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Abstract

Triggered Message Sequence Charts (TMSCs) are a vi-
sual, mathematically precise notation for capturing system
requirements as conditionaland partial scenarios This pa-
per shows how TMSCs may be used to formalize two dif-
ferent requirements modeling methodologies. The first ap-
proach combines prescriptive (““‘do this””) and constraint-
based (“‘don’t do that™) requirements within a single spec-
ification; it is useful for composing localized subsystem re-
quirements with global system ones. The second approach
supports layeredspeci cationsin which partial descrip-
tions of requirements may be elaborated on in a succession
of steps; it is suitable for the incremental development of
complex behavior in which “error” scenarios are “layered
on top of” normative ones. Both methodologies derive their
formal robustness from the notion of semantic refinement for
TMSCs, which is based on DeNicola’s and Hennessy’s must
preorder. Case studies are used to illustrate the utility of the
work.

1. Introduction

TriggeredViessagé&equenc€hart TMSCs)have been
proposedn [20] asa scenario-basedisual formalism for
distributed systems. TMSCs allow usersto integratepre-
scriptive (“do this”) andconstraint-base@‘don't do that”)
systenrequirementsvithin acommonframevork, andsup-
portsa mathematicallyprecisenotion of whenonerequire-
ment speci cation refines another Basedon the well-
known Messag&equenc€hartg(MSCs)notation[3], TM-
SCsenrichthe expressienessof scenario-basedotations
throughsyntacticallysimplebut semanticallypowerful ex-
tensiondo MSCs.

MSCs are widely usedin capturing system require-

mentsin the initial stagesof systemdevelopment,when
mary design-relatedssuegypically remainunresohedand
not all eventualimplementationscenarioamay be known.

However, semantically MSC speci cationsastypi ed in

[3, 14, 18], areinterpretedas deterministic and complete,

and requireimplementationgo exhibit exactly the execu-
tion sequencethe MSCsexhibit. As aconsequencéyiSC-
basedearly-stagespeci cationscanonly captureexact be-

havior (“do this, andonly this”), and substantiaburdens
areimposedon the requirementslicitation processsince
completebehaior mustalsobe re ected in the setof re-
guirements.

TMSCsrepresenan attemptto bridgethis gapbetween
the semanticde nition andthe practicaluseof MSCs. At
theheartof TMSCslie conditional scenarios, which repre-
sentrequirementshatconstrairsystenbehaior only when
certain “triggering behaiors”, are obsered; and partial
scenarios, which permit usersto leave aspectsf system
behaior unspeci ed.Thetheoryis alsoequippedvith are-
nement orderingthatdeterminesvhenonespeci cationis
a“correctelaboratiorof” anotherby correctlyadheringto
prescriptve and conditional-scenariconstraintsandprop-
erly “lling in” unspeci edbehaior in partialscenarios.

Thegoalof this paperis to illustratehow the TMSC the-
ory of [19], andthe notionsof conditionaland partial sce-
nario coupledwith scenariore nement, provide practical
supportfor two differentstylesof requirementsnodeling.
In the rst, conditionalscenariosreusedto eliminateun-
desirablebehaiors in a simple basesystemspeci cation.
In the second partial scenariosare usedin supportof an
elaboration-basespeci cationstylein whichsuccessiere-

nements de ne systembehaior in responsdo different
execution conditionswhile leaving othersunde ned. We
introduceeachmethodologyia a casestudyandshowv how
TMSCssupporta separatiorof designconcerns.

Therestof thepaperis organizedasfollows: in Section?



we presenta brief overview of the syntaxandsemanticof
TMSCs. The following sectionpresentsour rst require-
mentselicitation methodbasedon the useof conditional
scenarioso constrairsystenbehaior; thisis accompanied
by an appropriatecase-study The next sectiondescribes
the use of partial scenariodn facilitating a step-wisede-
velopmentof speci cations;a secondcase-studysenesto
illustratethis method. Section5 contrastghe two methods
anddiscusse3MSC tool supportwhile Section6 presents
conclusionsanddirectionsof futureresearch.

2. Overview of TMSCs

We begin by presentinga brief overview of the syntax
andsemanticof TMSCs. For details,theinterestedeader
is referredto [20], from which this sectionis adapted.

Visual syntax. Graphically we represenTMSCsasin
Fig. 1. Therearetwo new featuresn the visual syntaxof

Figure 1. An Example TMSC

TMSCswhencomparedo traditional MSCs. The rst is
thehorizontalline runningthroughtheinstancesvhich par
titionsthesequencef eventson aninstances axisinto two:
the rst subsequencégcatedabove theline, constituteghe
instancedrigger, andthe secondsubsequencehelow the
line, constitutedts action. This partition, in effect, forms
the basisof a conditional scenario: for eachinstance the
executionof the actionis conditionalon the occurrenceof
thetrigger. In otherwords,the behaior of the instanceis
constrainedo its actiononly whenit hasexecutedits trig-
ger; otherwise thereare no restrictions. The secondnew
featurein a TMSC is the presence/absenad a small bar
atthefoot of eachinstance.The presencef suchabar (as
in instancel; in Fig 1) indicatesthat the instancecannot
proceedbeyondthis pointin the TMSC, while the absence
(asin instancel,) meanghatthe behaior of this instance
beyondthe TMSC is left unspeci edi.e. thereareno con-
straintson its subsequenbehaior. Sucha scenarids thus
partial, andmaybe extendedin future.
The TMSCin Fig.1 maybereadasfollows:

If I, sends: to I, thenit shouldreceve b from I,
andterminatejf I, recevesa from I; andc from
I3 in ary order(the dashedox on I5's axisis a

co-region, which allows incidenteventsto be or-
deredarbitrarily),thenit shouldsend to 7; andd
to /3, andits subsequenibehaior is left unspec-
i ed; if Is sendsc to I, andrecevesd from I,
thenit shouldperformthelocal-actionla andter
minate.

The trigger/actionrequirementsare thus localizedto each
instance Also, thetrigger (action)of oneinstancemayde-
pendontheaction(trigger) of anotherinstancean a TMSC,
which resultsin messagesrossingthe horizontalline as
shavn in Fig 1. Finally, it may be notedthatan MSC M
correspondd¢o a TMSC M’ depictingthe samescenario,
whereeachinstancen M’ hasanemptytrigger, andeach
instanceterminatesn M’.

Abstract Syntax. MathematicallyaTMSC M isatuple
(Z, M, L, trig, act, term), where:

1. Z, M and( are nite setsof instances, messages and
local action names, respectiely.

2. Trigger function trig, andAction function act mapan
instancento the sequencef co-rggionsthatmakeup
the trigger and actionrespectiely, of thatinstancein
M

3. term C 7 is theterminating set andcontaingthosein-
stancesvhichterminateuponperformingtheiractions.

TMSC ExpressionsSingleTMSCs,asdepictedabore,
sene as the basic building blocks for structuredsystem
speci cations. An algebraof operatords usedto generate
larger speci cationsout of subspeci cationsTheresulting
terms,which arereferredto asTMSC expressions, have the
following syntax:

S = M (singleTMSC)
| X (variable)
| SIS (parallelcomposition)
| SFS (delayedchoice)
| 558 (sequentiatomposition)
|  recX.S (recursve operator)
| S&S (internalchoice)
| SAS (logicaland)

The TMSC languageoffersa selectionof “behavioral” and
“logical” operatorg(asopposedio purely behaioral con-
structstypically usedin MSC speci cations)to facilitate a
structuredapproachto requirements management whereby
compositaequirementsregeneratedy interweaing pre-
scriptive and constraint-basedequirements. ||, &, ; and
recX fallsinto thebehaioral catgory, A is alogical con-
struct, while @ falls into both cateyories. The || operator
runstwo TMSC expressionsn parallel. S, F S, represents
the“deterministicchoice”betweens; andS, while S; ® .S,



representshe nondeterministichoice:a successfute ne-
ment can chooseeither In this respect® hasovertones
of logical disjunction.S;; S2 denotegheasynchronous se-
guentialcomposition[18] of S; and.S;. Therecursie op-
erator rec allowsusto modelin nite behaior of processes,
whereanew executioncycle startsvheneerthereis arefer
encewithin S, to thevariableusedn therecursvede nition
(sayX). Finally, S; A S» representthelogical conjunction
of S; andSs, i.e. it speci esa systemthatneeddo satisfy
therequirementsxpressedy both.S; andsS,.

Semanticsof TMSCs. Theformalsemantic®f TMSCs
is basedon acceptance trees andthe must preorder of [11].
Thesemanticss describedn detailin [19], andit is beyond
the scopeof this paperto revisit it. Intuitively, however, an
acceptancéree of a systemis a function which mapsse-
guence®f events(thatmayariseduring systemexecution)
to acceptance sets. An acceptanceetof a systemP, after
anexecutionsequencey, is ameasuref non-determinism:
for eachstate of the systemthatis reachabldy w from the
startstateof P, Acc(P, w), theacceptanceetof P afterw,
containsthe eventsthatare enabledn that state,ie. those
eventswhichmaybe performedrom thatstate.

Themust preorder, which arisesin thetheoryof process
testinggivenin [11], relatestwo systemson the basisof
theirrelative non-determinismandmaybe characterizeih
termsof acceptancsets.Giventwo systemsP; and P, with
acceptancéreesT[P;] andT[P;] respectiiely, we saythat
Py Chug Po, if andonly if for all executionsequences,
T[A](w) 2 T[Pa)(w).

The semanticof the TMSC languagés basedn inter-
pretingindividual TMSCsasacceptancérees:a TMSC is
essentiallytreatedas a non-deterministichoice of all be-
haviors violating the trigger, togetherwith thosein which
thetriggeris satis ed, and“progress”is madeon perform-
ing the action. This treatmenthensenesasa basisfor in-
terpretingthe TMSC expressionoperatorsandfor translat-
ing TMSC expressionsnto acceptancérees.As a byprod-
uctof thisapproachweimmediatelyobtainare nementor-
deringbasedon themust preorder asoutlinedabove: given
two TMSC expressionsS; and Ss, we say Ss is morere-
ned thansSy, written S1 Cmus S2, if So in effectincludesa
subsebdf the nondeterministibehaiors of S;. Oneof the
usefulpropertieof our TMSC semanticss thatit is compo-
sitionalin the sensehatwe mayre ne a TMSC expression
by re ning its subexpressions.

Related Work: TMSCs combinethe intuitive appeal
of visual languages with the mathematicatigor of formal
methods, approachewhich have gainedwide acceptancn
requirementgngineering Scenario-basedsuallanguages
are often usedfor requirementlicitation, and may later
leadto a speci cationgivenasastatechart-likenodel[22].
RSML [15] combinesa state-basedotationsimilarto state-
chartswith atatular notationfor transitionde nitions. An-

otherformal takular notationwidely usedis SCR[10]. Of
direct relevanceto our work, [13], [9], [21] have all pro-
posedtriggerlike preconditionoperatorsfor scenariosn
differentcontexts. The interestedreaderis referredto [6]
for acomparisorof theseapproachewith TMSCs.

3. Conditional Scenarios: Constraints Based
Requirements Elicitation

Many distributedsystemsare functionally composedf
architectural components i.e. groupsof unitswhosebeha-
iors aresufciently independento be modeledn isolation.
Thefunctionality of the distributedsystemmaythenbede-
scribedby appropriatecompositionof thesesub-systems.
Most systemshowever, alsoneedto presere somesort of
globalsafety propertieswhich mayimply that someof the
executiontracesproducedby the unconstrainedcomposi-
tion of the behaiors of the sub-systemsre undesirable.
Thuswe needto imposeconstraintson the way the sub-
systemsinteractto presere the intendedbehaior of the
overall system.

The speci cation requirementdescribedabore nd a
natural expressionin the TMSC language. We rst give
a simple de nition of the behaior of eacharchitectural
componentin isolation, and then “glue” thesespeci ca-
tionstogetherto obtainacoarse speci cationof the overall
system-behdor. Note thatthe althoughthe scenariogle-
scribingthe basicbehaior of the componentsnay be de-
terministicandmay look like normalMSCs,a sub-system
speci cation may be non-deterministiqe.g. may involve
a non-deterministiacchoice): how the sub-systenbehaes
during a systemrun may dependon the context, i.e. its
interactionwith the restof the system. Oncethe descrip-
tion of the basicsystembehaior is in place,we can“walk
through” this speci cationto determineif thereare unde-
sirable executiontracesthat may be generated.If so, we
useconditional scenarios to “weed-out”the incorrectexe-
cution sequencesandrefine theinitial coarsespeci cation
by addingtheseconstraintsisingthe A operator

There are a number of adwantagesto this approach.
Firstly, by identifying the architecturatomponentsye can
focuson specifyingthe behaior of smallersystemgo start
with. Secondly eachsuchsub-speci cation,n effect, be-
comesa descriptionof the interface of an unit with respect
to the othersin that sub-system.Thirdly, the combination
of the behaiors of the sub-systeméeadsto a clearerun-
derstandingof how the behaior of the overall systemis
derived. Finally, the conditionalscenariosaddedin later,
explicitly representhe behaior requiredof the systemto
thedifferenttriggering conditionsthatmayarise.

The above stratgyy thus offers greater e xibility in re-
guirementselicitation comparedto deterministic MSC-
basedapproacheslthoughit would still scalecomparably



with thelatter. The following case-studwill illustratethe
pointsmadeabore.

Automated Resuscitation and Stabilization System

We presenta genericdescriptionof the behaior of an
AutomatedResuscitatiomndStabilizationSystemARSS),
which is integratedwith mary medicaldevices nowadays
(e.g. [1]) to automaticallytrack a patients blood pressure
andadd uids asnecessaryo stabilizethe patient’s condi-
tion.

Physical Units. The systemconsistsof a blood pres-
suremeasuringlevice (B), aninfusionpump(P), adisplay
andalarmunit (D/A) anda softwarecomponen{R) that
controlsthe resuscitatiorprocess. It is assumedhat the
care-gver hasprovided R with a target blood pressurdor
the patient; R is to periodicallypoll the currentpressureof
thepatientaandmaintaina suitable o w-ratethroughthein-
fusion pumpuntil the patients blood pressuraeachegshe
targetvalue,andhis/herconditionstabilizes.Eachof B, P
and D/A interactsonly with R, and not with eachother
Theinteractionof R with ary oneof theseunits may thus
bemodeledn isolationof therestof the system.

R operatesn cycles and communicatesvith eachunit
duringacycle. We distinguishbetweertwo kindsof cycles:
terminating and non-terminating. A terminatingcycle is
onewhere R determineghat the patients blood-pressure
hasreachedhetargetvalue,sothe uid-infusion maystop.
All otherbehaiors constitutea non-terminatingycle, and
R hasto setthe uid-rate to the appropriatevalue during
suchcycles.

We rst modelthe basicinteractionbetweenR andthe
otherphysicalunitsduringa cycle of operation(Fig. 2).

R and B. The possibleinteractionsbetweenR and B
aredepictedin TMSCs M, M-, and M3. R sendsa query
messagéo B and B responddy eithersendingthe current
blood-pressurp-val to R (asin M, andM3), or sendingan
errormessage-err to R (asin M-) in casetherewasaner
ror in readingthepressurde.g.if thepressureourceis lost
for somereason).If the correctpressurevalueis obtained,
then R compareshis valuewith the target value and per
formsthelocal-actionls (A1) if thecurrentpressures less
thanthe tamget, or the local-actioneq (M3) if thetwo pres-
surevaluesarethe same. M3 thus depictsthe interaction
betweenR and B during a terminatingcycle; the possible
interactionsduring a non-terminatingcycle is given by the
TMSC expressionRB = My F M,. We useF becausé¢he
choicebetweenV; and M- is delayed until B sendseither
p-val or p-err.

R and P. R maysendthreetypesof message® P:(i) f-
rate (M,) is the o w-rateat which the pumpshouldsupply

uids to the patient; R computed-rate by thelocal-action
comp (i) default (M5) is apre-determinedafe o w-rateat

whichthepumpmayoperatédn caser is unableto compute
the correct o w-rate and (iii) stop (Ms), which instructs
P to stoptheinfusion. In eachcase,P responddo these
messageby performingappropriatdocal-actionso adjust
the o w. M; arisesonly duringtheterminatingcycle. The
speci cationfor a non-terminatingycle is givenby RP =

M, @ Ms; hered is usedbecausavhetherR cancorrectly
computethe o w-rateor notdepend®nfactors(in thiscase
R'sinteractionwith B) whichareoutsidethepurview of the
interactionbetweenR and P.

R and D/A. R may interactwith D/A in the follow-
ing ways:(i)undemormaloperatingconditions,R sendghe
currentpressurezaluep-val and o w-ratef-rate for display
to D/A. Thisscenarids depictedn M- (i) if theimmedi-
ateattentionof the care-gver is required,then R instructs
D/ A to soundanalarmof type 1 (Mz) and(iii) if theblood-
pressureof the patienthasreachedhe desiredvalue, then
R asksD/ A to displaythe currentpressureandinform the
care-gver by analarmof type 2, sothatthe care-gver may
decideon the next courseof action. Mg representshis ter-
minatingbehaior. TheinteractionbetweenR andD /A for
othercyclesis expressedby RDA = M7 & Msg. As before,
@ is usedasthe choicewill be madeinternally by R, de-
pendingonits interactionwith therestof the system.

BaseSpeci cation. We will now glue togetherthe be-
haviors describedabore to obtainaninitial basespeci ca-
tion of the overall system.R beginseachcycle by querying
B aboutthe currentblood-pressuref the patient. It sub-
sequentlysendsmessageso P and D/A (the exact order
of the messagemayremainunspeci edin this early-stage
systemdescription}to controlthe o w-rateof thepumpand
to displayappropriatenessagesr warnthe care-gver. For
anon-terminatingycle, aninitial speci cationis thusgiven

by
NT RB;(RP || RDA)

(M1 F Ma); (Ma ® Ms) || (MT & Ms))

If theblood-pressureeacheshetargetvalue(M3s), then
R asksP to stopthe ow (Mg) andalsosetsoff analarm
in the D/A unit to inform the care-gver (My). Thusthe
terminatingbehaior maybe describedy

T = Ms; Ms; My

The choice betweenterminatingand non-terminatingbe-
havior is delayeduntil R determineswhetherthe current
pressureand the desiredpressurevaluesare equalor not.
Hencetheoverall basespeci cationis:

BS = NTET
= (M1 F Ms); (Ma® Ms) || (M7 & Mg)))
F(Ms; Me; M)
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Figure 3. TMSCs representing constraints on ARSS

Constraints. The basespeci cation describedabore
givesa “high-level” view of how the differentsub-systems
interact; however, by leaving out low-level details (e.qg.
what causesR to chooseMs over M., or vice versa,in
aglobalexecutionsequence}hespeci cationbecomegoo
permissie; for example,it allows R to soundthe type 1
alarmeven when B hascorrectlyreadthe pressure.This
is becausehe basespeci cationis obtainedby gluing to-
getherseverallocal views, andhenceis relatively coarse in
its ability to describeglobal systenrequirements.

This is where TMSC basedconditional scenariosare
useful: we weed out the undesirablexecution sequences
by appropriatelyconstrainingsystembehaior underdiffer-
enttriggering conditions. C; and C; (Fig.3) are two re-
quirementsve placeon thesystemunderconsiderationC’y
constrainghesystembehaior whentheblood pressurdas

beenreadcorrectly and ensureghat the correct o w-rate
is computedand displayedwhen this happens. Similarly,
C5 ensureghatif B haslost the pressuresourcethenthe
D/ A unit soundghe alarmto warnthe care-gver, while P
maintainsa safe uid-infusion ratetill helparrives.Wethen
refine our basespeci cationby addingin theseconstraints
to getare ned speci cationRS:

(M1 F Ma); (Ma & Ms) || (M7 ® Ms)))
AC1 A Co)) F (Ms; Mg; M)

RS

It maybeshavnthat BS Cmug RS.

Overall Speci cation. The overall ARSS speci cation
maynow beobtainedby consideringts behaior over mul-
tiple cycles;the systemcontinuego supply uid to the pa-
tient at an appropriaterate till his blood-pressureeaches
the desiredvalue,whenthe executionterminates.Thusthe
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Figure 4. A graphical notation for TMSC Expression NT'

nal speci cationis givenby:
FS = 7‘66X.(((((M1 :FMQ),((M4EBM5) ||
(M7 ® Ms))) ACy A Ca); X) F (Ms; Me; My))

Finally, TMSC expressionsrepresentedyy processal-
gebraicterms,may becomevisually complex. In orderto
makethe syntaxmore appealing,practitionersmay usea
simplevisualsyntax,whereTMSC subepressiongnay be
representetdy boxes,andcircularnodedabeledby TMSC
operatorgnaybe usedto connecthemto constructfMSC
expressions.Recursiorwould thencorrespondo loopsin
sucha graph. A visual notationfor the TMSC expression
NT = (]\/[1 F Mg),((]\/[4 (& ]\/[5) || (M7 (& Mg)), is shovn
in Fig. 4.

4. Partial Scenarios: Elaboration-Based Re-
guirements Specification

MSChbasedspeci cations,asmentionedn Sectionl, are
expectedo bedeterministic andcomplete. Thisimpliesthat
all aspectof the systembehaior have to be clearly and
moreimportantly completelyspeci edto startwith. How-
ever, it is oftenvirtually impossibleduringthe early stages
of systemdevelopmentto be ableto describenot only the
normatve behaior of the system but alsothe differenter-
ror conditionsthat may arise,andhow to handleeach. As
aresult,thisleadsto anunsystematigvay of designingsys-
tems:we startwith aninitial speci cation(which, semanti-
cally, is supposedo be complete),discoser new scenarios
thatmayarise,andmakeadhocchangedgo theinitial spec-
i cation to getanew speci cationwhich may nothave ary
coherentelationshipwith the former. Indeed,the new be-
haviorsmaycon ict in subtleandundesirablevayswith ex-
isting speci edbehaior; suchfeature interactions arenoto-
riously dif cult to uncoverandcorrectin traditionalsystem
speci cationnotations.Moreover, it mayverywell turn out
that even this new speci cation doesnot depictall possi-
ble scenariosandso is again“tampered”with. Suchun-
planneddevelopmenis anunfortunateoutcomeof attempt-
ing to specifyeverythingat once;it notonly carriestherisk

of introducingerrorsinto the speci cation,but givesriseto
speci cationsthataredif cult to maintain.

TMSCsaddresghe above problemby allowing speci -
cationsto be partial. This is achieved throughthe use of
partial scenariosyhich describean incomplete interaction
sequencéetweerninstances.Semanticallythe behaior of
the systembeyond thatdepictedin the scenariojs left un-
speci ed,i.e. thereareno constrainton its subsequerte-
havior. Suchan approachhasmary adwantages. For ex-
ample,we may specify systemsdncrementally, by describ-
ing only a partof its behaior to startwith, andthenadding
moreandmoredetailin subsequerdteps.Eachnew speci -
cationis thenanelaboratiorof the previousone,andrepre-
sentsa refinement of the systembehaior. Thus,in the rst
step,we may describethe normative operationof the sys-
tem, with simple“stubs” for the abnormalconditionsthat
canarise;then,in subsequernte nements,we may“ Il in”
the stubs,by de ning what the systemshoulddo to han-
dle the correspondingerror condition. Moreover, in case
we decideto changethe recovery actionin responsdo an
error, we are,in effect, only consideringa differentre ne-
mentto the original speci cation,ratherthanproposingan
entirely new speci cation, with no relationshipto the for-
mer In otherwords,we areonly backtracking a few steps
in there nementsequencandthenprogressingn adiffer-
entdirection. Sucha stepwisedevelopmentgreatlyreduces
thepossibilitiesof errorsseepingnto thespeci cation. The
useof stubsmakest clearwherea certainchangenasto be
madeif the needarisesandleadsto speci cationsthatare
easyto maintain.

[5] describes framavork basedn the SCRtalular no-
tation that also separate®rroneousand normal behaior
duringrequirementspeci cation. Themainmotivationbe-
hind suchapproachess to facilitate a separatiorof design
concerns;as such,our methodalso has connectionswith
aspect-oriented softwaredevelopmen{12], which provides
usefulabstractiongor representingcross-cutting”design
idiomsin a scalablegfashion.Whensystembehaior canbe
thoughtof in termsof “cross-cutting”layers of concerns,
the methodoutlined abose would allow such systemsto



scale: addinga new behaior canbe achiezed with mini-
mal disturbanceo anexisting speci cation.
We will now illustratethesenotionsvia a casestudy

Steam-Boiler Control Specification

We presenthe speci cationof a steanboiler control[4]
using TMSCs. The descriptionthat follows is along the
lines of the informal text available at [2]; however, [2] is
signi cantly biasedto a particularimplementationwhile
our descriptionof the boiler operationis moregeneral.For

brevity, wehave alsomadecertainsimplifying assumptions.

Physical Units. The systemconsistof the steamboiler,
apump(with controller P) to provide theboilerwith water
adevice (with controller}?”) to measurehequantityof wa-
ter in the steam-boileranotherdevice (with controller.S)
to measurehe quantity of steamwhich comesout of the
steam-boileranda valve for the evacuationof waterin the
initial phase. The controller(C') for the boiler, communi-
cateswith P, W andS.

The boiler hasa total capacityof ) units. Thereis a
minimal quantity, say @ units, of waterin the boiler, be-
low which theboilerwould bein dangerif steamcontinued
to comeout atits maximumgquantitywithout supplyof wa-
ter from the pump. Similarly, thereis a maximal quantity,
say(@- units, of waterin the pump,abore which the boiler
would be in dangerif the pump continuedto supply wa-
ter without the possibility to evacuatethe steam.Thereare
alsoa minimal normal quantity N1, anda maximal normal
quantity N,, of waterto be maintainedn the boiler during
regularoperation.Obviously, @1 < N; andN,; < @s.

In theinitial phasethe quantityof waterin the boileris
adjustedsothatit is betweenN; and N,. This is doneby
usingthe pumpto supplywaterto theboiler, or by usingthe
valveto drainout waterfrom theboiler, asappropriate For
brevity, we will notincludethis phasen our speci cation.

Oncetheinitial phaseas complete the systemstartsop-
eratingin a cycle anda priori, doesnot terminate. During
eachcycle, theboiler control programperformsthefollow-
ing actionsin sequence) receve messagekom P, ¥ and
S b) analyzeénformationthathave beerrecevedc) transmit
messaget P, W andS.

Normal Mode. In the normalmode,the waterlevel in
theboileris betweenV; and N», andall the physicalunits
areoperatingcorrectly As soonasthewaterlevel falls be-
low N1, or risesabore N,, thelevel is adjustedby the pro-
gramby switchingthe pumpon or off. The appropriatede-
cisionis takenonthebasisof theinformationrecevedfrom
w.

The normal mode of operationis representedy the
TMSC expression

Semi = T (TaF Tz FTa)

wherethe TMSCsTy, T3, T3 andT, areshavnin Fig. 5. In
Ty, C performsthe local actionnml whenthe messages,
w ands indicatethatall the correspondinginitsareoperat-
ing normally, andthewaterlevel is within thesafelimits. C
thendeterminedheactualwaterlevel from w. If thiswater
level is betweerthe normallimits of N; and N, indicated
by the local-actionbt12, thenC' sendsout the messagek
to all thephysicalunits. If thewaterlevel is belov N, (cor-
respondingdo thelocal actionlsl), thenC' sendsamessage
pump-on to P to switchon thepump,which P doesby per
forming the local-actionon; else,if the level is above N,
(correspondingo the local-actiongr2), thenC' asksP to
switchoff the pump,and P doesso by thelocal-actionoff.
Err or Modes. Wewill considethefollowingconditions
to beerroneousandrequiringappropriateecoery actions:

e Themessage from the pump-controllerP indicates
thatthe pumpis malfunctioning

e The messager from the controller W indicatesthat
eitherthe waterlevel is approachinghe unsafelimits
Q1 or (-, or thatthe device is malfunctioning.

For simplicity, we will assumehatthe steanmeasuring
unit is alwaysworking normally The speci cationfor the
modeswill be developedin threesteps,eachstepadding
moredetailto the previousone.

First Stage. Our rst attemptat a speci cation of the
erroneoudehaior is givenby the TMSC expression:

Slerr = TS; (T6 :FT'?:FTS)a
whereTs, Ts, T7 and Ty areasshawn in Fig. 6.

In the error mode,C' rsts recevesthe messageg, w
and s, and performsthe local-actionerror to indicatethat
an undesirablecondition hasoccurred(TMSC 75). This
can eitherbe a malfunctioningof the pump supplyingthe
boiler with water(andcorrespondso the local-actionP-flt
on C's axisin Tg), or it may be a troublereportedby W,
indicatingthatthe the waterlevel is reachingthe maximal-
limits Q1 or @), or thatthereis a problemwith the water
level measuringdevice. Lev-flt (77) andW-flt (73) arethe
local-actiongperformedby C, in thesetwo cases.

In casethe pumpis malfunctioning,C' entersan emer-
gency stop mode(by performingthe local-actionstop): it
sendsa stop messagéo the physicalunits,anditself termi-
nates.This scenarids depictedin 75. At this stagethisis
theonly erroneoudbehaior thatwe model;we indicatethe
possibility of the otherfaults (in 77 andT3), but the sub-
sequenbehaior in thosecasesds left unspeci ed. 77 and
Ts thusdepictpartial scenarios, thatwill be elaboratedn
subsequerdtages.

Second Stage. We will now specifythe behaior of the
boiler control, if the maximallimits are approached.We
suggestwo possibilities: in the rst, whenan analysisof
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w by C' indicatesthat either @, or @5 is approachindin-
dicatedby the local-actionsapprl and appr2, in 7y and
Tio respectrely), the systemgoesinto an emegeng-stop
mode;in thesecondwe still gointo theemegeny modein
casehelowerlimit @, is reachedbutif theupperlimit Q-
is beingapproachedwe may makeuseof the valve (used
primarily in the initial stages)o quickly drain out an ap-
propriateamountof water (throughthe local-actionopen-
vlv), andthusensurecontinuity of operation.Which alter
native to take will dependon a more detailedanalysisof
the system:how long the boiler canstayin this erroneous
modebeforethe conditionbecomeslangeroushow fastthe
valve candrainoutthewater whatis themaximumtime the
boiler-controllerC maytaketo nish onecycle of its oper
ation etc. Designdecisionswill be basedon theseconsid-
erations,and an appropriatechoicemay be madeat a later
stage.

The possiblecontroller behaior in casethe maximal
limits arereacheds thengivenby:

Str = ToF (Tho® Thh)

whereTy, 119 and7; aregivenin Fig. 7.

We have thuselaboratean the partial scenariadepicted
in 77, andit maybeshovnthat77 Chus Si.r

There ned speci cationobtainedin the secondstageis
givenby:

S2err‘ = TS; (T6 + SLF + TS)

As our semanticsis compositional, it follows that

Slerr Emust S2err-

P w c s P w C S
Lev-
fit W-flt
17 13

malfunctioning of the pipe

Third Stage. We now turn our attentionto the errorcon-
dition thatarisedrom themalfunctioningof thewaterlevel
indicator Once again,we will proposetwo possiblere-
sponsedgo this problem. A simplesolutionwould beto let
the boiler control go into the emegeng-stop modewhen
this occurs. Ty» in Fig. 8 depictsthe correspondingsce-
nario. Theprogranmterminatesandhasto berestartedvhen
thewatermeasuringuinit hasbeenrepaired A moresophis-
ticatedandfault-tolerantsolutionwould be to continuethe
operationby estimatingthe waterlevel by a computation
which is donetaking into accounthe maximumdynamics
of the quantityof steamcomingout of the boiler. This cal-
culationmayhave to assumehatn unitsof water supplied
by thepumpsaccounfor exactly thesameamountof boiler
contentd.e. thereis nothermalexpansion.Thecalculation,
to be performedby the boiler control, is indicatedby the
local-actionlev-calc in TMSC Ti3. Theresultmay either
indicatethat the waterlevel is within safelimits, asin 75,
T5 or Ty, or thatit is approachingneof the maximallimit
guantitiesasin 77, andappropriateactionneeddo betakes
asproposedn Sy .

Thus,if the waterlevel indicatormalfunctions the pro-
posedbehaior is describedy the TMSC expression:

Tis® (Ts; (I FIs FTu F Sir))

This expressioris anelaboratiorof 7, i.e. Ts Cmust Swr-
The nal speci cationof behaior in theerroneousnodeis
then:

Swr =

Serr = T5;(T6 F SLr F Swr)

Once again, our compositional semanticsensuresthat
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SQerr Emust Serr . ThUS, Slerr Emust SQerr‘ Emust Serr
formsare nementsequence.

Overall Speci cation. We now put togetherthe spec-
i cations of the normalmode andthe erroneousnodeto
gettheoverall speci cationof theboiler controlduringone
cycle of its operation. The choicebetweenthe two modes
is delayedtill the boiler control determinedrom the anal-
ysisof the messagesyhich modeit is goingto operatein.
Accordingly, the overall speci cationis givenby:

S = Snml + Serr

Finally, we may usethe recursve operatorrec to specify
thebehaior of the boilercontroloveranin nite numberof
cycles. Thisspeci cation, Sg¢ is givenby:

Spe = reeX. (T, (TeFTsFTa); X 1)
F15; (T F (2)
To F (Tho® (Th; X)) F (3)
(Tro® (Tia; (T F T3 F Tu); X (4)
FTo F (T @© (1115 X)))))) ®)
) (6)

To describethein nite behaior of the boiler control, dur-
ing ary cycle, we let the speci cationmave on to the next
cycleif the currentoneeitherinvolvesnormaloperationor
if the error conditionis handledwithout stoppingthe oper
ation; otherwisethe programterminates Within the recur
sive operatoy (1) describeghe normalmode(Sy, ), while
(2) through (5) describethe erroneousmode of operation
(Serr). Speci cally, (2) handlesthe malfunctioningof the
pipe controller, (3) handlesthe casewhenthe waterlevel
reacheghe dangeroudimits, while (4) and (5) dealwith
themalfunctioningof thewaterlevel indicator

It may also be notedthat the expressionSgc may be
re ned further, aseachd operatorpresentslternatvesfor
eventualimplementatiorbehaior.

The nal speci cationof the steam-boilecontrolis thus
fairly comple, andit would have beendif cult (andalmost
impossiblefor morecomplex systems}o expressthis com-
plete behaior in a single attempt. However, partial sce-

narios,togethemwith our re nementnotion, supportsa sys-
tematicdevelopmentof suchspeci cations,wherewe may
focuson only certainaspectof systembehaior atatime,
andyet extend speci cationsasnecessaryThis e xibility

is notaffordedby traditionalMSC speci cations.

5. Discussion

Conditional vs Partial Scenarios. In the preced-
ing two sections,we have looked at two complementary
styles of requirementsmodeling using TMSCs. In the
constraints-basegpproachwe modela distributedsystem
bottom up from its largely independensub-systemsand
theneliminate undesirablexecutionsequenceby impos-
ing constraintsin the form of conditionalscenarios. The
elaboration-styleapproachon the other hand,is ideal for
systemavhosebehaior is fairly comple, andhences best
speci ed by extending partialexecutionsequencem anin-
crementamanner

Large systemsshouldideally be built in a step-by-step
ratherthanad-hocmannerandthusareidealfor anelabora-
tion style of developmenthowever, partsof thesystemmay
have a functionality that is bestre ected by the architec-
tural style, asin the ARSS,and conditionalscenariosnay
be usedto appropriatelyconstrainthe way the sub-systems
interact.

Conditionalscenariosand partial scenariosare thusnot
mutually exclusive waysof writing scenario-basespeci -
cations,but they tackletwo differentaspectsn the devel-
opmentof suchspeci cations: the former providesa way
to constrainsystemexecutionswhile the latter facilitatesa
step-wisedevelopmentof complex systembehaior.

Tool Support. In orderto provide practicalsupportto
the methodologiesliscussedbore, we have designedand
implementeda tool namedTRIM [7] that acceptsTMSC
expressionsgconstructghe correspondindpehaioral mod-
elsin the form of acceptancérees,and canalso checkif
a given TMSC expressionis a refinement of another We
have performeda numberof interestingcase-studiessing
TRIM, including the two presentedn this paper TRIM is
basedon the Concurreng Workbench(CWB) [8, 17] and
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Figure 8. Erroneous Condition: malfunctioning of the water-level indicator

theProcessAlgebraCompiler(PAC) [16].

6. Conclusions

We have presentedwo re nement-basedequirements
modelingmethodsthat utilize conditionaland partial sce-
narios supportedby the TMSC language. Thesemeth-
odsallow usto build speci cationsthroughsuccessie re-
nements, either by imposingconstraintson the way sub-
systemsinteract, or by extending partial behaior. Each
methodhas beenillustrated by a concretecase-studyto
highlightits practicalusefulness.

For future work, we would like to investigatethe gen-
erationof deterministicstate-machinbaseddescriptionof
individual instancedrom scenario-base@MSC speci ca-
tions.

Acknowledgements:We would like to thankDr. Con-
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it.
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