on the nctwOIk. 

The displayed model is in either of thlcc states. animatlng, edlltng, (JI Hllaly..,ing per 

formance. The control component at the lI:',cr interfacc Icvel (..,CC tlt'lIte 1) Illanage ... the 

access to these states and calls on the appropnatc tool (cuher nlOdcll Ini.!, '>llllulatlorJ, or 

pelformance analysis) to takc ovcr contlOl when rcquc<.,tco hy the u ... el 
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4.5 - C; raphical Simulation 

The cxccution algorithm for simulation is identical to the one described in chapter 2, 

"(iraphical Simulation". Thus, an action can be in one of four gl'aphical states: inactive, 

cnahlcd, filable and confl)(;tlng. FigUlc 5 illustrates the possible graphical. states of an 

action, a\ ~Imlliation procecd~. The action shown tires in a deterministic time of 3 time 

1Il1it~ and Ih weightls 1, as !1otcd by the mscription '4d:3:1". An enabled action is distin

guished by lhe dl'>play of a limer which is mitialized to the action's firing time and 

dCl'Icascd Ulltr! the action bccome~ firable. 

D 
t:.imer r----.----, 

d:3: l 

3 

d:3:1 

inactive action enabled action firable action conflicting action 

Figure 5 - Possible action graphical states during simulation 

Figure 6 show~ the dialogue box enabling control ofstep-by-step simulation. The box 

displays thc globdl simulation lime as weil as the step number (cJ. chapter 2, '"Graphical 

Simulation"). Buttons Nexf Stcp and Ca1lcel permit to pursue one step of simulation or 

{juit step-hy-stl..'P si mulation altogethcl'. 
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global lime = 0 
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Figure 6 - Simulation Control 
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Figure 7 shows the portion of thc systt: m \; arch \lecture 1 hat Illtl'l .ICt:-. \\'1( h 1 hl' "lllllll.l

tion engine. The core and the s ill1\1lation engine kerp dl flt'll'Ilt Il'Pll'\Cl1ta t IUI1' III t Ill' 

model. The core is the stoled, centrallcprc'\clltatlon of tlll' U"t'I Illtl'rt.Il'l' Imlll \\ luch nthcl 

architectural components arc imtialtlcd. The \llmtlatl\lI1l'ngllll'" ddt,1 1" rllltll.tlllcd tn the 

core data (i.e. the initial markmg), augmcllted \VIth the \1111 li la!lOll p.lI,lllll'tl'l\ "lwlIltt'lI by 

the user and is modified, dunng "imulall on, tn kl'cp !t al'k \ ,f ne\\' 111.\1 h.1lI1!' l'Ill' lI'l'l 111 Il'I 

face stoles the graphlcal infollTIatlOll relativc (0 the 111Odd. n'coldlllg l'\'l'lV dl.\lIgl' bClllg 

made to the graphical obJects. 

From the selection of the !'>imulation cOlllmand to the glaphl(:.ll dl:-.play ut thl' Ilr~t 

simulation step, wc follow the control flow. FirsL the l'Ole i\ updated to Ihl' t'lIrtl'l1lly dl\ 

played model (graphlcal objects). 'l'hl' l'orc and the lhCl 111tl'ltau' Ilot hein)! rdclItll'al .I( aIl 

times, lt is neccssmy to synchnmi/e thcm 1'1101 tn 'Illllulatioll. 'l'hl' contr()1 lOll1pOIll'lIt 

Iaunche~ the!'> i mulation enginc, triggcllIlg 1 h 1111\1.11 i latloll pl Ol'l'dllll'\. 'l'hl' l'Il)' Il Il' IIpd.ltl':-' 

as repre~entation, mapping It to the ('OIC"'), alld pl ()ce'l'lC" Olll' :-'lIlllrlatloll ~I('p '1 Ill' ('()lItlol 

componcnt reqlle~t~ the new statc of the model fn ll\l Ihe ..., Illlll!aUOIl {,11glllC .\I1d l ail .. 011 

graphical objects to update themselves aCC<lIdillgly. ;\11 ahove :-.tep\ othl'I th.1I1 IlIltlall.l.l

tion procedures are repeated each time the lI~cr pIC<'<'C'I thl' Ne\/ S/l'fJ hUttoll ("CC frgulc (). 
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4.6 - Pcrfbrmancc Analysis 

The rc,>uit,> of a prellmlllaJy !->tudy of vanous performance analysis tool ... conducted in 

the :-.cope of the MaclOtcc PIOJCCt f35] suggested the lise of an cxisting package to help 

actll(,V(' the dynanllc analyw) IcqlJlrcment:-. of Macrotec [36]. The rep011 of thl~ ,>tudy l~ 

Plc">('llted III Âf>pcmllx B. hve packages wele evaluated. namcly the Great Stocha~tic 

l'cil 1 Net p.td"lge ( ;leatSPN) [15] from Ulllver ... lty of Turin, the Stocha..,tic Petri Net 

Pad"lge (SPNP) [(l()] 1'11>111 Duke lJllIvep;Jty. De:-'lgn/CPN [54] from the Meta Software 

('olpOlatJOI1. Eval [7311'10111 VelJlog, and Voltaire [60] from McGdl Univel..,ity. SPNP wa~ 

\cll'llcd I()) Icme III MaclOtcc duc 10 the prOXlmlty of tl~ underlymg fonnahsm to Macro

tcr\ .1Ild lh avatlablltty. 

SPNP\' LI ndctl ylllg 1'01 maltsm IS III fact an extensIOn of the stochasttc Petri nct, 

nal11l'ly the Stocha..,tlc Rrwatd Net (SRN) [IX] whlCh is o .. ,>ed on the Mmkov reward 

model paladlgm(()31. SPNP provlue\ a ~et of Cll,>tOI1l perfOlmance mea!->ures WhlCh can be 

l'Omputed ('Ilhel .Il ,,>teaùy-';tate or at '>peu fic time pOIlH!->. Ful'thermore, it allo\Vs for the 

",pcl'IficatlOn 01 Cll..,t0111 mCa'lJ1e~ dctlned m tel'm,,> of ïewarù rate~ ,,<,socIated wlth mark

I11g"> ()J rewanl.., a">,,,ol'latcd to transitIOns. 

A first plcrcqUlsltc to the u~age of the SPNP package in Macrotec concems the ability 

of eOIlVCl1l11g Mal'! otee mndeb mto SRN model.., useu by SPNP. Seconuly, in tcrms of 

performance, SPNP mu..,t be aCL'C~:-.ible not as a wholc, but rather it~ relevant procedures 

yll'1dlllg '>OllltWI1 Illt'thod,,> cOl11putablr over SRN model., must be accessible directly 

thwllgh l\1.ILTotl'L', and thl';, \Vith full access to thelr available options. Finally, a last 

Il'qllltl'Jl1l'nt tn the me of SPNP 1"> thc availability of the pack,,~t!'s analysis results in such 

a fm m.1I thar cn.lbk·; extl.lcrion and, after possible manipulations, integrauon into the 

M.ICl oter \, data \tructure'> . 
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ln order to bndge the gap between the Manoter tonnalt-;m .lIld SRN\,.I Ilall\t~Hllla 

tion unit is requlIcd thm converts Marloter modcl, into SRN\ aCl'Old11lg III Ihl' Clllll' 

spondence table of ligUle 2. The le:-.ttlting model, howcwt". \o111l'\\'h.11 l''\l'\ dl'\l'llpll\l' 

power, a few "holes" 111 the SRN fmmali:-.m nece:-.sttattllg apptO'ltll:ttl' 111I11lg ... hll l".\l1l 

pIe, the Use lelatlon \\'hlch has no Petti rountcrpatt, IS tlrall'd .1, .1 \ll\l' H'lallllll .. lIId 

deterministll' firtng time:-. whlch are 110t :-.upportcd III SRN., ail' applll'\llltall'd h" 1.lIldolll. 

exponcntlally distribllted finng times. Bascd on our eXpClIl'tll·(.' hO\\'l'Vl'I. Iltl\ lu\,> 01 

descriptiveness is not ovetly severc [76]. 

The SPNP package has a strictly textual u~er interface. SRN model., aIL' dl',n tlwd 

using CSPL (C-based SPN language) [16] whlch I~ a hbrary ot C ptoglillll1ll11l)! liilIgua)!l' 

constrllcts that facilitate ea<;y de:-,cllption of SRN modeh-.. The SRN IIH)lkl. Ihe .1II.lIy"'" 

options as weil a:-. the pelformancc meaSlIre., me contamed III SPNP'.., Inpul (' Iill' WhlCh, 

after compilatlOn. IS run accordll1g 10 the !'.peclfied solutIon mClhod. Perl III 1 Il.IJl ll' Il''>lIlh 

are written into an output file wlth a wcll-dcfined format that a\!uw., C0I1Vl'I1Il'1I1 alul1l1l 

letrieval. 

Figure 8 shows the major archltectUl al components 111 vol vcd 111 Mactolcl' \, pl'I 1 ()llll 

ance analy~is functionahty. Upon sclectIon of the pClformancc ill1:t1y"''> l llllllllalld, the 

Control compone nt updates the core repre~entation of the model and laulIll\(''. Ihe '/;01/\ 

former. The Transformer, contain1l1g knowledge about bOlh fonlla!t:-'IlI'>, pCI Illlt.., Ihl' Il.111., 

lation from Macrotec into SRN model!'.. Thc re~ultll1g SRN 1'> Wllllen 11I1l) a ('SPI, Ille 

follow1l1g SPNP format, along wlth the proper analY!'.I!'. option., (1'. dl'llJlcd VI.! Ihl' Il'.('1 

intelface. The Control component tllggcr., the executloll of SPNP\ Il''.()luIIOIl IIH'll!od., ()Il 

the input file and prompts thc E.W(1ctor tn .,can the lC:-'UIt1l1g hIc, exIl dCt pl'I Illll'1I1 1 l''. Il 1 1<" 

and mselt them into thc core. Fmally, Control cali\) on graphlc.d ObJl'l t'. al Ihl' Il..,('1 mll'I

face level affected by the analysi., to update them!'.clve~ accordlJJg to tlte COlC, I.e .. 10 dl'. 

play the lelevant analysis re~ult<; . 

------------------------------ -- --- - - --
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UI 
and 

Control 

/~ 
,.-------, ... ~r--E-x-tr-a-ct-o-r-' 

FIgure 8 - Performance analysis architecture 

MaclOtcc\ currcnt Implemcntation SUpp01t~ performance results attributed 10 individ

ual places and actions [39]. The~c are dlsplayed by default beside their telated obJect and 

can bc hidden on rcquest. 

4.7 - Scenario 

One typlcal applicatIOn domain of Macrotec is the modelling of enterprise informa

tion ~ystcms for pl"C'\criptive usage. Wc provide a scenario of this kind of modelling. We 

moddlcd, as ,\11 eX<lmplc, a sImple deltvery sy~tem with prodllct~ being ordered, trans

pOl !t.'J, and lI11al1y dehvercd to destinatIOn. Note thm wc have sllcce\sfully applied Macro

tl'l' 10 Il'al busine~s applications [76] . 
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Figure 4 shows a network loaded by the ll"cr. pos'Ibly 11'1I'lIlg a Il'mplall' 1)\ p.l1t~ 01 

an existing mode!. The user may edit and rcline thl' nelwO! k. adopllllg a Inp-dowll O! bOI

tom-up approach by respectively decomposmg 01 ab~t! act mg palis nt Ihr lll'twO!". 'l'hl' 

built-in vahdation component of the modclling tool make!\ !\1I!l' th,lt tlll' d1l1l'H'1l1 kwl" of 

the network are consi~tent. 

The simulation engine is triggered through the base wmdow. Thr graphlcal t'xl'cullOn 

of the model may be performed at user-specitied hienl1 dm:a 1 kwl,. aIlOWIIlL! lOI 1';\1 liai 

model assessments and permittmg the user to dcfinc a conftglllatloll Ihal cOIH"potld, 10 

his or her mental model of the system. 

Performance analysis generates quantitative results on model bchavlolIl hll l'x;lIl1plt'' 

a comparatlvely low actIOn throughput and average Humber ni enlltlc, ln ail actIon \, Inpul 

place ("Iow" mlght have dlfferent ;;Igmticancc depcndll1g Otl the Ill'IWOI" aH lutectllll') 

may confirm a bottleneck that has aheady become appalcnt d\lllfl~! ~lfllul,lll()Jl ln II)!ht 01 

these results, the user may inclca<;e the numbcI of OVCI -!\t 1 alllct! 1 l''' 1 lllf( 'C" Il) "Illoot beJl 

executlOn (in our example, we would II1crea~l' the numbel (lI "'TI lit k\", Il III(' ,lcllOIl 

"Transpon" had low throughput). Use\<; may pJOtoty~)e thc modl'I by IlIIIIlIIl)!, 111.111 11('la

tive way, simulation and performance analy~I~, lIntrI the applOpllalc .ttlJ Ibutl' valtlc", ,lIld 

configuration for a desired modcl behaviour III c found, 

4.8 - Implementation 

To conclude this chapter, we provide a fcw l'l'mal ks about MaclOtcl \. 1 III p Icn1l'1l ta

tion. Macrotec is ,l Unix-ba~ed sy~tem developcd mo<,tly In (' 1 1 (mrnOl paIl ... Wl'IC WII\tell 

in C), running under SunWmdows, NeWS, and the X Il WIndow ... y ... t('IJl, Il ... Il'''('1 III Il'l fat e 

has been implemented with the ET++ applicatIOn framcwolk /74], 175], a ... dal:tha"'l' we 

are using Gemstone l [13J. A" hardware, we u ... e Sun Spall-2 wO/k<.tall<Hl\. W(' do not 

1. Gcm~tone 1<, d regl'>1ered tradcmark 01 Sen 10 Corpor,ll101I 
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makc u~c of colour in Macrotec, sinœ thl~ would make us dependable on the availability 

of colour monitors. Moreovcl, we contend that the vl~\.wlIzation concepts developed in our 

plO/cet are cxprcs~lve enough and do not neœ~~ltatc colour. To date., we have invested 

mOle than four pc l'son years 111 it,> development. 

Perlormance is a key factor fOI ~lIcce'isflll dynamic analy~is. Our experience shows 

that OUI platform produces efficient graphical ~imulation~. As for pelformance analysis, 

the elllclcncy obvIOu'ily depends on the eomplexIty of the mode!. With complex models, 

the bottlcllcck of performance analysls i~ mostly due to the back-end component, namely 

SPNP, a~ opposed to the front-end, the user lI1telface, whose petformance is only slightly 

dl'gtaded by the loading of result~ from the data base. 

The data transformatIon progtams requiled to integrate external tools into Macrotec 

:lIC an IIl(IIcator fOI the cxtenslbIllty of the system. Aecordmg to our experience, those pro

glam~ dcalmg with the GX~+ reple\entatlon tend to be con~lderably longer (4:1 ratio in 

IlIle:-- of code) and more eomplIeated than the ones interaetll1g wIth the core representation. 

Ilowl'vrr, tllls WIll not be a ~cvele lImItatIon, ~tnce future Macrotee extensions will most 

Il''-ely lequIlc a tran~formatlOn of type Tran~former 1 (c.f. figure 3). We do not see the 

nccd 101 flll ther graph malllpulatIon wols, and hencc transformations of type Transformer 

2 wJllllot bc 'ct}lIIred. 

Wc have adopted an object-oriented development approach that has provided signifi

rant pl oductivlty and quahty gains. For instance, our user mtelface software is highly flex

Ible and reu<;able, III part duc to the use of ET ++. ET ++ IS a powelful, object-oriented class 

IIbl;IIY intcglatmg U'icr interface buildmg blocks with high-Ievel applIcation framework 

c01l1pOneIlt:--. The usually stccp learnmg CUI"VC for such applicatton flameworks ha~ been 

alll'vlatl'd by thc lise of SU!llC powcrful C++ development tools, mo~t notably, the Sn{ff 

topl r 3]. Anothcl benefit of the obJect-oriented approach in Macrotec i~ the use of Gem

~tOI1l' together with its C++ interface whlch has led to an efficient databa'le intet1acc. To 

Plototype the liser interface of Maclotee, we ran several user intetface development 

cycles. The intcgration of several standalone tools with their own graphical user intetface 

July 1893 McGl1i University page 61 



• 

• 

Chapter 4 - Integratmg Graphlcal Simulation and Performance Analysis - The Mm'Jotec Exal11plt' 

was an incentive to meet (or slIrpass) the usabllity criteria of (':teh. 

Variolls existing dynamie analysis 100ls sueh as Design/CPN SUppOl t graphll\11 SllllU

lation and provide quantitative performance ICSUItS. Howl'ver. these 100ls dn nol SUPlhH 1 

pelformance analysis in the full ~ense, as de'icllbcd \Il chapler J. 1'0 l'illich hl'havJl)\II.11 

model comprehension in Macwtec, wc cho!\c 10 support bOlh graphleal SlllllllalHlIl and 

pelformance analysis as we developed OUI own "imulatlon englllc and made pl.lcllcal 

reuse of the SPNP pelformancc analysl~ package. To (ll\l knowlcdgl'. a '\lIlgle algOl IIhm 

encornpassing aIl facets of sll11UlatlOn and pcrfollnancc analy'il~ is not, 10 Ihl\ day, avatla

ble. Moreover, it is qnestionahle whether sneh an algOllthm would l'CI fOlIllIl':I'-,onably. 

As our system evolves, with new extemal tools rcqlllring mtcgtatlOTI. wc will hl' III a 

better position to determine how easily our systcm l'an bc adaptcd .intl hellct' whcthcl 01 

not our design and guiding pnnclples me mdccd sound . 
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Chapter5 

Graphical ~Simulation as Algorithm Animation 

5.1- Forcword 

This chaptel is concerned with the field of algorithm animation. We tirst introduce the 

domam and then conclate ILS technique!'. with that of graphical simulation, as studied in 

Chaptel 2. Wc will show that graphical simulatIOn can be interpreted as a spccml ca~e of 

algorilhm allllnaliot1. In tact, 111 algonthm animation, the program's I1mtime operatIOns 

and data ail' 01 1t11Cle~t and dlctate how the anImation appears. In a !'.imulauo!1 lI1!'.tead, 

ol1ly the !'.lllllllallOn data bClI1g pIOduccd by the executing program (ll'e comldcred relevant 

and dl!'>playcd gl aphlcally. whereas the pIOgram itself and ilS mternal data !'.erve only as a 

IlICalh to plOdllU? and dl'>play the SIlTIUlatlOn data. Wc refcr to the term "graphical ~lInula

tion" 10 Ulldc!1 illc tlm dl!'.lIt1ction 1 . Ba~ed on this tindlllg, we descnbe the de'ilgn of graph

Ical ~lllllll,llI()n as ullplemented 111 the Macrotec toolset 111 terms of algorithm animation 

sy~tCI1l'" ~uch a~ Tango ICl)] and Balsa [10] and address its extensibility to support tnll1ti

plc-vlcw~ and mlllupic-models, as general algorithm animatIon !'.ystems. 

5.2- Fundarncntals 

AlgoJ'Ilhm animation is a form of pro gram vislIalization which complements tradi

lion al lcxlllai communication by using the "technology of interactive graphies and the 

Ctafts of graphll's t!e'>lgn, typography, animation, and cinematography to enhance the pres

l'lllalÎoll and lIIHlcr,>lalldlllg of computel programs [2]". Speclfkally, anlll1ated vi'iualiza

IllHl" help ln l'\ alU,lll' l'\t,>ttng plOgrams hy monitoring and comparing their performance 

1. NolL' Ih.11 \\ h.1l \\ l' t ,Ill ~J ul ,II1WI.\/lIIl/la/lOlll\ \OlllcI1l11CS rcfcrrcd 10 d!'. alllm(J/uJ/!. 

---- -------------------------------------
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with related programs. They support programmen .. al debugging progr,LI1\\ and dl'\ dllpm)! 

altemative solutions to pl'oblems by ~tudying the dynamic behaVIOU! or ,lIg1111lhlll'\. 

SpecH\l-purpose ~oftware environment~ for algolïthm anltllatttlll :11l' oltell Il'li.'IIl'd tu 

as a/gorithm allimatlOll !w/1lclVorks or a/gari/hm (II/mw/l01/ ,\\'.\/t'l1I\ Such Itanll'wlll\..\ 

provide support for the activities of two type'i ot lISel!'.., namdy \'/t'\I't"," and 111111110(01,\ 

[10]. Viewers dil'ectly intel'act wlth the dynamlC glaphlcal rcpH.'!'..cntallllll\ 01 tl1l' .lIgo1 tthlll 

which are programmcd by animatOls. We fir~t !eveal baSIC algollthm alllll1attOll Il'chlllljlll' .... 

from the viewer's point of view and pursuc by descnbmg the al1ll11<1l01 \ 1."'\.. ..... 

5.2.1- The Viewer's Perspective 

In this section, we lllustrate our diSCUSSion with figurc~ l'rom the Balsa algOl Ilhm .1111-

mation system [10]. Wc provlde example~ of sOIting algorithms Sll1CC they arc wHlely lI!'..t'd 

as test-beds for such systems. 

Viewers specIfy the algorithms and views of an animation and ale le~p()II!'..lhle for 

managing the layout of views on the screen: 

Aigorithm. Numerous algonthm'i may be l'un ~imllltanc()lI~ly in 01 dei 10 romp:1l e 

solution approache'i. Figure 1 ~h()w') the Balsa algorithrn an IInalloll rra IllCWOl k 1 li Il Il Ill)! 011 

four s0l1mg alg()l'ithm~. The Shel hOIt, lIeap'>Ol t, Mel gC\ort, and QlIIcholl c:tch ILlll 

simultaneously in separate window') containing a "Dot') VICW" of the algollthm hllh cle

ment of the anay being ')orted is repre\cnted a~ a square who\c horl/ontalcoOld inat(' ( ('1 

l'esponds to its positIOn in the array and whosc vel1l<.:al coordmatc c01Tc..,pond\ to Il.., value . 

----------_._------------------_. __ .---- --- ---
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Figure 1 - Four algorithms running simultaneously [10] 

Views. A view is a graphlcal dis play reftecting the algOlithm 's behaviour. Numerous 

views provided for an algorithm may be opened simultaneously, thus complementing each 

other\ p\C~ented information. Views may be opened and closed during the algorithm's 

cxeClItIon. Figure 2 shows multiple Vlews of the QuicksOlt algorithm running under the 

Balsa ~y!')tcm. The Dots vÎt'w IS shown on the left and the "Partition-Tree" view on the 

nght. The latter dlsplays each clement of the array being sorted as a node in a tree. Its hor

ILOmal eoonlinate corresponds to its position in the array. Circular nodes are in their final 

pOsitIOn 10 the <UTay, whereas contiguous square nodes represent sublimes waiting to be 

processed accord mg ta their depths in the tree. The example illustrates the use of state 

eues to show changes in the state of the algorithm 's data structure, as the different nodes' 

graphieal representations distinguish sOited and unsorted elements . 
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----------------------------------------------------------------

• Flle [dit !lun WlndO"'1 /II CI' UleWI InDU" 

QUit k '01 t Hr' UI \ U'f" ,unnlDq 

,,/ 5-_ .... 6~~ 
~ III.... _ .. ,. 

~~ ... ,. -- ~ 
:r~ .... • .... . . ~ .. --. .. . .... .. . 

• •• • • •• .. ,,\ta. •• • .. -\. . . " ....... '" .. ,' / .. : .: .'~ 

Figure 2 - Multiple views of an animated algonthm [10] 

CommunicatiOn between the view and the algorithm IS bidirectional. VICWS update 

their display aClOrding to the algorithm's state. On the other hand, views may tral1SfCI lI~el 

input to the algorithm. Such input is based on the CUITent runtIme state of the algOl nhm. 

Figure 3 shows a tree-traversal algorithm which has run through Its InIliallzatlOl1 pha ... c 

and now pauses, awaiting for the user to select a vertex from where the tl aVl'l~al will 

begin. The window's left side displays the undirected graph vicw of thc algonthm. Thc 

right side shows the adjacency matrix view, where a marker al positIOn (x,y) mdlcatcs thc 

presence of a directed edge between the xth and the y th verticcs. 

A further task of animation viewers is the control over algorithm cxccution. Anima

tion may be carried out at various speeds, the Vlews may be refreshcd at ~pcclfic P()tnt~ in 

the algorithm, and the animation can be resel. As an example, Balsa dlstingUl ... hc,> nctwccn 

"step-pomt<;" and "stop-points" at whlch to update and refrc.,h thc Vlew~. Stcp-pOInts are 

analogous to a conventional debugger's notion of "single ~teppmg" through the algorJthm, 

that is advancing to the next line. The animation may al')o pau)c when a certam ,>top-pomt 

in the algorithm has becn reached a speclfied number of urne,>. The determmuuon 01 algo-
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rithm instructions available al) refresh points is aeeomplished by the ammator, as we will 

see in the following section. 

Figure 3 - An ammated algonthm awaiting for user input through a view [10] 

5.2.2- The Animator's Perspective 

Animators are responsible for the two following main tasks: 

Annotating the algorithm. Annotating the algorithm to be animated consists of 

mserting into it animation-specifie operations which update the algorithm view display. 

These operations are sometimes refered to as interesting events since they are the algo

rithm 's fundamental operations seleeted for deseribing the algorithm's dynamic behaviour 

through 1ts views. As a rule of thumb, interesting events are inserted wherever a print or a 

read statement might have been placed for debugging, tracing, or generating output of the 

alg01ithm in a non-graphic.ù environment. For example, the Selection Sort algorithm finds 
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------------------------------------------- ----

the smallest item of an atTay and swaps Il wlth the itt'l11 in the fllst position. lt tlll'n lintl" 

the second smallest item and swaps it \VIth the Item III the second position, nmtinuillg III 

this way unttl the sort IS completcd. Two l'vents 01 1I1tl'll'St Whldl may be Ictlected III llw 

views are the Compat e and Exchange Opl'tatlOIl'i. 

Designing views. This task con~l~h 01 1 mplcmentlllg the data stl IICtUl l'S wlllch mak(' 

up the view as weil as their behavlOur. Graphlcal shapes (for cxample, Il'l'tangll'~ or CII

cles) a~ weil as the operations whlch rellcct a change in thell statl' (1'01 c:\-ample, 1l1OVl' 01 

highhght) me therefOle lmplemented at thls ~tagc. VICW~, which :lIe 1Ipdatt'd eaeh tllll\.' an 

interesting event i~ leachcd dunng the algollthm':-. eXl'Clltlon, H?qUIIC a mapplilg ll11'rha 

nism from the ~cleen COOldl11,ltcs ITlto the obJecl di~playcd, III OIdet ln all<m Il,>et~ ln 

dynamically 11l0dlfy the algollthm\ data ,>IIlIClulc,>. ComlllOIl luglcal ,>111Il'lUIl''> ot VIl'W'> 

~uch as graphs and trees, 41<'; weil a!-. C0il1n101l behavlOlIl <;lIch a~ wllldow-llIall.tgl'Illl'1l1 

aspects, may be stored into libranc~: thll~ the ,1I1111latol nceds only code palllntlal" ni Ihe 

view which Itself may be shated by many alg()IIlh1l1~. 

Designing views IS an art whlch, abovc alI, I1Ccc~~lIate~ a thoJ'()ugh IIndcl:-.tandlllg 01 

the algorithm to be animated. Brown prc'ient\ 111 [9] a thrrc-dlll1cn"lonal fI amcwOI k lOI 

chm'acterizmg algonthm animation VIew~. Along the fil ~t aXI~ of Ihi,> fI <InH'WOI k, VIl'W'> 

are characterized accordmg to their content. Ânllnatol '> may l'hoo~e to dC'>I[!1l VIl'W'> wl!o,>l' 

displays are Isomorphic to the algorithm 's data ~trllctllle\,!-.O that at any In.'>l.t Il 1 , Olll' l'ail hl' 

reconstructed flOm the other. On thc other 11<Ind, allIIllatOl~ Illay de"lgn VI('W'> whlch dl'> 

play synthetic mformatIon of thc algorithm, and thcrelole havc no tlIICr! lllappilli! I() the 

algorithm. The second aXIS of BlOwn'~ framcwOIk plc,>cnl,> a Chili allClllatlon of VICW~ 

according to the type of ttan~iti()n occurnng betwecn thc ,>tatr,> of obJcl'l'> III the VICW. 

Transitions may be inCiemental and thcrefOlc ,>mooth, or thcy may he dl,>crele, the lattel 

resulting in abrupt visual change,>. r1l1aily, thc thild aXI'> chaJactclIl.lIlg VICW'> 1'> the pel" 

sistence of the vlew. VICW'> may di'>play the currel1t ~tatl1'> of thc algonthm 01 Illay ..,hnw il 

hi~tory of thc each change in infollnatIon. Âl11mator,> wIll dC'>lgn vjcw,> al on!.! Ihl" fJ(unc 

work depending 011 Ihe mO'it convcnicnt Icplc,>cntation for cnd-l1~el'>. 
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Once the annotation of the algorithm and the design of views are completed, anima

tors must coordinatc the algOlithms and thelr related views. This task is highly dependent 

on the algorithm animation system \ de~ign. In the following ~ection, we disclls~ the main 

design concepb of four eXlsting algorithm animation system~ which, on the basIs of the 

dlvcrslty of thcir deSign, wc selectcd to present. 

5.3- Aigorithm Animation Systems 

J\lgollthm anI/nation systems provide support for watching, hem'ing, and interacting 

wlth dynamlcally changlllg graphlcal representations of an ex~cuting progt'am. It aiso pro

vldc~ tdoh to constlllct algorithm views and map them to the program. A wide vm'iety of 

deslgn~ wcrc dcvcloped to Implement animation algorithm systems that underIie diverse 

l'oupllllg bctween thctl' components, as we see below. In this section, we desclibe the 

deSign of fOllI systems that we feel representative of the diversity in aigorithm animation 

system design. 

5.3.1- MVC-Based Systems 

Somc algorithm anlInation systems have been developed using object-oriented meth

ods. Object-orientcd programming techniques erre c1aimed ta lend themselves naturally to 

animation [461. a data sttllcltne being an "object", a program running on the data structure 

bt'ing a "l1lctlwd" c\ccuted WIthin or upon that object, and the graphical representation of 
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the object being a "view". One sllch system [46] fllnction~ wllhm Smallt.II" \ 1lllldd Vll'\\'

controller paradigm [43]. In this paradigm, the model is the plOglam\ data :-.tlllctllll'" and 

behaviour. The view displays the program's statc and handle" glaphlc.t1 ta,b. l'Ill' ('ol/tlol-

1er contains the interface between ilS assoclatcd model and Vll'W .\Ild IIlput deVIn'" and 

schedules mteractions with other view-controller pair ... , FlgUll' 4 ,ho\\,,, thl' tVplC.ti l1111del

view-control1er stl11ctllre. 

General pUl'}J0se animation algorithm systems ba~ed on the MV(' p.lI adlgm tend to 

lack pelformance in realizing real-time dynamics of plOgram!'. [4()I, 'l'hl!'. 1\I1\1t kt! to the 

development of application-oriented systems, Wc descnhe IllIee :-.uch "y:-.tl'Ill' III the 101-

lowing sections. 

liser input 
devlccs 

5.3.2 - Animus 

1---II.~ (h~pl.ly Olllplli 

Figure 4 - Model-View-Controller structure 

Anirnus [22] is based on Smalltalk, however it use~ temporal con~t"lInt ... <1'> dchncd 111 
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ThlllgLab IClJ tn dc\cribe the appealance and <;t1'lIcture of dlsplayed obJect~ and their evo

lutlOn Jr1 wnc, le\lIltlng ln mClca\cd pcrformance. In Animu~, object\ created have their 

bchavlOlIr dC'>Ll1bed ln term\ of t1med or ~tutlC con~tram[\. When the model executes, tlme 

advance~ thlOligh a global dock tnggenng tllllc-dependent evcnt\ th:lt altet the state of 

ObJCCh Thl'~e cvenb may, III tlltn, triggcr othc} cvents that me depcndent on the state of 

thc\c ob/ccl', The treatment of the event queue genctated in thi~ way thu~ mall1tains and 

propagatc,> con:-.trainl\ de<;cn blllg obJccts state~. 

5.3.3 - Ualsa 

ln the Brown Univerwy ALgorithm and AnimatIon (Balsa) system [10] a 1JIodellel' 

l1laintall1~ an ab~tract reprc,>cnt,ltIOI1 of the information that a ICIlt/ner dwws on the 

~clcen. A ~lIlglc modcl may be shalcd by multiple lenderer~ that <;lmllltane()lI~ly dlsplaj 

dlflclcnt VICW,> ot the mode!. FIgure 5 \hows Baba \ basic aIchitectlllc. Rectangles lepre

scnt componcnt~ Implemented by the :tl11matOl, wherea~ ovah repre~ent part ot the anima

tion ~y:.,el1l that route IIlformatlOn among components. Here. two vlew~ noted by 

Rcndclcl-l and Rendercr-2 :-,hmc thc ~all1e model of the algonthm. An Adapter IS neces

sai y 10 Il ansform data fwm the ~tream of algonthm output events to the 1l1formation 

needed by the modcl1cr and rcndcrcls. 

ModclIcr 

- l 

tPonthlll Adaptcl Rcndcrcr -1 

Rcndcrcr-2 

Figure 5 - The Balsa architecture 
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-----------------------------------------------------------------------

5.3.4 . Tango 

Stasko's Tango [05]. [09]1!'> ,lmore l'l'cent framl'wolk fOI algonlhm aHlIll.IIIOn. hgllll' 

6 shows Tango \ basIc ,1IChncctlllc Key opclations which ,\Il' 1l11lhHlant to Ihl' ,tl)!()\ Ithlll\ 

semantics me !'>peclficd follo\Vll1g two cllllivaient Illcthod ..... The 11l· .... t Olle li'\.''' a Il'\! \.'dl!dl 

to add explicit plOccdUll' cali" dllcctly 11110 the algol1thm Till' :-'l'L'ond Ollt' lI'>l'''' a Ilw\' 

Field's annotation l'dltor [65], to '>C,lIl thc L'ode and ddme · .. lIgOt Ilh11l Upl'l.ltlllll\" IIl1elal 

tively through a dialogue window. Thl!'> Illl'thod Il,l!'> thc .tdvalll.lgc (lI k,l\ Ill)' Ihl' l\IIg11l,tI 

algorithm mtact ~mce no extra code I!'> l'Illbedded Illlo II. AigOllth1l1 0PCI,1I1l11l\ .tll' 1111 

warded to the mapplllg l'OmpOIll'llt whcll they .111.' Icached dUlIllg PI\l)!I,lI11l'\l'l'lIllll1l. 

algo op l(x) 

--
algo op2(i) 

Algorithm 

-... 
algo op 1 (x) <--

perform !'>ccne 1 ( 
~ccne2( 

x) 
x) 

nlgo op2(1)<--

pel fOI III !'>ccne3 ( 1) 

Mapping 

!-.L'<.'IH' 1 (y)< -
lIl0Vl'( y) 

--- .... ~Cl'11l'2(y~ 

Alllmatloll 

Figure 6 - Tango \ architecture 

The animation component de~cribe~ glaphlcal obJccl\ alld the OpCI.lIIOIl'> (lll thclll. fi 

may reference a Itbrary writtcn in C which makl's ll~C of loul .tll'>tl.lt t t1.1lil typc,> Ihal 

define a formaI methodology, namcly the path-tlilll'>ltloll (1illildl)!Ill 1 (l(l 1 " ht' I////Ig(' typl' 

represent!-> the gtaphlcal obJect. The locatlOll typc 1'> Lhl' ohll'lI" l)(l'>IIIOIl III (x,y) l {)C)ldl 

nates. The patl! 1<., the change ln image altllbllle,> flom OIlC lipdd\(' uf the dl(,pfdY to Ihl' 

next. Fmally, the IllIIlsltlon 1\ ail animattoll actl()lt wlllch ll,>e'> il pilth to Illo<!tfy .Ill ()hJ('ll\ 

position or appeilmnle. Wlth the anIll1,[!lon'" lthlaly, lI'>CI'> Illay <.!t',1 .1I11lIlall<J11 ,><.l'Ill''> 

which arc, III fact, prolcdlllC .... 111'>1(.11' the anllllatlon LOJllflUIH'llt alld Whllil .11(' l IlIIIP{)\('<! of 

predefincd Tango ill\trllcttOI1\ IIOl\l the al1lln,IIIOIl Ilhl.lIy that .tiLl'l tlll' ';1.11(' I,f ()hfl'l l'. 

July 1993 McGdl Unlverslly 



• 

• 

Chapter 5 - Graphlcal Simulation as Aigonthm Animation 

lI"lnp the tOlll data typc.., and thclr methods. Algorithm opcwtlOn'i in~erted into the origi

nal code arc mapped 10 al1lmatlon "cenc,> whlch are performcd when they me lcached dur

mg eXCLllt!on. 

The rnapplllg COll1po!lcnt 1" a contlol file containmg the algonthm operations and the 

alllllldiiOIl '>l't'nl''> thal mll,>t he played when an algollthm operatIOn IS reached during exe

cu\lOIl Algoiithm OpCIl\1l0Il'-> may COllldlll parametcl'> (plOglam vi.lllable~) that are ~ent to 

and lI"ed hy the an 1 ma!lO!1 '>Cl'lle" II '>CI" I1ccd on Iy mod i l'y th i<, control fi le to associate dlf

tcl l'lit \t l'TIC" to ,m ,dgOJ Ilh m opel aLlOn. Many ,>cene" may be a ,>!'>ocmted to an algorithm 

animation. ,1 featllrc I,wl'dllt! lT1 Bal,>a whlch all()w~ only one-to-one mappmgs between 

Opclatloll'> ,1I1d '>l'l'ne,>. 

Ânllnatloll wlthlll Tango rllll<, Via two UNIX plOl'CS'>C<', namely the al111l1ation proces~ 

and the algollthm pl OlT'>". The aillmation pmce",> fil,>t l'l'ad,> the cont101 file of the map

PIIl)! rOIl1 ()(lIH'1ll ,md li ylldll1ll ,dly IO,ld,> the ail i matlllll-'> IWl'lfic ope! alion,>. It then waits fOI 

the algonthl11 Opl'LltlOI1" flom the allll11atcd .t1gOlI:hm to bc di<,patchcd. Thc algorithm 

plOn',>,> 1<, l'\l'ClItcd :l11d algonthl11 OpCl,I!lO!1'> .lIe dl\tnbutcd 10 the animation process a~ 

they ait' rl'ached. IntclplOcl''->'' L'OI1lIl1UllIcatlon !'> achiC'vcd via the Field environment. 

5.4- Macrotec's (;raphical Simulation as Aigorithm Animation 

ln ,>tudyll1g dittl'Il'nt .t1g(\111hm alllma!IO!1 "ystCIl1<"_ W(' found ET++ an appropriate 

l'Il\'I),()IlIlH.'llt Illi dl'wloplng glaphlc.t1 ,>llllulatloll III ,l bll<,illc~,>-ollented apphcation. In 

m,Ill\' \\'.1) '. l'T 1 1 " Intl'lll,tl ,dll'llll'<" lOI l11anaglllg gl'aphlcal app!JcatlOI1<'; me slmilar to 

that ni SIll,t1lt,tlk',> l\ lV(' P,\l·,HlJgl11. \\'l' lhl'Il'fore L'l10'>l' ln l'OI1'>truct Macrotec\ graphical 

<"1111111.Itl\\11 COl11plllll'llt dlll'L·tly 11t'I11 the'>c avallahk ,>chemc,> \-\Inch fUIthcIl110re lend 

thl'IlN'h l" \\l'll tl' t'\tl'Il"lh!lll~. :1<" dl'\clI,>"cd III the lll'\t ,>ccoon. Morco\'cJ', little cttolt 

\\,1" Illll"l'l'Il (l) 11l11,kl11l'llt the l!I.lpllll'.tllwh,l\ IllUJ'O! OhJl'('('> ,l' ETll contaltl'> ail C\tCtl-
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sive library of graphies behavioural Plll1lltivCS. 

Figllle 7 replOdllL'es a dctalled pictun .. ' of Macnltl'c\ "imulati\lIl architeclllH':1'\ dl'

clls~ed in eh,tpter 4. The UI and ContlOlcomponl'll t rckl~ lO t-.1VC\ contwller. lt pll'~\ \lp 

user input and tnggel\ othe!' an:hitcctural L'011lpOTWIll\. The Sllllul.ltinn 1~1I/!1tH.' 1('\1,'1\ ln 

MVC'~ mode!. It contams the data sttllctUt"l'\ rl'pIC'l'lltlllg the IIHHk-1 .1'> ",dl :1'> the l1l'hav

iour of the mode!. Lastly, the VIC'W i'i l('spol1\lble for thl' glaphll'all.lyout lllllbjl'lt\ Il'pll'

senting the mode!. 

Model 

Stmul,lIion() 
{ 

opl(x,y); 

op2(z); 

} 

('mil t olici 
r-------- -------- --

1\11I1I1,lIl'( ) 
{ 

UIIII,IIt/CI ), 
Modc\- -SItIIlII,IIIOIl(): 

~ 

opllX,y) 
---~ { 

} 

VIt:\\'I-- IlIghltghH\.)· 
Vlcw2-- lJpd,ltc(y), 

Figlllc 7 - MaclOtec'~ dctai lee! ~irnlilation al l h i lecture 

-------------------- -- - ---- - - --
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5.5- Extcnding Graphical Simulation in Macrotec 

5.5.1- Extcnsihility of the Design 

Wc have ~ecn In chaptcl 4 that Maclotec implements only a subset of the visualization 

cOllcephdl\Cll',>\cdlnchapteI2. Wc dcmon<;tratein thisscctlon theexten~ibiltty of Macro

tl'c\' graphlcal \ll1ll1latJon de)lgn to ~Upp0l1 future modilkatiom encompa)<;ing the fea

tLlll''> ll1 chaptcr 2. '[ he<,c fcatUle" may he categorIzed into threc gloup~ Hccording to the 

Maclotl'c ;lIchltectul,t1 component they affect. Wc identify c<lch glOup below and discliss 

thl' Impact ni thell integratJolllllto Maclotec on the tool's architectlllal cOI11p()nent~. 

The II1~t group cornpri~eli featllle~ that affect the number of views 1I1volvcd in the 

~IJ1llllatl()11 NumelOu) vil'wS may he addcd into Macrotec and managed auto1l1atically 

lI:-'1Il1! 1 ;'1'11 \ intclllal <;ch<.'!1les. The cxtensihIllty of the number of Vlew~ i" a lTlH..:wl facto!' 

tn the C\pl(')ivem',>\ of graphical ~imulatlon In paniculat, tt enable" the 1rplC\entation of 

the qU.llltlt,Itlve bchavHHlr of the nct\VllIk. FOI ex ample, figure 7 contaltl~ two (\Ilfelent 

Vll'\\'~. VIC\\' 1 i'.. 11ll' qll.lll tall\'C Vl('\\ (lf ~l 111 ulalton w hete the logical behaviour of the net

\\'01 '" i" dc'>u 1 hed IlllllUgh tlt able actton h1i~hlight~, actIOn tllner dt~play and other gtaphi

l'al concept\ de"L'ltbl'd tn dwpter 4. Ytew-2 IS an additional view Icpresenting one aspcct 

01 thl' {ju.ltlllt.ltivl' Ill'haviollt (lt thc nctwork. [n this fi gllt e, a htstogram 1'> di~playell that 

may rl'pH'\l'lIt '..lIl'h llldlL'C'- a .. thl' thlOughput of an actIOn vel'\US tlme. 

The second gtoUP of fcatule ... which may be added to Macrotec affects the Model 

CllIlIlh)Jll'nt of the tOlll\ an:httcl'ture. The ~imulatt()n algorithm, as Implemcntcd in Macro

tec\ ClII H'nt \'e1"-'lon. does not l'ont.lIn I11tC'l'c'itmg t'vcnts in the sense of alg()[ Ithm anima

tlon. 'l'lm 1" duc ttl the l'.lL't that thl" ~I(ldcl i mplcITIC'nt , a .)Înglc <;tep of simulatIon and that 

Ihl' ClIITl'nt \ ll'\\ h ,dtl'teLl onl) OIH.'e C\l'cutlOn ha ... rcached the end of thl .... tep. Thl' nl'eù 

---- ----------- -- ----------------------------
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for adding interesting events becomes obviolls in attcmptmg to l'\,tc.'lld the gr.lplllr.1l '111\11 

lation component to SlippOt1 smooth graphlcal VallatlOlls a~ jll(l{)(l\cd IIlCh.lptl'1 ~. In larl. 

smooth token movement and ~mnoth thCl1110metei dClTl'a'il' that ~h(l\\ the tlll\\' l'lap\cd 

sinee the begmlling of an activity ICqlllt"C the m"ettioll \I1to tlll' I\hldcl 01 (Ij1Cl.ltl(lIl\ .llIerl 

ing the ,>tatc of VICWS. A ~imulatlon ~tep, whlch 1\ stlletl} .1"''iOl'l,ltcd 1\ l,Ill IIH'\('.I'l' \.lI the 

global sImulatIon tlme III MacIOtrc\ Cllllent vC'r~ioll, m.\y hl' ~pltt llllll \lIh"trp\ '0 ,1\ Il) 

permit the graphleal œple~entatI()n of i ntrllllcd iary log 1l'.1 1 opel,IlI011\ ... lIt Il .1\ 1 hl' l' \l't li 

tIon of an actlvlty and token movcment. and thi!'> III OIder 10 IIlCIC,I..,e the lll't\Vlllk', lOlll 

prehension. 

The last group of simulation featllre~ which may bc addcd to Mantltl'C'" IUIIl'tlollalttv 

affect both the Model and the Vlew For cxall1plc, the addltIolI (lf IlItclC ... IIIl)! \'\'l'Ill\ mtn 

the Model and the additIOn of vlew~ may br provcd c:-,!'>c\1l1i11 III \llIlltl,ltlllg hlt'I.lll hll ,il 

Petn net). HielarchlGll net~ are speClfled 011 Ilumerous edlllon page\, Il'pll· .... l·\lllll)' dllll'I 

ent level~ of ab<,ttaction. Each page 1\ made to cOlle:-,polld IIltl'IIl,t1ly to .1 .... ')('l If\( Vll'W 

Interestmg event~ positlOlled aL ~pCCltlC POlllt.., in the Model Whell' .... 1111111,ltI011 dYll.lllW ,dly 

affects a diffelent page l'an be ll\cd to automatleally dl\pl,IY IIH' lOIIl·<.,pondlll)' Vll'W 

Finally, comp,uallve animatIon a~ dc:-,cTibed III chaptl'I 2, IllIplll'<" Ihl' Il'>l' ul al 1e,1·,t Iwo 

view~. Intere~ttng eVe"nt~ may be e)~cntiLllto dl!'>play the !'>tatc 01 two Ill'IWIII" '> IIl1dl'l l ()1l1 

pari:-.on, inJependcntly ham the <tetuai pOll1t of executioll 1l\llhed III holt! Mlldl'l~ "(ll 

ex<.Unple, both network state~ may be di~playcd a:-. ~()()Il a., 011(' Model HW lu.' \ Iltl' l'!ld 01 a 

sim lliation step. 

Macrotec's Controller architectllial cOl11poncnt I~ evidcnlly allcctl'd by tl1c ... e IhJ('c 

groups of features, a:.. it maps the intcre .... tlng cvents to the VI{'W\. A typll',d .... l en:lllO Whl'Il' 

aU gtaphical simulation componcnt~ play il IOle i.., dc~cnbcd hCICaf(('1 alld n'k, ... lu tI1'lIll' 

7 . 

The Controllcr picks up a reqlle~t [rom the mel to tng!'('1 \IInttlatloll ~lnd .... 1I1 1"('1](ll'l\ 
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control to the Model. When executlon rcache~ mtelc<;tm~: event op] ( .... ,y) whlch is sirnply a 

procedurc cali wlth parameters \. and y, the eontIOI IS retneved by the Controller and exe

cutlon of the conc\pondmg procedure take~ place. ThIS plOœdure contams operations that 

affect one or 1l1any VICWS. In our example, View-I 1'> affected and rnay ~all on Its graphical 

()hJcct~ to updatc thC1l1!'>clvc\ according to parametcr.\. 

5.5.2- Extcnding Macrotcc's Developrncnt En' ironment 

Wr. discll~~ 111 thl!'> !'>cctton a potcntial path along which to augment MaelOtec's ~upport 

for glaphlcal ~unlJlati()n. Maci otee'~ dcvelopment envtnmment, ET ++, plOvldes little 

expllclt ~lJpp()Jt, a~ l'l, lor <tlllmating di,>play~ 1Il the pure graphlcal ,>ense. Flexible ab,>trac

LioJls III AIl~ll [J 1 J whlch ~Upp01t po weI fuI anImatIon technlque~ can be tldded to ET ++ 111 

onkl to ea!'>c thc plOglamming 01 altcnng graphie,> !'>tate!'>. We de~cllbe 111 the followll1g 

~omc or the aillmatioll tcchl1Jque!'> dc\ellbcd in l31] which would hclp IInplcment the fea-. 
turcs dl~cU:ùed 111 the pl eVlOm ~ectIon and thll~ lclÎne Mal'! otce'~ gl aphleal !'>llllulatlOn. 

Timillg Idris to the propclties of moving obJects. A Petll-Net token, for example, can 

he shown as IlllgIatIng flOm the input to the output place of a firablc actIOn. Controlled 

timing I~ (Jlovlded 10 allow objcl't~ to migrate 111 a ~peclfic time with a<; smooth a transition 

a~ the OS and window ~y~tcm pCI fopnancc and tll1111lg allow. 

1l' !J/olI'-ill / slow-out trallsitions technique proVIUC'i for non-un iform pacing of 

ll1owmcnt~. Tokcn ... 111 Ma~rotec's ~imulati()n may begin their ttajectory slowly. move 

quil'~ly aIont! the input and output arcs, and end slowly. This way. the accent in the ll1ove

Illl'nt 1" put on the Input place itom which the token ollginates and the output place to 

\\ hich It 1" de~t\l1ed . 

McGl1i University page Tf 



• 

• 

Chapter 5 - Grapl1lcal SlinulLltlon as Aigonthm Anlll1atfon 

Arcs describe u'ajectories for movement a<; a paramctt il' l'Urvc ot 0I1l' vanahle. l'lm. 

provides a uniform framework for de~cribing tokcn movemcnt along the Ilt't\\'orh :Ill' dll1-

ing graphical sImulation. 

A11kit is a C++ library hlllit on powerful al11matlOll ab,>trartto!l" that ~llppOII S\)phl~tt 

cated animation techl1lquc\ slIch <1'> the~c OIW'>. Tht' Integration 01 ÀltJ...11 11110 ET 1 1 1ll.IV 

be an applOach to enrich Macrotec WIth dl1ecl ~l1ppmt fOl anll11ated pll'\elllatlon>;, 

----------------------------- - -
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Ongoing and Future Work 

6.1 - Tailored Modelling and Dynamic Analysis Toois 

Fonnah",rn", ",uch a,> Petri Nct~ have demystiflcd dynamic analysis and made of per

formance l'valuation a fIeld no more restricted 10 pelionnance speciahsts. Resu1ts gener

ated ft o !Tl performance anaIY\I\ and ,>i mulatlOn can be peltmently (',\tHlcted and presented 

mtelllgibly 10 dlVCI'ie u<.;ers lhlOugh Petn net:-. and an attractive, easy-to-use interface. 

Genelal graphlcal dynaITIlC analy,>\s toob may be tailOled 10 .Ipplication domains of 

IIHel c:-,t. Toob II1tcndcd for bu',[ncs", domall1s, such a-; Macrotec, may present result~ and 

cnable ll'sull detil1ltlon III term~ 01 bU~lne",s lI1dice~ ~uch as raw and net profits. deprecia

tion, l'te. In Ihl'> way. the 1I1telVIClatIOn of le,>u!t" 1'> furtheled and httle analysis is left on 

the part 01 ll~cr:-,. End-u\Cl~ ncc(h, 111 paIlIculm IheiI' terminology, concepts, and model 

l'valuatIOn l'nteria,>, mll~t be Idcl1tIficd in ordel 10 adapt on one hand the performance and 

~iIl1111atIOn engIIles 10 supporl lelevant llHJicc computation, and on the other hand, ta adapt 

the liser 11111.'1 race \() pll'\ent these indicc~ textually following the domain's termmology 

and 1.!1 aphlcally, fol\owlllg the dOl11ain's concepts. 

1l1lprove111el1l~ along thi" palh have been anticlpated in designing the Macrotec tool. 

All optional view, for example. di..,play,> nctwOIk components as icons representing busi

I1l'S\ l'OI1l'l'pt~ ~lll'h LI'> repl'I'ts, human le~ources. machll1e resoul'CCS, etc. The detailed 

desIgn of sUl'h a vie\\', l'lllTently under implementatlon, can be found in [41] . 
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6.2 - Animation Extensions to IJser Interface Fnlmeworks 

CUtTently <lvailable USCl mterfacc ftalllCWOl h.s olfel httlr support lUI anlll1atcd dj., 

plays. Flexible animatIon absttact!ons that could be II1tcgratcd mlo a li""! tIllelfacc Il :lllll' 

work could be explOled u<';lng the expcllcnce gallled 111 the objccl-Ollentnt l 'T! t. Ttll'~l' 

abstractions would ~Upp011 animation ..,ccne de~C!lptions, lI~lI1g a !th!.!!)' :-.uch il" J\rtkit. 

6.3 - A Comparative Study of Tools 8ased on the Petri Net Formalism 

Partly im.plred by the MACA ploject, wc aIe cUlTcntly undellakmg a ~llIdy al CRIM 

to evaluate and compare tool<; whlch ale ba~cd on thc Peu I-Net 101 ma\t<;I11. Pcttï Nel<; 

bemg widely \l"ed III software cngtneering for l1lo(\eltll1g and anaty~lI1g ~y..,ll'I11", Ihe l'val

uation of avallable CAS E tool~ ba~cd on th I~ formalt,>m tah.c ... on II1CH'.I:-.tIIg 1 III pOl tam:e. 

The major Hchlcvement sought III thls procc"" I~ to dcvclop a rnethodology Il)\ cvalu:ttlllg 

Petri net-ba~cd tooj<,. apply It, and, III the long tCII11, tlansfer our eXI)('llencc The al'ttvlI!('~ 

involved in the pro )CCl arc dc ... cri hcd he! cafter. 

Pertinent properties of plOjects bencfitmg from the Pet! 1 Net app' oach ale Identi fled, 

and based on the~c, evaluatlon critcml" arc clabol atcd. The leail/a. on of thl" ta,>"- I~ 

ennched thlOugh the expellcnœ gaincd from M!\CJ\ and anothcl 111,I"he<l plOj('ct at 

CRIM, both InvolvlIlg modelllllg and formai anaIY'>I". The pIO)ecl<,' dJ/lclent application 

domains, on one hand lcal-ume C()I1~t\(lInt,> and on thc other, (}rgalll~ati()llal flow, convcy~ 

generality to the iùentitied plopcrtle<; and wldenc,><, thell "pectlum . 

Ncxt, a litcrary review conccrnlng ~imtlar "tlldIC<' and l'cui-Net ba<.;ed too\<' in ~eneral 
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SCIVC~ a,> a basi~ tü cstablish a list of such tools, may they be commercial or research. 

Thosc tools that arc ~lIbmJttcd to our evaluation are then selected, principally on the basis 

of thcir avmlability. 

Prototype cxamplc'i that cxhibit the pertinent properties are elaborated, inspired from 

the two projccb dlscus~ed above. Those examples ru'e implemented with the tools ~elected 

fOI ~tlldyJng and evaluatrd according to the identified criterias. Obviously, this is a good 

OppOl tun j ty for cvaluatmg Macrotec which mes the SPNP package. Finally, results are 

syl1th(,~lscd Into a comparative repolt of Petn-Net tools, whereas the methodology and 

CXpl'llCIlCC developcd 110111 the exerci~e IS detailed to serve potentlRl users. 

Thc 'itatll~ of thi~ ~tudy is cUlTently at the Implementation stage. Interested readers 

may find lclated documentation as mtemal CRIM reports in [19], [20]. [21], [27], [28] . 
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. 
The skills reqllired In the modeJ1ing and dynamic analy'ils of 'iy"tc\ll~ Ihl ollg.h \IWCI.I1 

ized textllal languages such as GPSS is maslclcd hy l'l'w. lea\'\I1g Ihi'i dllm.lin lII\l'\plpÎlcd 

due ta Its evident testrictive usage. Concetm of th i" nature gt\1dcd t hl' l'l,thora lIon III hi gh 

level fonnalisms that became the ba~i" of graphical dynal1\ic :ln,t1y\l\ loul" \\hlch ta\..l' 

advantage of their visual potentia!. Petri Nels are widcly u~ed III Illodelllng and :l\Ia Iy",~ 

activities due on one hand tn thelr descriptive power of phe\lo\lll'na \lIrh a" l'OI1l'1I1Tl'lll'Y 

and synchronizatlon. and on the other, to thclrapplicablltty 10 formai pl'llor1l1aIH'(' ,Illalv 

sis methods. In pmticular, li med Petri Net,> enable duccl rcpl e~l'n tal Ion of cOlln'ph II J..{' 

activities, their Inputs, outputs, and duration, making them a lavoltrl'd approarh to hU'-I

ness modelling. 

Major facets of the dynamic analysis of a model are si Il1UlatlOI1 and pl'I !'Orll1aIH'l' ,m,II

ysis. Both serve tü assess, evaluate and find alternatives tn a l1\odel. Whell':t" '>1I11ltlil110ll l', 

mostly a guide towards the model assessrner' fOlmance i1naly~i" \J1o<,lly ploVldt''> 1 (lI 

model evaluation as it generates quantitative mCaSl14eS of the model al It\ ct(ulllblllll11 '>lall' 

through formaI methods. 

Packages exist that offer integrated support for graphical mode! cdltioll, plilph1(:t1 

simulation, and pctfonnance <lI1aly~i,>. Whclcas graphical cdltton 1" a weil dl'vd()pl'd (II'. 

cipline, graphical d ynamlc analym genet ally su ffers [rom pOOï tJ)l'l 1I11('I.ld I()II alld 

graphic) techniqllc~ \Ve have attcmpted in thls work to rationali,c and "ltll( (\Ill h",,\( VI" 

ualization concepts gamed from thc ~tudy of variou~ exi..,ti ng paCLl)'l'" a\ld ll'( (lllllllcndcd 

celtain exten"ion~ that wc fecl augment the lIan<.,pmcnce 01 the dyndllll( 1)('llaVI(JlII (JI 

modeh. FlIrthcnno\'e. wc have "hown th,lt technlquc,> "Ol1l the ,t1i!()lItltnl .l1I1111:Itll)11 ftt·ld 

can be applIeJ to Improvc dynanllt' ana 1 y\t'> vl,>uall/alloll, Li" 1)(l11t al (' ( ()il( ('1 Ill'd IN Ith '; 1 dit' 

modificatIon" thlOlIgh limc. 
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Visualizauon concepts promote user accessi bIlity to both inputs and outputs of simu

lation and performance analy~i~ engine~. Il1pllt~ inclllde the network it~elf and the options 

availablc for the exccliuon of the eng1J1es. Inputs are defined throllgh a state-of-the mt 

graphical edltor and dialogue b()xe~. Outpllt~ are the results generated from the engines. In 

the ça~c of the ~lInulatlOn cngine, pnncipallc<;lilt<; are displayed on the netwOIk itself. As 

for the performance al1aly~ls engme, 1 e~lIlt" arc displayed textually or as graphs, and are 

distinguished according 10 the network components they refer to, may they be individual 

c()mp()l1ent~. grollp~ 01 components, or states of the r.etwork. PeIformance analysis may 

be ta!lorcd by dcfining il variety 01 cll~tom I!1dices lelevant wlthin the network's seman

tjc~. possibly 111 a graphical way. 

Further directions in the field of dynamic behaviour vislIalization inclllde tatloring the 

liser-interface to ~pecific application domains. Vv'e see In thi~ concept a potentwl to SUppOlt 

llSCl~ from intclprcting analysi~ re~lllh. that I~, from the need of computmg by hand meas

ure~ of inlcl'c~t lI~ing ba'>ll' indices automaucally generated. Improvement~ ln thls direc

tion would plOvide uscrs with high-level performance illthce!'> that, ultlmately, directly 

match thell' mcasurcs of intcrest. 
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Appendlx A - GloSSQly of 8Q~;IC l'dl 1 Net 1 t'lllllllology 

This appendi'\ tiennes the ba,>ic l'l'In l1l't l'lllll'l'pIS WItlwlIt. hOWl'WI. getllllg IIIln .\11 

exhaustIve study of Petri net thl'ory. Thc\c notllm\ aH' eS~l'ntlal 10 the l'lll11pll'lll'll\l\H1 ut 

this lesl'arch. Rcadcr~ unfamihar with Prtn \lets aIl' l'l1l'lHltagl'd tn Il'IllI tlte lil'htlltllln, III 

order to subsrquently lise them .1'> a lelclcnce gUIde. 

A toke" Îs a marker. It can be an ob.lect, a stalc. or anything wc l'ale LO assonall' \Vith 

it. Tokens may take on values belonging 10 the network'~ datatype or co/mse! 

A place is a location that may contalll ZCI () 01 more toJ...e\ls. i\ place Illa)' Iw 1v!led, 

rneanmg that ail Its tokens belong to thc 'iame colorsct. A //IllI king I~ a :-.otate ot Ihl' Ilet. Il 

can be descnbed by the numbcl of tokcn,> rc:-.oldll1g III cach place. Tht' IIII(/II! 1I/1111.l/Ig 1'> Ihl' 

state of the net preceding any action fillng. 

A transition is an action whosc OCCHlTencc can changc thc lIulllber and value ... (II 

tokens in one or more placc~. A tr:.Ul"ltion IS <'Ilah/ed if the nccc~~ary cond 111011\ pel mil Il 

to start its executiol1. A ttansition bCC\lmc,>jlra/J/e whcn il has (ini:-,hed excclItllIg. J\ Iral1\l 

tion is inactive if it is Ilot exccut11lg and the condItions IcqulIcd 10 stail ext'ulllOll élit' 

FALSE. 

The firing lime of a transition b the time lapse betwcen the tran~ltlon \ cnahlclTll'llt 

and its actual firing. Transitions may be timed or immediate. Tlmct! tran,>,tJol1\ m:ly have 

in the case of 'itocha~tic nets non-dctermini~tic firing timc", typically J(tI1do!n, e;l\pOIll'1l 

tially distributed firing ume or they may have a fixcd dctcrmilll~tJ(; finlll' I/I)W. Immediate 

transitions fire In zero lime. Firing lates arc a~~oclatcd 10 cxponcnllally dl 'llI' butcd lIIned 

transiti(Jns and may de pend on the mm'king of the netwOIk. hgure 1 ~how.., the dtffclcnl 

states of a tntn"ltion a') lImc Incre:: 0,. rlgure 2 ~how.., the dbtmction hetwecn Ihl' dl HClent 

firing time') of tran~itlOn'), 
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Appendlx A - Glossary of Basic Petri Net TermlOology 

cnahlcd Iinng (po'>'>lbly conflH.;tlllg) 

J1Jacllvc CXCClItlIIg IIJactlvc 
.... -timc 

FIgure l - Transition states as a function of time 

~ 
random, exponentially distributed 

timed deterministic 

finng lime < other 

Immediate 

Figure 2 - Possible firing times of a transition 

A gllord is a boolean expression associated to a transition. The guard must be evalu

ated to TRUE for the transition to become enabled. 

An arc is a connection between a transition and a place. A uansition may require 

more than one tokcn from an input place in order to execute. Model1ing one-tü-one rela

tions, in telln~ of tokells, bctween input and output places i5 cumbelsome and may reduce 

ovcrall I('udability. A notation te rcprcsent many-to-many relations can be llsed ta reduce 

diagram SIlC. SIIl'h a notation may simply take on the form of an integer associated to each 

arc spcclfying the Humber of tokens that will be removed from the input place of the tran

~iti()11 or ~ldded to the output place of a transition when it fire<;. We use the term multiplicity 

to descnbc the concept of having a certain number of tokens migrating through the arcs. 
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Appendlx A - GIOSS.lIY of B3SIC PC"I Net TetlllinoloÇlY 

Arcs may have associated in~l'lIplioJls that detll1l' the '>l'I 01 lokl'l\'> lI1\'\llvl'd III thl' flr

ing of the connected tlatmlion. PurtherIl1()Jl'. Ihey may mhiblt a Il,l1l ... lllon \\'hell Ihl' 

number of tokem in Us input plan' is gll'lltl'I l)r l'quai 10 \. Wl' l'.111 thl" Iypl' 0\ .Hl', an 

Înhihitor arc. 

The set of places. transitions and arcs a~ weIl as the millal m:\lklll)!. :\ll' ~llllll'tlml'\ 

refelTed to as the structural componellt of the net as opposrd 10 the dVl/lIIl11<' ('OI11!JOIlCI/t 

which refers to the transitions' filin)!. ti mc~. 

When many transitions are simultancollsly firablc and sharc an Input plan' Ihat ron

tains an insufficient number of tokens to provide ail thcsc Il an\1I Ion,>. t!W\1 Ihl' Il an~ltI()n:-. 

are said to be in confli ct with one anothcr. To conti ni con fliC!'.. \l'('lght\ may IX' a ...... ml:llet! 

to transition~. 

In our work, Petri net elements are graphically tcprescntrt! a~ follows 

- Arcs are represented a~ ullIdilcctlOnai :lITOWS, 

- Places me represented as oval-;, 

- Immediate tran~ition~ are leprc~cntcd:l~ "'flat" Icctanglcs, 

- Timed transitions are represcnted as lectanglcs, 

- Tokens are represented a~ ~mall filled circles. 

Figure 3 shows a network containing four places (p l, p2, p3, p4), two Immedlatc tran

sitions (t2 and t3) and two timed transition~ (t} and t4). Tran~Jliol1 11 ha ... a I;I/ldolll, expo 

nential firing rate el. t4 ha~ a deterministic rate d4. TramitlOI1\ t2 and tJ an' COlllllcting, 

they m'e always enabled simllItancou~ly. WClght,> w2 and w3 arc thele/OIC a\\Ii.!I1ed Lo 12 

------------ --------
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Appendlx A - Glossary of Basic Petri Net Terminology 

and t3 re~pectivcly. Two ar<:~ have a multiplicity of 2. The initial marking consists of a sin

gle tokcn jn~ldc pl. 

t2, \\'2 13, w3 

p3 p4 

Figure 3 - An example Petri net 

l'nmslation Table 

Altcmating between languages often distOlts and perverts semantics. In an attempt to 

clmify Petri Net tcrminology and case communication, we provide the French translations 

wc adopted to terms that, according to out' experience, have caused sorne controversy 
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• wh en improperly translated. 

transition firing time tiutéc d'cxccutlOI 

tI an:-.i t i on aCII Vl'l' 

enabled transitIOn ou 
tran:-.itlon l'M'l'Ut. 

fireù transition transitIOn 1'1<l11Chi 4' 

- --
firing ftal1chisscment 

Table l - English-French translation of cotnmon PCI! i net termlllology 

• 
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Comparaison fonctionns!le de quelques outils Informatiques basés Sur 
le formalisme Réseaux de Pétri: 

GSPN, SPNP, Oeslgn/CPN et Voltair. 

Document de travail 

Marianne Ozkan 
Natahe Rico 
Rudolf Keller 

Juillet 1992 

Le projet MACA (MACroscope Architecture) inclue l'implantation d'un 
outil de mod.lisation et de simulation de syst.mes d'information 
(-Macrotec tootset-). Cet outil est basé sur ,. méthodologie 
d.velopp.e dans le cadre de ce projet (3). Nou, avons évalué la 
fonction.lité de plusieurs outifs de simulation .xistants dans le but 
de les intégrer à Macrotec. Ce rapport résume cene étude. 

Les outils évalu •• sont I.s suivants: 

1· GSPN (1) 
2· SPNP (2] 
3· O.sign/CPN (7) 
4- Eval (6) 
5· Voltair. (4] 

Ce rapport compar. c.s outils selon un. liste d. critères 
prédét.nnin.. tir.. de l'anatys. d. b.soin. du volet simulation de 
"outil Macrotec. Le lecteur pourra •• r.f.r.r • la .ection suivante 
pour une dMinition et dilcussion d. ce. crittr... Le rapport conclue 
avec un. r.commandation quant l l'outil (ou , •• outils) apte à 
s'intégr.r dans MACA. 

Notez que nous supposons 1. lect.ur famille, avec la t".ori. des 
réseaux de Petri. Oana ,. ca. contrair., le I.cteur e.t prié de .e 
r"ér.r • [5]. 



• Complrilion fonctionnelle de. outil. 

Crll.r. GSPN SPNP O."gn/CPN EVI' VoUllr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 

1- Editeur gr.phlque x x ? ? 

II- Modjll •• tlon 

Tvpe de réseau: 
• élémentair. x x x x x 
• hiérarchique x Je ? x 
• coloré ou Je x 

prédicat-transition 
• place/transition Je Je Je ? x 

Temporisation des transitions: 

· déterministe x Je x 
· exponentie"e Je Je Je Je X 

· immédiate x Je Je X 

• autre Je 

• variable Je Je X ? 

Résolution de conflit. entre 
transitions Je Je Je ? x 

Arc. inhibAteurI x Je x ? 

-Guardi- ... ociM aux 
transition. Je x ? 

' . 

• 
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CrUtr. GSPN SPNP O •• lgn/CPN EVII Voltllr. . ................................ . 
· . . . . . . . . . . . . . 

III-Anal ys. 

Analyse quantitative: 
· analytique x 
· Simulation 

Etat du réseau: 
· transient x 
• à l'équilibre x 

Analyse qualitative 

Animation temporelle x 

Génération automatique 
de résultats 

IY-Ace ••• lbUI'. de la 
r.pr.":!~ltlon Int.rne x 

x 

x 

x ? 
x x ? x 

x x 1 x 
x 1 

x 1 

x 1 

x 1 x 

x 1 x 
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Termlnologl. 

ModfllSltion 

Un reseau de Pét" hiérarchique peut être découpé en plusieurs nJveaux 
représer.tant différents degrés d'abstraction. 

Un réseau de PétrI coloré ou prédicat/transition est un réseau dont 
,es Jetons représente diffërentes entités, à l'instar des variables. 

Un réseau piace/tranSition permet un nombre quelconque de jetons 
dans chacune des places. 

La tempoflsatlon d'une transition peut 6tre déterministe, immédiate. 
exponentielle ou autre. Une transition déterministe a une durée 
d'exécution fixe, soit x unités d. temps. Une transition imm.diate 
s'exécute instantanément, donc .n un temps O. Une transition dont la 
durée est exponentielle possède un tempa d'ex.cution 'ex) où , .st une 
fonction exponentielle. Unt transition ptut ayoir une durée 
d'exécution suiyant un. distribution quelconque. Une transition 
variable signifie que s. dur •• d'.x.cution peut yarier selon les 
marquages. 

Un conflit se produit lor.que d.ux ou plusieurs transitions se 
partagent les m'm.. paac.. d'tntr.. et qu'un nombre insuffisant de 
jetons s. trouvent dan. ct. pI.CII pour que tout.. I.s transitions se 
déclenchent • 1. foi.. La r •• olutlon d. conflit. peut s'.ffectuer en 
associant lUX trlftlHiona, dt. probabilit" d. d.cttnchement .n cas 
de conflit. 

Un .rc Inhibiteur permet d'inhibtr une tran.itlon lorsque le nombre de 
jetons daM ,. place tntrH eat lu".rteure ou ~ ... x. 

Un • gu.rtI- •• t un. .xpr ••• ion bool.ene •• aoci.. • unt transition. 
Cene .xpr •• sion doit 'trt .yalu" • yrai pour que ,. transition soit 
d.clenchable . 
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Analy •• 

L'analyse quantitative permet d'analyser la performance dynamIque 
du réseau en procurant des résultats tels que le débit moyen d'une 
action. le temps d'attente d'une trans.t,on et l'utilisation des 
ressources. La résolution du réseau peut se faire analytiquement ou 
par Simulation (exécutIon du réseau). 

De plus l'analyse quantitative peut être effectuée à l'état d'éqUIlibre 
ou à partir d'un temps donné x (analyse trans/ente). 

L'analyse qualitative permet de vérifier des propriétés générales de 
tous les comportements possibles du réseau (par exemple, "absence 
de blocage). 

L'animation temporeUe est l'exécution graphique du réseau où les 
durées des transitions sont prises en considération. 

Les résultats des analyses qualitatives et quantitatives doivent être 
générés automatiquement sans aucune programmation de la part de 
l'usager. 

Repr •• entatlon Intlrne 

La repr4senr.tion int.rne d'un outil de simulation est la torme sous 
laquelle l'outil lit It ,auv.garde la description du réseau. 
L'accessibilité dl c.u. repr.,.ntation permet l'échange de données 
entre différent' outill . 



• A.commlndltlons 

• 

GSPN possède toutes les caractéristiques désirées mais présente des 
problèmes d'installation. 

Nous recommendons donc SPNP, qUI se rapproche le plus des 
fonctlonalttés déSirées et qUI est disponible sur notre piateMforme. " 
semble être fonctionnel et bien documenté. 
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