
Refinement-Based Requirements Modeling Using
Triggered Message Sequence Charts

Bikram Sengupta Rance Cleaveland

Department of Computer Science
SUNY at Stony Brook

Stony Brook, NY 11794-4400, USA
Fax:1-631-632-8334�

sbikram,rance � @cs.sunysb.edu

Abstract

Triggered Message Sequence Charts (TMSCs) are a vi-
sual, mathematically precise notation for capturing system
requirements as conditionaland partialscenarios. 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�cations in 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

TriggeredMessageSequenceCharts(TMSCs)havebeen
proposedin [20] asa scenario-basedvisual formalismfor
distributedsystems.TMSCsallow usersto integratepre-
scriptive (“do this”) andconstraint-based(“don't do that”)
systemrequirementswithin acommonframework,andsup-
portsa mathematicallyprecisenotionof whenonerequire-
ment speci�cation refines another. Basedon the well-
knownMessageSequenceCharts(MSCs)notation[3], TM-
SCsenrich the expressivenessof scenario-basednotations
throughsyntacticallysimplebut semanticallypowerful ex-
tensionsto MSCs.

MSCs are widely used in capturing system require-

mentsin the initial stagesof systemdevelopment,when
many design-relatedissuestypically remainunresolvedand
not all eventual implementationscenariosmay be known.
However, semantically, MSC speci�cationsas typi�ed in
[3, 14, 18], are interpretedas deterministic and complete,
and requireimplementationsto exhibit exactly the execu-
tion sequencestheMSCsexhibit. As aconsequence,MSC-
basedearly-stagespeci�cationscanonly captureexact be-
havior (“do this, andonly this”), and substantialburdens
areimposedon the requirementselicitation process,since
completebehavior must alsobe re�ected in the setof re-
quirements.

TMSCsrepresentanattemptto bridgethis gapbetween
the semanticde�nition andthe practicaluseof MSCs. At
theheartof TMSCslie conditional scenarios, which repre-
sentrequirementsthatconstrainsystembehavior onlywhen
certain “triggering behaviors”, are observed; and partial
scenarios, which permit usersto leave aspectsof system
behavior unspeci�ed.Thetheoryis alsoequippedwith are-
�nement orderingthatdetermineswhenonespeci�cationis
a “correctelaborationof” another, by correctlyadheringto
prescriptive andconditional-scenarioconstraintsandprop-
erly “�lling in” unspeci�edbehavior in partialscenarios.

Thegoalof thispaperis to illustratehow theTMSCthe-
ory of [19], andthenotionsof conditionalandpartialsce-
nario coupledwith scenariore�nement, provide practical
supportfor two differentstylesof requirementsmodeling.
In the �rst, conditionalscenariosareusedto eliminateun-
desirablebehaviors in a simple basesystemspeci�cation.
In the second,partial scenariosare usedin supportof an
elaboration-basedspeci�cationstylein whichsuccessivere-
�nements de�ne systembehavior in responseto different
executionconditionswhile leaving othersunde�ned. We
introduceeachmethodologyvia acasestudyandshow how
TMSCssupporta separationof designconcerns.

Therestof thepaperis organizedasfollows: in Section2



we presenta brief overview of thesyntaxandsemanticsof
TMSCs. The following sectionpresentsour �rst require-
mentselicitation methodbasedon the useof conditional
scenariosto constrainsystembehavior; this is accompanied
by an appropriatecase-study. The next sectiondescribes
the useof partial scenariosin facilitating a step-wisede-
velopmentof speci�cations;a secondcase-studyservesto
illustratethis method.Section5 contraststhetwo methods
anddiscussesTMSC tool support,while Section6 presents
conclusionsanddirectionsof futureresearch.

2. Overview of TMSCs

We begin by presentinga brief overview of the syntax
andsemanticsof TMSCs.For details,theinterestedreader
is referredto [20], from which thissectionis adapted.

Visual syntax. Graphically, we representTMSCsasin
Fig. 1. Therearetwo new featuresin the visual syntaxof

��� ��� ���
a

b

c

d
la

Figure 1. An Example TMSC

TMSCswhencomparedto traditionalMSCs. The �rst is
thehorizontalline runningthroughtheinstanceswhichpar-
titionsthesequenceof eventsonaninstance'saxisinto two:
the�rst subsequence,locatedabove theline, constitutesthe
instancestrigger, and the secondsubsequence,below the
line, constitutesits action. This partition, in effect, forms
the basisof a conditional scenario: for eachinstance,the
executionof theactionis conditionalon the occurrenceof
the trigger. In otherwords,thebehavior of the instanceis
constrainedto its actiononly whenit hasexecutedits trig-
ger; otherwise,thereareno restrictions. The secondnew
featurein a TMSC is the presence/absenceof a small bar
at thefoot of eachinstance.Thepresenceof sucha bar (as
in instance

���
in Fig 1) indicatesthat the instancecannot

proceedbeyondthis point in theTMSC, while theabsence
(asin instance

�
	
) meansthat thebehavior of this instance

beyond theTMSC is left unspeci�edi.e. thereareno con-
straintson its subsequentbehavior. Sucha scenariois thus
partial, andmaybeextendedin future.

TheTMSCin Fig.1maybereadasfollows:

If
���

sends� to
�
	

, thenit shouldreceive � from
�
	

andterminate;if
�
	

receives � from
���

and � from���
in any order(the dashedbox on

�
�
's axis is a

co-region, which allows incidenteventsto beor-
deredarbitrarily),thenit shouldsend� to ��� and �
to
� �

, andits subsequentbehavior is left unspec-
i�ed; if

� �
sends� to

�
	
andreceives � from

�
	
,

thenit shouldperformthelocal-action��� andter-
minate.

The trigger/actionrequirementsare thus localizedto each
instance.Also, thetrigger(action)of oneinstancemayde-
pendon theaction(trigger)of anotherinstancein a TMSC,
which resultsin messagescrossingthe horizontal line as
shown in Fig 1. Finally, it may be notedthatan MSC �
correspondsto a TMSC ��� depictingthe samescenario,
whereeachinstancein ��� hasan emptytrigger, andeach
instanceterminatesin ��� .

Abstract Syntax. Mathematically, aTMSC � is atuple������� �"!#�
trig
�
act
�
term $ , where:

1.
�

,
�

and
!

are�nite setsof instances, messages and
local action names, respectively.

2. Trigger function trig, andAction function act mapan
instanceinto thesequenceof co-regionsthatmakeup
the trigger andactionrespectively, of that instancein
�

3. term % � is the terminating set andcontainsthosein-
stanceswhichterminateuponperformingtheiractions.

TMSC Expressions.SingleTMSCs,asdepictedabove,
serve as the basic building blocks for structuredsystem
speci�cations.An algebraof operatorsis usedto generate
largerspeci�cationsout of subspeci�cations.Theresulting
terms,whicharereferredto asTMSC expressions, have the
following syntax:

& '('*) � (singleTMSC)+ ,
(variable)+ &.-/&
(parallelcomposition)+ &102&
(delayedchoice)+ &435&
(sequentialcomposition)+ 6�7 � ,98 & (recursive operator)+ &1:2&
(internalchoice)+ &1;<&
(logicaland)

TheTMSC languageoffersa selectionof “behavioral” and
“logical” operators(asopposedto purely behavioral con-
structstypically usedin MSC speci�cations)to facilitatea
structuredapproachto requirements management whereby
compositerequirementsaregeneratedby interweaving pre-
scriptive and constraint-basedrequirements.

-
,
0

, ; and6�7 � , falls into thebehavioral category,
;

is a logical con-
struct,while

:
falls into both categories. The

-
operator

runstwo TMSCexpressionsin parallel.
& � 0=& 	

represents
the“deterministicchoice”between

& �
and
& 	

while
& � :>& 	
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representsthenondeterministicchoice:a successfulre�ne-
ment can chooseeither. In this respect

:
hasovertones

of logical disjunction.
& � 35& 	

denotestheasynchronous se-
quentialcomposition[18] of

& �
and
& 	

. Therecursive op-
erator, rec allowsusto modelin�nite behavior of processes,
whereanew executioncyclestartswheneverthereis arefer-
encewithin

&
, to thevariableusedin therecursivede�nition

(say
,

). Finally,
& � ; & 	

representsthelogicalconjunction
of
& �

and
& 	

, i.e. it speci�esa systemthatneedsto satisfy
therequirementsexpressedby both

& �
and
& 	

.
Semanticsof TMSCs. Theformalsemanticsof TMSCs

is basedon acceptance trees andthemust preorder of [11].
Thesemanticsis describedin detailin [19], andit is beyond
thescopeof this paperto revisit it. Intuitively, however, an
acceptancetreeof a systemis a function which mapsse-
quencesof events(thatmayariseduringsystemexecution)
to acceptance sets. An acceptancesetof a system

�
, after

anexecutionsequence� , is ameasureof non-determinism:
for eachstate of thesystemthatis reachableby � from the
startstateof

�
, �#�
��� � � ��� , theacceptancesetof

�
after � ,

containsthe eventsthatareenabledin that state,ie. those
eventswhichmaybeperformedfrom thatstate.

Themust preorder, whicharisesin thetheoryof process
testinggiven in [11], relatestwo systemson the basisof
theirrelativenon-determinism,andmaybecharacterizedin
termsof acceptancesets.Giventwosystems

� �
and

� 	
with

acceptancetrees�
	 � ��� and �
	 � 	
� respectively, we saythat� ���
must

� 	
, if andonly if for all executionsequences� ,

�
	 � ��� ���������
	 � 	�� ����� .
Thesemanticsof theTMSC languageis basedon inter-

pretingindividual TMSCsasacceptancetrees:a TMSC is
essentiallytreatedasa non-deterministicchoiceof all be-
haviors violating the trigger, togetherwith thosein which
thetrigger is satis�ed,and“progress”is madeon perform-
ing theaction.This treatmentthenservesasa basisfor in-
terpretingtheTMSC expressionoperatorsandfor translat-
ing TMSC expressionsinto acceptancetrees.As a byprod-
uctof thisapproach,weimmediatelyobtainare�nementor-
deringbasedon themust preorder asoutlinedabove: given
two TMSC expressions

& �
and
& 	

, we say
& 	

is morere-
�ned than

& �
, written

& ���
must
& 	

, if
& 	

in effect includesa
subsetof thenondeterministicbehaviors of

& �
. Oneof the

usefulpropertiesof ourTMSCsemanticsis thatit is compo-
sitionalin thesensethatwe mayre�ne a TMSCexpression
by re�ning its subexpressions.

Related Work: TMSCs combinethe intuitive appeal
of visual languages with the mathematicalrigor of formal
methods, approacheswhichhavegainedwideacceptancein
requirementsengineering.Scenario-basedvisuallanguages
are often usedfor requirementselicitation, andmay later
leadto a speci�cationgivenasastatechart-likemodel[22].
RSML[15] combinesastate-basednotationsimilartostate-
chartswith a tabularnotationfor transitionde�nitions. An-

otherformal tabular notationwidely usedis SCR[10]. Of
direct relevanceto our work, [13], [9], [21] have all pro-
posedtrigger-like preconditionoperatorsfor scenariosin
differentcontexts. The interestedreaderis referredto [6]
for a comparisonof theseapproacheswith TMSCs.

3. Conditional Scenarios: Constraints Based
Requirements Elicitation

Many distributedsystemsarefunctionally composedof
architectural components i.e. groupsof unitswhosebehav-
iors aresuf�ciently independentto bemodeledin isolation.
Thefunctionalityof thedistributedsystemmaythenbede-
scribedby appropriatecompositionof thesesub-systems.
Most systems,however, alsoneedto preserve somesortof
globalsafety properties,which mayimply thatsomeof the
execution tracesproducedby the unconstrainedcomposi-
tion of the behaviors of the sub-systemsare undesirable.
Thus we needto imposeconstraintson the way the sub-
systemsinteract to preserve the intendedbehavior of the
overall system.

The speci�cation requirementsdescribedabove �nd a
naturalexpressionin the TMSC language. We �rst give
a simple de�nition of the behavior of eacharchitectural
componentin isolation, and then “glue” thesespeci�ca-
tionstogether, to obtainacoarse speci�cationof theoverall
system-behavior. Note that the althoughthe scenariosde-
scribingthe basicbehavior of the componentsmay be de-
terministicandmay look like normalMSCs,a sub-system
speci�cation may be non-deterministic(e.g. may involve
a non-deterministicchoice): how the sub-systembehaves
during a systemrun may dependon the context, i.e. its
interactionwith the restof the system. Oncethe descrip-
tion of thebasicsystembehavior is in place,we can“walk
through” this speci�cation to determineif thereareunde-
sirableexecutiontracesthat may be generated.If so, we
useconditional scenarios to “weed-out” the incorrectexe-
cutionsequences,andrefine the initial coarsespeci�cation
by addingtheseconstraintsusingthe

;
operator.

There are a number of advantagesto this approach.
Firstly, by identifying thearchitecturalcomponents,we can
focusonspecifyingthebehavior of smallersystemsto start
with. Secondly, eachsuchsub-speci�cation,in effect, be-
comesa descriptionof the interface of anunit with respect
to the othersin that sub-system.Thirdly, the combination
of the behaviors of the sub-systemsleadsto a clearerun-
derstandingof how the behavior of the overall systemis
derived. Finally, the conditionalscenarios,addedin later,
explicitly representthe behavior requiredof the systemto
thedifferenttriggering conditionsthatmayarise.

The above strategy thusoffers greater�e xibility in re-
quirementselicitation comparedto deterministic MSC-
basedapproaches,althoughit wouldstill scalecomparably
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with the latter. The following case-studywill illustratethe
pointsmadeabove.

Automated Resuscitation and Stabilization System

We presenta genericdescriptionof the behavior of an
AutomatedResuscitationandStabilizationSystem(ARSS),
which is integratedwith many medicaldevices nowadays
(e.g. [1]) to automaticallytrack a patient's blood pressure
andadd�uids asnecessaryto stabilizethepatient's condi-
tion.

Physical Units. The systemconsistsof a blood pres-
suremeasuringdevice( � ), aninfusionpump(

�
), adisplay

andalarmunit ( ��� � ) anda softwarecomponent( � ) that
controls the resuscitationprocess. It is assumedthat the
care-giver hasprovided � with a target bloodpressurefor
thepatient; � is to periodicallypoll thecurrentpressureof
thepatient,andmaintainasuitable�o w-ratethroughthein-
fusion pumpuntil the patient's blood pressurereachesthe
targetvalue,andhis/herconditionstabilizes.Eachof � ,

�
and ��� � interactsonly with � , andnot with eachother.
The interactionof � with any oneof theseunits may thus
bemodeledin isolationof therestof thesystem.
� operatesin cycles andcommunicateswith eachunit

duringacycle. Wedistinguishbetweentwo kindsof cycles:
terminating and non-terminating. A terminatingcycle is
onewhere � determinesthat the patient's blood-pressure
hasreachedthetargetvalue,sothe�uid-infusion maystop.
All otherbehaviors constitutea non-terminatingcycle, and
� hasto set the �uid-rate to the appropriatevalueduring
suchcycles.

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

R and B. The possibleinteractionsbetween� and �
aredepictedin TMSCs � � , � 	 and � � . � sendsa query
messageto � and � respondsby eithersendingthecurrent
blood-pressurep-val to � (asin � � and � � ), or sendingan
errormessagep-err to � (asin � 	 ) in casetherewasaner-
ror in readingthepressure(e.g.if thepressuresourceis lost
for somereason).If thecorrectpressurevalueis obtained,
then � comparesthis valuewith the target valueandper-
formsthelocal-actionls ( � � ) if thecurrentpressureis less
thanthe target,or the local-actioneq ( � � ) if the two pres-
surevaluesare the same. � � thusdepictsthe interaction
between� and � duringa terminatingcycle; the possible
interactionsduringa non-terminatingcycle is givenby the
TMSC expression��� = � � 0 � 	 . We use

0
becausethe

choicebetween� � and � 	 is delayed until � sendseither
p-val or p-err.

R and P. � maysendthreetypesof messagesto
�

:(i) f-
rate ( ��� ) is the�o w-rateat which thepumpshouldsupply
�uids to the patient; � computesf-rate by the local-action
comp (ii) default ( �	� ) is a pre-determinedsafe �o w-rateat

whichthepumpmayoperatein case� is unableto compute
the correct �o w-rate and (iii) stop ( ��
 ), which instructs�

to stop the infusion. In eachcase,
�

respondsto these
messagesby performingappropriatelocal-actionsto adjust
the�o w. �	
 arisesonly duringtheterminatingcycle. The
speci�cationfor a non-terminatingcycle is givenby � � =� � : � � ; here

:
is usedbecausewhether� cancorrectly

computethe�o w-rateor notdependsonfactors(in thiscase
� 'sinteractionwith � ) whichareoutsidethepurview of the
interactionbetween� and

�
.

R and D/A. � may interactwith ��� � in the follow-
ing ways:(i)undernormaloperatingconditions,� sendsthe
currentpressurevaluep-val and�o w-ratef-rate for display
to ��� � . Thisscenariois depictedin ��� (ii) if theimmedi-
ateattentionof the care-giver is required,then � instructs
��� � to soundanalarmof type1 ( ��
 ) and(iii) if theblood-
pressureof the patienthasreachedthe desiredvalue,then
� asks��� � to displaythecurrentpressure,andinform the
care-giver by analarmof type2, sothatthecare-giver may
decideon thenext courseof action. ��� representsthis ter-
minatingbehavior. Theinteractionbetween� and ��� � for
othercyclesis expressedby ����� = ��� : � 
 . As before,:

is usedasthe choicewill be madeinternallyby � , de-
pendingon its interactionwith therestof thesystem.

BaseSpeci�cation. We will now glue togetherthe be-
haviors describedabove to obtainan initial basespeci�ca-
tion of theoverall system.� beginseachcycle by querying
� aboutthe currentblood-pressureof the patient. It sub-
sequentlysendsmessagesto

�
and ��� � (the exact order

of themessagesmayremainunspeci�edin this early-stage
systemdescription)to controlthe�o w-rateof thepumpand
to displayappropriatemessagesor warnthecare-giver. For
anon-terminatingcycle,aninitial speci�cationis thusgiven
by

� � ) ��� 3 ��� � - ����� �) ��� � 0 � 	 � 3 � ��� � : � � � - ����� : � 
 � �
If theblood-pressurereachesthetargetvalue( � � ), then

� asks
�

to stopthe �o w ( � 
 ) andalsosetsoff an alarm
in the ��� � unit to inform the care-giver ( � � ). Thus the
terminatingbehavior maybedescribedby

� ) � � 3 � 
 3 � �
The choice betweenterminatingand non-terminatingbe-
havior is delayeduntil � determineswhetherthe current
pressureand the desiredpressurevaluesare equalor not.
Hencetheoverall basespeci�cationis:

� & ) � � 0 �) � � � � 0 � 	 � 3 � � � � : � � � - � ��� : � 
 � �
�0 ��� � 3 � 
 3 � � �
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default

dflt

R

stop

stop-f

set-f

R P P
P

comp

f-rate

��� ��� ���

R B B

query
query

p-err

R R B

query

eq

��� ��� ��	

p-val p val

ls

R D/A

p-val

alrm2

R D/A

alrm1

R D/A

p-val

��
 ��� ���
f-rate

Figure 2. Basic interaction between R, B, P and D/A

R B P D/Aquery

set-f

R B P D/Aquery

p err

default dflt

alrm1

p-val

p-val
f-rate


 � 
 �
f-rate

comp

ls

Figure 3. TMSCs representing constraints on ARSS

Constraints. The basespeci�cation describedabove
givesa “high-level” view of how thedifferentsub-systems
interact; however, by leaving out low-level details (e.g.
what causes� to choose� � over � � , or vice versa,in
aglobalexecutionsequence),thespeci�cationbecomestoo
permissive; for example, it allows � to soundthe type 1
alarmeven when � hascorrectly readthe pressure.This
is becausethe basespeci�cation is obtainedby gluing to-
getherseveral local views,andhenceis relatively coarse in
its ability to describeglobalsystemrequirements.

This is where TMSC basedconditional scenariosare
useful: we weed out the undesirableexecutionsequences
by appropriatelyconstrainingsystembehavior underdiffer-
ent triggering conditions. � � and � 	 (Fig.3) are two re-
quirementsweplaceonthesystemunderconsideration.� �
constrainsthesystembehavior whenthebloodpressurehas

beenreadcorrectly, andensuresthat the correct�o w-rate
is computedanddisplayedwhen this happens.Similarly,
� 	 ensuresthat if � haslost the pressuresource,thenthe
��� � unit soundsthealarmto warnthecare-giver, while

�
maintainsasafe�uid-infusion ratetill helparrives.Wethen
refine our basespeci�cationby addingin theseconstraints
to geta re�ned speci�cationRS:

� & ) �
� � � � � 0 � 	 � 3 �
����� : �	� � - � ��� : ��
�� �
�; � � ; � 	 �
� 0 � � � 3 � 
 3 � � �
It maybeshown that � & � must � & .

Overall Speci�cation. The overall ARSS speci�cation
maynow beobtainedby consideringits behavior over mul-
tiple cycles;thesystemcontinuesto supply�uid to thepa-
tient at an appropriaterate till his blood-pressurereaches
thedesiredvalue,whentheexecutionterminates.Thusthe
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� � ���� ��� ��� ��	

��
 ���

;




Figure 4. A graphical notation for TMSC Expression
� �

�nal speci�cationis givenby:
� & ) 6�7 � ,98 �
� � �
��� � 0 � 	 � 3 �
����� : �	� � -

����� : ��
 �
� � ; � � ; � 	 � 3 , � 0 ��� � 3 �	
 3 �	� � �
Finally, TMSC expressions,representedby processal-

gebraicterms,may becomevisually complex. In orderto
makethe syntaxmore appealing,practitionersmay usea
simplevisualsyntax,whereTMSC subexpressionsmaybe
representedby boxes,andcircularnodeslabeledby TMSC
operatorsmaybeusedto connectthemto constructTMSC
expressions.Recursionwould thencorrespondto loopsin
sucha graph. A visual notationfor the TMSC expression� � = � � � 0 � 	 � ; �
��� � : � � � - ���	� : � 
 � � , is shown
in Fig. 4.

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

MSCbasedspeci�cations,asmentionedin Section1,are
expectedto bedeterministic andcomplete. Thisimpliesthat
all aspectsof the systembehavior have to be clearly, and
moreimportantly, completely, speci�edto startwith. How-
ever, it is oftenvirtually impossibleduringtheearlystages
of systemdevelopmentto be ableto describenot only the
normative behavior of thesystem,but alsothedifferenter-
ror conditionsthatmayarise,andhow to handleeach.As
aresult,this leadsto anunsystematicwayof designingsys-
tems:we startwith aninitial speci�cation(which,semanti-
cally, is supposedto be complete),discover new scenarios
thatmayarise,andmakeadhocchangesto theinitial spec-
i�cation to geta new speci�cationwhichmaynothave any
coherentrelationshipwith the former. Indeed,thenew be-
haviorsmaycon�ict in subtleandundesirablewayswith ex-
istingspeci�edbehavior; suchfeature interactions arenoto-
riouslydif�cult to uncover andcorrectin traditionalsystem
speci�cationnotations.Moreover, it mayverywell turnout
that even this new speci�cation doesnot depictall possi-
ble scenarios,andso is again“tampered”with. Suchun-
planneddevelopmentis anunfortunateoutcomeof attempt-
ing to specifyeverythingatonce;it notonly carriestherisk

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

TMSCsaddresstheabove problemby allowing speci�-
cationsto be partial. This is achieved throughthe useof
partialscenarios,which describean incomplete interaction
sequencebetweeninstances.Semantically, thebehavior of
thesystembeyond thatdepictedin thescenario,is left un-
speci�ed, i.e. therearenoconstraintson its subsequentbe-
havior. Suchan approachhasmany advantages.For ex-
ample,we mayspecifysystemsincrementally, by describ-
ing only a partof its behavior to startwith, andthenadding
moreandmoredetailin subsequentsteps.Eachnew speci�-
cationis thenanelaborationof thepreviousone,andrepre-
sentsa refinement of thesystembehavior. Thus,in the�rst
step,we may describethe normative operationof the sys-
tem, with simple“stubs” for the abnormalconditionsthat
canarise;then,in subsequentre�nements,we may“�ll in”
the stubs,by de�ning what the systemshoulddo to han-
dle the correspondingerror condition. Moreover, in case
we decideto changethe recovery actionin responseto an
error, we are,in effect, only consideringa differentre�ne-
mentto theoriginal speci�cation,ratherthanproposingan
entirely new speci�cation,with no relationshipto the for-
mer. In otherwords,we areonly backtracking a few steps
in there�nementsequenceandthenprogressingin adiffer-
entdirection.Sucha stepwisedevelopmentgreatlyreduces
thepossibilitiesof errorsseepinginto thespeci�cation.The
useof stubsmakesit clearwherea certainchangehasto be
madeif theneedarises,andleadsto speci�cationsthatare
easyto maintain.

[5] describesa framework basedon theSCRtabularno-
tation that also separateserroneousand normal behavior
duringrequirementsspeci�cation.Themainmotivationbe-
hind suchapproachesis to facilitatea separationof design
concerns;as such,our methodalso hasconnectionswith
aspect-oriented softwaredevelopment[12], whichprovides
usefulabstractionsfor representing“cross-cutting”design
idiomsin a scalablefashion.Whensystembehavior canbe
thoughtof in termsof “cross-cutting”layersof concerns,
the methodoutlined above would allow such systemsto
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scale: addinga new behavior canbe achieved with mini-
maldisturbanceto anexisting speci�cation.

Wewill now illustratethesenotionsvia a casestudy.

Steam-Boiler Control Specification

Wepresentthespeci�cationof asteamboilercontrol[4]
using TMSCs. The descriptionthat follows is along the
lines of the informal text available at [2]; however, [2] is
signi�cantly biasedto a particular implementation,while
our descriptionof theboiler operationis moregeneral.For
brevity, wehavealsomadecertainsimplifying assumptions.

Physical Units. Thesystemconsistsof thesteamboiler,
apump(with controller

�
) to providetheboilerwith water,

adevice(with controller � ) to measurethequantityof wa-
ter in the steam-boiler, anotherdevice (with controller

&
)

to measurethe quantityof steamwhich comesout of the
steam-boiler, anda valve for theevacuationof waterin the
initial phase. The controller(� ) for the boiler, communi-
cateswith

�
, � and

&
.

The boiler hasa total capacityof � units. Thereis a
minimal quantity, say, � � units, of waterin theboiler, be-
low which theboilerwouldbein dangerif steamcontinued
to comeout at its maximumquantitywithoutsupplyof wa-
ter from the pump. Similarly, thereis a maximal quantity,
say � 	 units,of waterin thepump,above which theboiler
would be in dangerif the pump continuedto supply wa-
ter without thepossibility to evacuatethesteam.Thereare
alsoa minimal normal quantity

� �
, anda maximal normal

quantity
� 	

, of waterto bemaintainedin theboiler during
regularoperation.Obviously, � ��� �>� and

� 	�� � 	 .
In theinitial phase,thequantityof waterin theboiler is

adjustedso that it is between
� �

and
� 	

. This is doneby
usingthepumpto supplywaterto theboiler, or by usingthe
valve to drainoutwaterfrom theboiler, asappropriate.For
brevity, we will not includethis phasein our speci�cation.

Oncetheinitial phaseis complete,thesystemstartsop-
eratingin a cycle anda priori, doesnot terminate.During
eachcycle, theboilercontrolprogramperformsthefollow-
ing actionsin sequencea) receivemessagesfrom

�
, � and&

b) analyzeinformationthathavebeenreceivedc) transmit
messagesto

�
, � and

&
.

Normal Mode. In the normalmode,the water-level in
theboiler is between

� �
and

� 	
, andall thephysicalunits

areoperatingcorrectly. As soonasthewaterlevel falls be-
low

� �
, or risesabove

� 	
, thelevel is adjustedby thepro-

gramby switchingthepumpon or off. Theappropriatede-
cisionis takenonthebasisof theinformationreceivedfrom
� .

The normal mode of operationis representedby the
TMSCexpression

&����
	 ) � � 3 � � 	 0 � � 0 � � �

wheretheTMSCs � � , � 	 , � � and � � areshown in Fig.5. In
� � , � performsthe local actionnml whenthemessages� ,
� and � indicatethatall thecorrespondingunitsareoperat-
ing normally, andthewater-level is within thesafelimits. �
thendeterminestheactualwaterlevel from � . If this water
level is betweenthenormallimits of

� �
and

� 	
, indicated

by the local-actionbt12, then � sendsout the message
��
to all thephysicalunits. If thewaterlevel is below

� �
(cor-

respondingto thelocal actionls1), then � sendsa message
pump-on to

�
to switchon thepump,which

�
doesby per-

forming the local-action 
�� ; else,if the level is above
� 	

(correspondingto the local-actiongr2), then � asks
�

to
switchoff thepump,and

�
doessoby thelocal-actionoff.

Err or Modes.Wewill considerthefollowingconditions
to beerroneousandrequiringappropriaterecovery actions:

� The message� from the pump-controller
�

indicates
thatthepumpis malfunctioning

� The message� from the controller � indicatesthat
eitherthewater-level is approachingtheunsafelimits
� � or � 	 , or thatthedevice is malfunctioning.

For simplicity, we will assumethatthesteammeasuring
unit is alwaysworking normally. Thespeci�cationfor the
modeswill be developedin threesteps,eachstepadding
moredetailto thepreviousone.

First Stage. Our �rst attemptat a speci�cation of the
erroneousbehavior is givenby theTMSCexpression:

&�������� ) � � 3 � � 
 0 � � 0 � 
 � �
where� � , � 
 , � � and � 
 areasshown in Fig. 6.

In the error mode, � �rsts receives the messages� , �
and � , andperformsthe local-actionerror to indicatethat
an undesirablecondition hasoccurred(TMSC � � ). This
caneitherbe a malfunctioningof the pumpsupplyingthe
boiler with water(andcorrespondsto the local-actionP-flt
on C's axis in � 
 ), or it may be a troublereportedby � ,
indicatingthat thethewater-level is reachingthemaximal-
limits � � or � 	 , or that thereis a problemwith the water-
level measuringdevice. Lev-flt ( � � ) andW-flt ( � 
 ) arethe
local-actionsperformedby � , in thesetwo cases.

In casethe pumpis malfunctioning, � entersan emer-
gency stop mode(by performingthe local-actionstop): it
sendsa stop messageto thephysicalunits,anditself termi-
nates.This scenariois depictedin � 
 . At this stage,this is
theonly erroneousbehavior thatwe model;we indicatethe
possibility of the other faults (in � � and � 
 ), but the sub-
sequentbehavior in thosecasesis left unspeci�ed. � � and
� 
 thusdepictpartial scenarios, that will be elaboratedin
subsequentstages.

Second Stage. We will now specifythe behavior of the
boiler control, if the maximal limits are approached.We
suggesttwo possibilities: in the �rst, whenan analysisof
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Figure 6. Error condition: malfunctioning of the pipe

� by � indicatesthateither � � or � 	 is approaching(in-
dicatedby the local-actionsappr1 and appr2, in � � and
� ��� respectively), the systemgoesinto an emergency-stop
mode;in thesecond,westill go into theemergency modein
casethelowerlimit � � is reached,but if theupperlimit � 	
is beingapproached,we may makeuseof the valve (used
primarily in the initial stages)to quickly drain out an ap-
propriateamountof water(throughthe local-actionopen-
vlv), andthusensurecontinuityof operation.Which alter-
native to takewill dependon a more detailedanalysisof
thesystem:how long the boiler canstayin this erroneous
modebeforetheconditionbecomesdangerous,how fastthe
valvecandrainoutthewater, whatis themaximumtimethe
boiler-controller � maytaketo �nish onecycle of its oper-
ation etc. Designdecisionswill be basedon theseconsid-
erations,andanappropriatechoicemaybemadeat a later
stage.

The possiblecontroller behavior in casethe maximal
limits arereachedis thengivenby:

&���� ) � � 0 � � ��� : � ��� �
where� � � � ��� and � ��� aregivenin Fig. 7.

Wehave thuselaboratedon thepartialscenariodepicted
in � � , andit maybeshown that � � � must

&����
There�ned speci�cationobtainedin thesecondstageis

givenby:

&���� � � ) � � 3 � � 
 02& ��� 0 � 
��
As our semanticsis compositional, it follows that&�� ����� �

must
&�� �����

.

Third Stage. We now turn our attentionto theerrorcon-
dition thatarisesfrom themalfunctioningof thewater-level
indicator. Onceagain,we will proposetwo possiblere-
sponsesto this problem.A simplesolutionwould beto let
the boiler control go into the emergency-stop modewhen
this occurs. � � 	 in Fig. 8 depictsthe correspondingsce-
nario.Theprogramterminates,andhasto berestartedwhen
thewatermeasuringunit hasbeenrepaired.A moresophis-
ticatedandfault-tolerantsolutionwould be to continuethe
operationby estimatingthe water-level by a computation
which is donetaking into accountthemaximumdynamics
of thequantityof steamcomingout of theboiler. This cal-
culationmayhave to assumethat � unitsof water, supplied
by thepumps,accountfor exactly thesameamountof boiler
contentsi.e. thereis nothermalexpansion.Thecalculation,
to be performedby the boiler control, is indicatedby the
local-actionlev-calc in TMSC � � � . The resultmay either
indicatethat thewater-level is within safelimits, asin � 	 ,
� � or � � , or that it is approachingoneof themaximallimit
quantities,asin � � , andappropriateactionneedsto betakes
asproposedin

&����
.

Thus,if thewater-level indicatormalfunctions,thepro-
posedbehavior is describedby theTMSC expression:
&�� � ) � ��	 : � � � � 3 � � 	 0 � � 0 � � 0.& ��� �
�

Thisexpressionis anelaborationof � 
 , i.e. � 
 � must
&�� �

.
The�nal speci�cationof behavior in theerroneousmodeis
then:

& ����� ) � � 3 � � 
 0.&����90 & � � �
Once again, our compositional semanticsensuresthat
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& � ����� �
must
& � � �

. Thus,
&
������� �

must
&���� � � �

must
& �����

formsa re�nementsequence.
Overall Speci�cation. We now put togetherthe spec-

i�cations of the normal modeand the erroneousmodeto
gettheoverall speci�cationof theboilercontrolduringone
cycle of its operation.The choicebetweenthe two modes
is delayedtill the boiler control determinesfrom the anal-
ysisof themessages,which modeit is goingto operatein.
Accordingly, theoverall speci�cationis givenby:

& ) & ���
	 0 & ��� �
Finally, we may usethe recursive operatorrec to specify
thebehavior of theboilercontroloveranin�nite numberof
cycles.Thisspeci�cation,

&��	�
is givenby:

& �
� ) 6�7 � ,98 � � � 3 � � 	 0 � � 0 � ��� 3 , (1)0 � � 3 � � 
 0 (2)

� � 0 � � ��� : � � ��� 3 , �
� 0 (3)

� � ��	 : � � � � 3 � � � 	 0 � � 0 � � � 3 , (4)0 � � 0 � � ��� : � � ��� 3 , � �
� �
� � (5)

� (6)

To describethe in�nite behavior of theboiler control,dur-
ing any cycle, we let the speci�cationmove on to thenext
cycle if thecurrentoneeitherinvolvesnormaloperationor
if theerrorconditionis handledwithout stoppingtheoper-
ation;otherwise,theprogramterminates.Within therecur-
sive operator, (1) describesthenormalmode(

& ���
	
), while

(2) through(5) describethe erroneousmodeof operation
(
& � � �

). Speci�cally, (2) handlesthe malfunctioningof the
pipe controller, (3) handlesthe casewhen the water level
reachesthe dangerouslimits, while (4) and (5) dealwith
themalfunctioningof thewater-level indicator.

It may also be notedthat the expression
&��
�

may be
re�ned further, aseach

:
operatorpresentsalternativesfor

eventualimplementationbehavior.
The�nal speci�cationof thesteam-boilercontrolis thus

fairly complex, andit wouldhavebeendif�cult (andalmost
impossiblefor morecomplex systems)to expressthiscom-
plete behavior in a single attempt. However, partial sce-

narios,togetherwith our re�nementnotion,supportsa sys-
tematicdevelopmentof suchspeci�cations,wherewe may
focuson only certainaspectsof systembehavior at a time,
andyet extendspeci�cationsasnecessary. This �e xibility
is notaffordedby traditionalMSCspeci�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-basedapproach,we modela distributedsystem
bottom up from its largely independentsub-systems,and
theneliminate undesirableexecutionsequencesby impos-
ing constraintsin the form of conditionalscenarios.The
elaboration-styleapproach,on the otherhand,is ideal for
systemswhosebehavior is fairly complex, andhenceis best
speci�edby extending partialexecutionsequencesin anin-
crementalmanner.

Large systemsshouldideally be built in a step-by-step
ratherthanad-hocmanner, andthusareidealfor anelabora-
tion styleof development;however, partsof thesystemmay
have a functionality that is bestre�ected by the architec-
tural style,asin the ARSS,andconditionalscenariosmay
beusedto appropriatelyconstraintheway thesub-systems
interact.

Conditionalscenariosandpartial scenariosarethusnot
mutuallyexclusive waysof writing scenario-basedspeci�-
cations,but they tackletwo differentaspectsin the devel-
opmentof suchspeci�cations: the former providesa way
to constrainsystemexecutions,while thelatter facilitatesa
step-wisedevelopmentof complex systembehavior.

Tool Support. In orderto provide practicalsupportto
themethodologiesdiscussedabove, we have designedand
implementeda tool namedTRIM [7] that acceptsTMSC
expressions,constructsthecorrespondingbehavioral mod-
els in the form of acceptancetrees,andcanalsocheckif
a given TMSC expressionis a refinement of another. We
have performeda numberof interestingcase-studiesusing
TRIM, including the two presentedin this paper. TRIM is
basedon the Concurrency 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 presentedtwo re�nement-basedrequirements
modelingmethodsthat utilize conditionalandpartial sce-
narios supportedby the TMSC language. Thesemeth-
odsallow us to build speci�cationsthroughsuccessive re-
�nements,eitherby imposingconstraintson the way sub-
systemsinteract, or by extending partial behavior. Each
methodhas beenillustrated by a concretecase-studyto
highlight its practicalusefulness.

For future work, we would like to investigatethe gen-
erationof deterministicstate-machinebaseddescriptionsof
individual instancesfrom scenario-basedTMSC speci�ca-
tions.

Acknowledgements:We would like to thankDr. Con-
stanceHeitmeyer for her detailedcommentson an initial
versionof thepaper, andhersubsequenthelp in improving
it.
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