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Abstract
UseCasesarea wide-spreadinformalmethodfor speci-

fyingtherequirementsof a technicalsystemin theearlyde-
velopmentphase. Z is a formalnotationwhich aimsto sup-
port, besideothers, thespecificationof early requirements.
In this paper, wedevelopa representationof UseCasesin
Z andapply it to several examples.Our focusis on instru-
mentingthe formalizationfor black-boxtestevaluationin
ExecutableZ, a computationmodelandimplementationfor
Z basedon concurrentconstraint resolution

1. Intr oduction

Use Cases[9] are a wide-spreadinformal methodfor
specifying the requirementsof a technicalsystemin the
earlydevelopmentphase.They provide a methodologyfor
theloosebut neverthelesssystematicdescriptionof aspects
of a system’sbehavior. Z [8, 10] is a formalnotationwhich
aimsto support,besideothers,thespecificationof earlyre-
quirements. CombiningUse Casesand Z is thereforean
interestingexperiment:from UseCaseswe mayinherit the
methodology– from Z, we inherit a formal meaning,and
thusthepossibilityto applytoolsfor consistency checkand
validation.

In this paper, we develop a shallow encodingof Use
Casesin Z andapply it to several examples.As a surplus
of our approach,we getconsistency checksby Z toolssuch
astypecheckers. However, our focusin instrumentingthe
formalizationis on black-boxtestevaluation: givenasetof
UseCasesin Z, someinput datadescribinga test-case,and
the outputdatafrom a run of the system’s implementation
on the given input, we checkby executingthe UseCases
whethertheimplementationconfirmsto therequirements–
asfar asthey areformalized.To this end,we usetheZAP
(version2) plugin of theZETA tool environment[2] which
allowsfor theexecutionof significantpartsof theZ notation
usingconcurrentconstraintresolutiontechniques[6].

2. UseCasesin Z

What Ar e Use Cases? There is an ongoingdiscussion
aboutsyntax,semanticsandmethodologyof UseCasesin

the software engineeringcommunity (seee.g. [1]). Op-
posedto thegraphicformalismsfor combiningUseCases,
e.g. by the“Use CaseDiagrams”offeredby UML [9], the
meansfor specifyingthe contentsof a singleUseCaseis
not agreeduponatall.

The UML semanticsstatethat “a UseCasecanbe de-
scribedin plain text, usingoperations,in activity diagrams,
by a state-machine,or by otherbehavior descriptiontech-
niques ����� .”(UML semantics,citedfrom [4]). For our pur-
poseof applyingformal techniqueswe needanunambigu-
ousdescriptiontechniquewhich is amenableto exact rea-
soning such as test evaluation. We thereforedevelop a
model relatedto temporal interval logic, explicitely using
nondeterministicchoice, repetitionandinterruption.

In summary, we usethefollowing informal definitionof
UseCases,nearto theonefoundin [3]:� The systemswe observe are characterizedby se-

quencesof interactions. Sequencesof interactionsare
calleddialogues.� Eachinteractionhasassigneda certainactor. Theac-
tors are often one humanand one technicalsystem,
but severalhumanscanalsotalk to severalmachines,
or machinescan talk to eachother. The important
methodologicalprinciple is that we only look at the
observablebehavior of eachactorandthatall internal
stateis hidden.� UseCasesare describedby a so-calledfragmentsof
dialoguesbetweentwo or more actors. A fragment
schematicallyspecifiesasetof possibledialoguesby a
“pattern”of interactions.� Fragmentscan be combinedby sequentialcomposi-
tion, nondeterministicchoice,repetition,andinterrup-
tion.� We have an(observable)globalsystemstatewhich all
UseCasesshare.Thisextensioncomparedto a“puris-
tic” ideaof UseCasesallows usto abstractUseCases
over somedatastate.In thefragmentswe canspecify
how thisdatastateis transformed.

Notethatwedonotrestrictourmodelto only two actors,
asoften found in the literature,eg. [3]. Moreover, we do



not imposea priori that actorsin dialoguesdo alternate.
Finally, we donot haveabuiltin conceptof “idle” states.

Example: CashDispenser. We look at the fragmentsof
(simplified)dialoguesbetweena useranda cashdispenser
(Spec.1). The following basicconstructorsfor fragments
areused(a formaldefinitionfollows lateron):� actor � actionconstructsafragmentcontainingthesin-

gle interactionwhereactor performsaction.� actor � action � rel is thegeneralversionof construct-
ingsingletonfragments.In additionto actor � action, a
transformationonthesystemstateis givenby therela-
tion rel. We haveactor � action � actor � action �	� 
 .� frag � frag� is the sequentialcompositionof frag-
ments.After thedialoguesdescribedby frag theones
of frag� mustfollow.��
���������� fragsdescribesa choicebetweenseveral frag-
ments. frags can be an enumerationof fragments,
but also a set-comprehension:we use the pattern
���������� � x � A � frag� to introducealocally boundvari-
ablex in fragments,which semanticallyis the choice
betweenall possibleinstantiationsof x.����������� � frag describestherepetitionof frag for zeroor
moretimes.� frag ��!"�����#� frag� describesthat frag canbe “inter-
rupted” at someinteractionwhich overlapswith the
first interactionof frag� . It is thencontinuedwith the
behavior of frag� .

For the cashdispenserin Spec.1, the type ACTOR de-
finestheactors,useranddispenser. ThetypeACTION lists
the actionsperformed. The type Statedefinesthe system
state,which is the money reserve of the dispenser(in an
extendedversion,we might representherethe accountsof
individual cardholders). We definetwo operationsDraw
andCantDraw to beusedin the fragmentswhich work on
thesystemstate1.

Froma methodologicalpoint of view, we have to justify
that thevisible representationof reservesis not a violation
of our principle that inner systemstatemustnot be mod-
elled in UseCases.We arguethat the reservesare observ-
able, sincethe usermay be confrontedwith the situation
thatthedispensercannotsatisfyhis requestsbecauseof low
reserves.

The fragmentsaregiven as follows. Normal describes
the usualprocessof a disposition. InvalidCard is an ex-
ceptionalfragmentwhich caninterruptNormalat thepoint
wheretheuserhasinsertedhiscard;thecardis immediately

1Theseoperationsareconvenientlywritten as $ -schemata.For sake
of type correctnesstheseschematahave to be lifted to binary relations
betweenundecoratedschemata,which is doneby the % -operator. Unfortu-
natelythisoperatorcannotbeformulatedin agenericway.

Specification1 CashDispenser


�������&('*) CashDispenser�	�+����),��
 UseCases

ACTOR �-�.� user / dispenser
ACTION �-�.� askCard / putCard / ejectCard / takeCard /

askAmount/ putAmount021435/
ejectMoney 021"36/ takeMoney

State
reserves�+1 CantDraw7

State8 amount9:�+1
reserves; amount9

Draw<
State8 amount9:�+1

reserves= amount9�8 reserves� � reserves> amount9? �@�BA Op ��CED < StateF � �
Op � DHG StateIJG State� FJ�

NormalI InvalidCard I NoReservesI System�
FragmentKACTORI ACTIONI StateL

Normal � dispenser� askCard� user� putCard� dispenser� askAmount� 
����(����� � amount9M��1 �
user� putAmountD amount9NFO�? K < State / DrawL� dispenser� ejectCard� user� takeCard� dispenser� ejectMoney D amount9NF� user� takeMoney�

InvalidCard � user� putCard� dispenser� ejectCard� user� takeCard
NoReserves� 
����(����� � amount9M��1 �

user� putAmountD amount9NFO�? K < State / CantDrawL� dispenser� ejectCard� user� takeCard �
System � �N���P���+� D Normal ��!"�����Q� InvalidCard��!"�����Q� NoReservesF

rejectedandthe dialogueendsif the userhasremovedhis
card. NoReservesis a further exceptionalbehavior; it can
continueat the point wherethe userentersthe amountto
draw, and wherethis amountcannotbe served becauseof
low reserves.Notetheuseof ourchoiceoperator, 
���������� , to
bindtheinputvariableamount9 in NormalandNoReserves.
The overall behavior of the systemis describedby a repe-
tition of the Normal fragmentwhich canbe interruptedby
InvalidCard or by NoReserves.

Formal Model. We definethe formal modelof our ver-
sion of Use Casesin Z. An interaction is given by the
schemaInteraction, genericover the type of actors R and
of actionsS . A dialogueis asequenceof interactions:




T���U��&�'2) UseCasesModel

InteractionK RPIJS,L
actor ��RV8 action ��S

DialogueK RVIWS,L*�@�YXJZ�[ InteractionK RPIJS,L
A patternis asequenceof interactionspairedwith astate

transitionrelationover thestatetype \ . A fragmentis a set
of patterns:

PatternK RPIJS	I]\PL,�@�YXJZ�[,D InteractionK RPIJS,L"^_D`\ba \cFdF
FragmentK RPIJS	I]\PL,�@�BC PatternK RVIWS	Ie\PL

Ourbasicconstructorfunctionsfor fragmentsaredefined
asfollows2 :fhg )Q����&('*)�i�j D �-� Ffhg )Q����&('*)�i�k D � Ffhg )Q����&('*)�i�k D � � F

K RPIJS ]

�-� �@�lA actor ��RP8 action ��S � G InteractionK RPIJS,L
K RPIJS	I]\ ]

� � �@�BA actor ��RV8 action ��S	8 r �+\_a \ ��+m D actor �-� actionI r FJnJ�
K RPIJS	I]\ ]

� �@�BA actor ��RP8 action ��S � actor � action �	� 
*K \PL
For thesequentialcomposition,f � f � , all combinations

of thepatternsin f andf � areconcatenated:fhg )Q����&('*)�j�k rightassocD � F
K RPIJS	I]\ ]

� �@�BA f I f � � FragmentK RPIJS	Ie\PL � D o F�p f ^ f �rq
For the repetition, �����P���+� f , we constructa relation

whichconcatenatessomepatternps with somepatternptvu
f . The imageof the transitive closureof this relation on
the empty fragmentrepresentsall possibleconcatenations
of thepatternsof therepeatedfragment:

K RPIJS	I]\ ]�����P���+� �@�BA f � FragmentK RPIJS	I]\PL ��
ps � PatternK RPIJS	I]\PL�8 pt � f � D ps I ps o pt FJ��w�p �+m nW� q

For the interruptionoperator, f ��!"�����Q� f � , we enrichf
by all patternsconsistingof a prefix of p u f concatenated
with a continuationp�cu f � suchthat the interactionat the
endof the prefix of p coincideswith the interactionat the

2Thetemplatedeclarationsfor user-definedfunctionsandrelationsare
new featuresof standardZ. Sois thesection-constructwhichallowsseper-
atetypecheckingandexecutionof partsof thisdocument.

beginningof p� . Notethatthestatetransitionrelationat this
overlappingpoint is takenfrom p� , not from p:fhg )Q����&�'2)bx�k leftassocD ��!"�����#� F

K RVIWS	Ie\ ]��!"�����#� �@�lA f I f � � FragmentK RVIWS	Ie\PL � f y�
p � f 8 p� � f � 8 i ��z{/ i u5
�| } p 8 firstD p i FP� firstD p��~ F� DdD ~ ��� i > ~ F	� pF�o p� �

Our last constructionoperatorfor fragments,
T���(���U� fs,
is just analiasfor generalizedunion,collectingall patterns
from from all fragmentsf u fs:

K RVIWS	Ie\ ]
���������� �@�B��K FragmentK RPIJS	I]\PL�L
Sofarwehaveseenhow fragmentsareconstructed. The

satisfactionrelationon fragments,D d IW�"F�u F f , relatesthe
dialogued andintial state� with thefragmentsf they con-
firm to:�����(� ��&('*) D u F F

K RVIWS	Ie\ ]

u F � DialogueK RVIWS,L"^5\�a FragmentK RPIJS	I]\PL�
d � DialogueK RPIJS,L`8	����\�8 f � FragmentK RPIJS	I]\PL �D d IW�"F�u F f �D�� p � f �

��u5
�|O}�D fold D � F]D second� pFJFE� first � p � d F
Thus, a dialogueand initial stateconfirmsto a fragment
if thereexists a patternin the fragmentsuchthat the ini-
tial stateis in the domainof the compositionof all state
transitionsin the patternand the interactionsof the pat-
tern matchthe dialogue(wherefold f

m
xs I�������I xn n denotes

xs f ����� f xn.)

3. Executing UseCases

In [5, 6] a computationmodel basedon concurrent
constraintresolutionhas beendevelopedfor Z. A high-
performancevirtual machinehasbeenderived,whichis im-
plementedaspartof thenotationandtool integrationenvi-
ronmentZETA [2]. In this implementation,all idioms of
Z which are relatedto functional and logic programming
languagesare executable. Below, we illustrate the basic
features,and develop an encodingof fragmentswhich is
executable.

Executing Z. As setsareparadigmaticfor the specifica-
tion level of Z, they arefor theexecutionlevel. Setobjects
– relationsor functions– areexecutableif they aredefined
by (recursive)equations,asin thefollowing example:




T���U��&�'2) ExecExamples

N ����� Z / S0 N 3 three �@� SD SD SD Z FJFdF
add �+C	DdD N ^ N F�^ N F
add � �

y � N � DdD Z I yFeI yFJ�Uy�
x I y I z � N /+DdD x I yF�I zFcu add � DdD Sx I yF�I SzFW�

less �@� �
x I y I z � N /+DJD x I SzF�I yFcu add � D x I yFJ�

We maynow executequeriessuchasthe following, where
we askfor thepair of setscontainingall thoseN lessresp.
greaterthanthree:

D � x � N /+D x I threeFcu less��I � x � N / D threeI xF�u less�UF� ({Z,S(Z),S(S(Z))},{S(S(S(S(x))))})

Notethat thesecondvalueof theresultingpair is a single-
tonsetcontainingthefreevariablex. Thesecapabilitiesare
similarto logic programming.In fact,wecangiveatransla-
tion from any clause-basedsystemto a systemof recursive
set-equationsin thestylegivenfor add, wherewecollectall
clausesfor the samerelationalsymbolinto a union of set-
comprehensions,andmapliteralsRD es I������"I en F to member-
shiptests D es I�������I en F�u R.

Thefunctionalparadigmcomesinto play asfollows: as
known, a binary relationR canbe applied in Z, written as
Re, which is syntacticsugarfor the expression� y � X /D eI yF�u R. For computinggoalssuchasapplicationor � -
values,we useencapsulatedsearch. During encapsulated
searchfreevariablesfrom theenclosingcontext arenot al-
lowedto bebound.A constraintrequiringa valuefor such
variablesresiduatesuntil thecontext bindsthevariable.

As aconsequence,if wehaddefinedtherecursivepathof
addas

�
x I y I z � N / z � addD x I yF � DdD Sx I yFeI SzFJ� (instead

of using DdD x I yF�I zF�u add), backwardscomputationwould
notbepossible:�

x � N / D x I threeF�u less�� unresolved constraints:
LTX:cpinz(48.24-48.31)

waiting for variable x

Here,theencapsulatedsearchfor addD x I yF cannotcontinue
sinceit is not allowed to producebindingsfor the context
variablesx andy. Thisway, wecancontrolevaluationorder.

Theeleganceof thefunctionalparadigmcomesfrom the
factthatfunctionsarefirst-ordercitizens.In our implemen-
tationof executionfor Z, setsarefull first-ordercitizensas
well. For example,we canimplementoperatorssuchasre-
lationalimageasfollows:

KX I Y]

p q �@�lA R ��C	D X ^ YF�8 S ��C X ��
x � X 8 y � Y / x u S ��D x I yF�u R � y�

We cannow, for instance,query for the relationalimage,

Rp Sq , of the add functionover thecartesianproductof the
numberslessthenthree:����� ns �@� �

x � N /+D x I threeF�u less� � addp ns ^ nsq� {Z,S(Z),S(S(Z)),S(S(S(Z))),
S(S(S(S(Z))))}

It isalsopossibleto definethearrow typesof Z, asshown
below for thesetof partialfunctions:

KX I Y]� �@��
R �+C	D X ^ Y F�/D � x � X / x u�
�| } R � � s y � Y � D x I yFcu RFW�

This examplemakesuseof universalanduniqueexisten-
tial quantification,which area sourceof non-executability
in our setting. Thesequantifiersareresolved by encapsu-
latedsearch,andwe mustbeableto finitely enumeratethe
quantifiedrange.Thus,if we try to checkwhetheradd is a
function,we getin a few seconds:

add u N ^ N � N� still searching after 200000 steps
gc # 1 reclaimed 28674k of 32770k
...

In enumeratingadd our computationdiverges. However,
for finite relationsit works:

D`A x I y � N /+D x I threeF�u less8�D y I threeF�u less � addD x I yFJFu N ^ N � N� *true*

The example also illustratesa rough edgeof our ap-
proach.TheZ semanticsdefinestheschematext f � N � N
to be equivalent to f �@C	D N ^ N F�/ f u N � N. This
treatmentcausesseriousproblemsfor executability, aswe
haveseen.In theimplementationof executableZ, wethere-
forediscard constraintsintroducedby declarations;they are
treatedasassumptionswhich may be utilized by the com-
piler. If a declaredmembershipis actuallya constraintre-
quiredfor execution,theuserhasto placeit in theconstraint
partof schematext.

ExecutableEncodingof UsesCases. Thesatisfactionre-
lation for fragments, D d IW�"F�u F f , whered is a dialogue,� a systemstateand f a fragment,is not executablein its
descriptive definition from the previoussection.We could
perhapsdefineanexecutableversionof theconstructorsfor
fragmentsandof thesatisfactionrelation:however, therep-
resentationof fragmentsas setsof patternsis a dead-end
regardingefficient executability. The problemcomesap-
parentin the definition of f � f ����D o F�p f ^ f � q : a
commonprefix p u f is not sharedin thecompositionand
needsto be“parsed”againfor every p�Pu f � . A betterrep-
resentationwouldusetrees, preservingcommonprefixesin
fragments.Basedon this ideawe now will developan en-



codingof fragmentsallowing theefficient executionof the
satisfactionrelation.

For a tree-like representation,we encodefragmentsasa
setof branches. A branchis either ��|+
 – indicatingthata
dialoguemay endhere– or �U� D i I r I f F , wherei is the inter-
actionat theheadof thisbranch,r thestatetransition,andf
thefollowupfragment:
T���U��&�'2) UseCases

InteractionK RPIJS,L
actor ��RV8 action ��S

DialogueK RVIWS,L*�@�YXJZ�[ InteractionK RPIJS,L
Branch K RVIWS	Ie\PL,�������|+
�/�U�d0 InteractionK RPIJS,L�^{Dh\�a \cF�^ FragmentK RPIJS	I]\PLH3
FragmentK RPIJS	I]\PL,�@�¢¡ Branch K RVIWS	Ie\PL

This definition makesuseof an extensionof the Z of the
ZETA system,allowing genericfree types. Note that the
power operatorusedfor fragmentscannotbe the general
powersetin orderto let theconstructionbeconsistent– with¡ wedenotethe“executable”power-sets.

Basedon the treeencoding,we redefinethe operations
on fragments.Theoperatortemplatesandconstructorsfor
interactionsremainthe sameandare not repeated.Basic
fragmentsareconstructedasfollows:

K RPIJS	I]\ ]

� � �@�BA actor ��RV8 action ��S	8 r �+\_a \ �� �U� D actor ��� actionI r I � ��|+
��UFW�
For the definition of sequentialcomposition,we usea

techniquewhich is paradigmaticfor the tree encodingof
fragments:the compositionis lazily “pushed”throughthe
constructionof thetree:K RPIJS	I]\ ]

� � FragmentK RPIJS	I]\PL4^ FragmentK RVIWS	Ie\PLU£
FragmentK RPIJS	I]\PL

D � FV�BA f sNI f tM� FragmentK RPIJS	I]\PL �D & f ��|+
¤u f s �T¥Q��) f t ���(
T��¦ F y�
i � InteractionK RVIWS,L�8 r � \_a \
f �s � FragmentK RVIWS	Ie\PL#/��U� D i I r I f �s F�u f s� �U� D i I r I f �s � f t�FW�

In the definitionof the ��������� � operator, we embedthe
recursiveexpansionof theoperatorin asetcomprehension:

K RPIJS	I]\ ]�����P���+� � FragmentK RVIWS	Ie\PL�£ FragmentK RPIJS	I]\PL�����P���+� �BA f � FragmentK RPIJS	I]\PL �� ��|+
��§y{D f � �
b � Branch K RVIWS	Ie\PLQ/ b u �����P���+� f �UF

Thedefinitionof f s ��!"�����#� f t usessimilar techniques:

K RVIWS	Ie\ ]��!"�����#� � FragmentK RPIJS	Ie\PL#^ FragmentK RVIWS	Ie\PL�£
FragmentK RPIJS	Ie\PL

D ��!"�����Q� F��lA f s I f t � FragmentK RPIJS	Ie\PL �D & f ��|+
¤u f s �T¥Q��) � ��|+
�� ����
���¦ F y�
i � InteractionK RPIJS,L`8 r s ��\�a \
f �s � FragmentK RPIJS	Ie\PL
/��U� D i I r s�I f �s F�u f s � �U� D i I r sNI f �s ��!"�����#� f t�FW�Ey�
i � InteractionK RPIJS,L`8 r s I r t �+\ba \
f �s I f �t � FragmentK RVIWS	Ie\PL
/��U� D i I r s�I f �s F�u f sN8��U� D i I r tUI f �t Fcu f t � �U� D i I r t�I f �t FJ�

Thethird casein thesetuniondescribestheactualinterrup-
tion, wherewe continuewith f t , provided that thereis an
overlappingbetweena currentinteractionof f s andthefirst
interactionof f t .

The definition of the choice, 
���������� , is the sameas in
the modelsemantics( 
���������� �©¨ ). Generalizedunion is
executableby thedefinition ¨ SS � �

S �"C A 8 x � A / S u
SS8 x u S � x� asprovidedby thestandardZ toolkit.

We finally definesatisfaction: D d I��"F�u F f “parses”a di-
alogueandinitial stateby trying thebranchesof a fragment
tree:

K RVIWS	Ie\ ]

u F ��C#DJD DialogueK RVIWS,L4^5\cF�^ FragmentK RPIJS	I]\PLrF
D u F FV�� �6��\�8 f � FragmentK RPIJS	Ie\PL	/N��|+
�u f� D m n�I��"FVª« f �Ey�

i � InteractionK RPIJS,L`8 d � DialogueK RPIJS,L`8V�*IW� � ��\
f I f � � FragmentK RPIJS	I]\PL�8 r ��\_a \
/��U� D i I r I f � F�u f 8�D��*IW� � Fcu r 8�D d IW� � F�u F f �� D m i n�o d IW�"F�ª« f �

Example: Testing The Cash Dispenser. We can now
testsatisfactionof given dialoguesregardingthe cashdis-
penser’s UseCases(Spec.1). Let sometestdialoguesbe
definedasfollows:
T���U�T&('*) CashDispenser

d s��@� m
dispenser�-� askCard I user ��� putCard I
dispenser�-� askAmountI user ��� putAmountD x�k�k F�I
dispenser�-� ejectCard I user �-� takeCard I
dispenser�-� ejectMoney D x�k�k FeI user�-� takeMoneyn

dt��@� m
dispenser�-� askCard I user ��� putCard I
dispenser�-� ejectCard I user �-� takeCard n�,s��@�­¬ reserves�@� i�k�k�® 8V�OtM�@�­¬ reserves�@�Y¯ k�k�®



Herearesomequeryresults:

D dsTI��*s�Fcu F System ° *true*D ds	o dtUIW�*s�Fcu F System ° *true*D ds o dt o ds IW� s Fcu F System° *false*D ds o dt o ds IW� t Fcu F System° *true*

In thethird case,thereservesaretoo low to serve two sub-
sequentrequestsof the amountof x�k�k units. In the fourth
case,the reservesareraised,suchthat the requestscanbe
satisfied.

Theefficiency of theexecutionof suchqueriesscalesto
larger test-datainput. Dialoguesof length 1000 are pro-
cessedin approximately10secondsonaPentium-II/400for
thecashdispenserexample. In general,efficiency depends
onthekind of specification,andtheamountof backtracking
requiredto recognizeadialogue.

Thustheexecutionof the dispenser’s UseCasescauses
noproblems.In general,givenaninputdialogueandinitial
systemstate,wecanexpectto executea largesubsetof Use
Casedefinitionsin thepresentedstyle. Restrictionsarethe
followings:� For thestatetransitionrelationsr, we mustbeableto

enumerate solutionsto D��*IW� � F5u r. r may be a true
relation,andthesolutionscanbeenumeratedsymbol-
ically. However, if theenumerationhappensto beinfi-
nite,our methodis not complete,andsinceour imple-
mentationof Z usesdepth-firstsearch,not evensemi-
complete.� The useof 
���������� � x � A � f � in order to introduce
local variableshassomerestrictions.We cannotwrite
fragmentsof thekind


����(����� � x9v��1 � A � getD x9:> ~ FE� B � putD x9�± ~ FJ�
Thereasonis thatour implementationof executableZ
currentlydoesnot provide arithmeticconstraints,and
a termlikegetD x9:> ~ F cannotbeconstructeduntil the
variablex9 is bound(technically, the accordingcon-
current constraint“residuates”). However, we may
write


����(����� � x9UI x ² �+1�/ x9c± ~ � x ²�> ~� A � getD x9NFV� B � putD x ².FJ�
The resolutionof the constraintin the choice is de-
ferreduntil all necessaryinformationis available,that
is, x9 andx ² arebound.

4. ConcurrencyAnd Its Application
The model given in the previous sectionsis adequate

for theloosedescriptionof systemslike thecashdispenser
wheretwo or moreactorscommunicatein a fixedorder. It

touchesits limits, however, if thedialogueswe wantto de-
scribeconsistof an interleavingof interactionsof different
threads.

As an example,considerthe problemof describingan
elevatorsystem.In sucha system,we have n userswhich
interactwith oneelevator. Whena usercalls the elevator,
until this requestis served,otherusersmaybeservedwhich
are“on theway” of theelevatorfrom its currentfloor to the
first user’sfloor. Thoughwemaymodelsuchabehavior by
anaccordingsystemstate,this would not bein thespirit of
UseCases.Instead,we want to be ableto usedescriptive
fragmentsof thekind usern � call � elevator � opendoor
– which describestheserviceofferedto someusern, inde-
pendentof serviceswhich might be provided at the same
time (resp.interleaved with this service). This motivates
the developmentof a simplemodelof concurrency, which
is appliedto theproblemof anelevatorsystemin this sec-
tion.

A Simple Model Of Concurrency. To model concur-
rency, we conservatively extendour currentencodingby a
new operatorfor parallelcomposition.Thedefinition uses
the same“trick” asbefore,pushingthe compositionlazily
throughtreeconstruction:fhg )Q����&�'2)bx�j D ³ F

K RVIWS	Ie\ ]
³ � FragmentK RPIJS	I]\PLQ^ FragmentK RVIWS	Ie\PLU£

FragmentK RPIJS	I]\PL
D ³ FP�lA f s I f t � FragmentK RPIJS	I]\PL �D & f ��|+
¤u f s ��¥#��) f t���(
T�V& f ��|+
¤u f t �T¥Q��) f s ���(
T��¦ F y�

i � InteractionK RPIJS,L`8 r sNI r tM�+\ba \
f �s I f �t � FragmentK RVIWS	Ie\PL
/��U� D i I r s I f �s F�u f s 8��U� D i I r t I f �t Fcu f t� �U�´D i I r sEµ r t�I f �s ³ f �t FJ�Uy�
i � InteractionK RPIJS,L`8 r s ��\�a \
f �s � FragmentK RPIJS	Ie\PL
/��U� D i I r s�I f �s F�u f s � �U� D i I r sNI f �s ³ f t�FW�Uy�
i � InteractionK RPIJS,L`8 r t ��\�a \
f �t � FragmentK RPIJS	Ie\PL
/��U� D i I r t�I f �t F�u f t � �U� D i I r tUI f sv³ f �t FW�

Ourparallelcompositionallows thesynchronousaswell as
theinterleavedcombinationof fragments.In thedefinition,
this is realizedby thefour cases:

� ��|+
 is in oneof the fragmentsfi ; thenit is continued
with theotherfragment(interleavedcomposition)

� both fragmentssynchronouslystepon thesameinter-
actioni; thestatetransitionsarejoinedasr sVµ r t , and



thus must be compatible(this is in differenceto ap-
proacheswhich useracing to handleconflictsin syn-
chronoustransitions,e.g[2]).

� oneof the fragmentsproceeds(interleaved composi-
tion)

Example: Elevator System. As anexampleapplyingthe
concurrency model,we defineUseCasesfor a (simplified)
elevator system. The basic domainsusedare definedin
Spec.2. We representlocation and time by naturalnum-
bers. The constantMINOPENTIMEspecifiesthe minimal
time anelevator’s doorshouldbekeptopen.A floor is de-
fined asan abstractionover the numberof the floor. The
function floorLoc associatesa locationwith eachfloor. A
directioncanbeeitherup or down.

Specification2 BasicDomains

����U�T&('*) Elevator �#�+����),��
 UseCases

LOCATION �@�Bz
TIME �@�Bz
MINOPENTIME �@�l¶ k
MAXFLOOR �@� x
FLOOR ����� floor 0 ~ ��� MAXFLOOR3
floorLoc �@�lA f � FLOOR � D floor ·EF f ¸�¹
DIR ����� up / down

Spec.3 introducesthesystemstate,State, andoperations
on it. Thestateis givenby a time stamp,a locationof the
cabinanda queueof requests,containingfloors in the or-
der the cabinshall approach.We supposethis stateto be
visible to usersof anelevator(for example,the locationof
the cabincanbe visualizedby lamps);hencethe principle
of observability is not violated.

The function queueRequestD l I reqsI f I d F queuesa re-
questin the right order, given the situationthat the eleva-
tor is at l andis requestedto serve f in thedirectiond. We
supposethis functioninsertsf into thequeueof requestsin
a “f air” way, servingrequests“on theway” to headreqsif
possible.Thedefinitionis left openin this presentation.

TheoperationRemoveRequestremovesthenext request;
its preconditiondemandsthatthereis actuallyarequest,and
that the cabinis at the floor of this request.The operation
Movecheckswetherachangeof thelocationof thecabinto
target9 confirmsto thecurrentrequestqueue:if therequest
queueis empty, nochangeis allowed;if it is nonempty, the
cabinshallapproachthefirst floor in sequence,andit shall
notoutruna floor which is requested.Finally, theoperation
Tick describesa changeof thetimestamp.

Spec.4 definestheactorsandtheactionsof theelevator
system. We have n users,the cabin, and the clock. The
clock performsthetick action,thecabinmovesto alocation

Specification3 SystemStateandTransitions

State
time � TIME 8 location � LOCATION
requests��XdZT[ FLOOR
? �@�BA Op ��CED < StateF � �

Op � DHG StateIJG State� FJ�
queueRequest� LOCATION ^ºXJZ�[ FLOOR̂

FLOOR ^ DIR £ XJZ�[ FLOOR

AddRequest<
State8 7 D State»�D requestsFJF

floor 9M� FLOOR8 dir 9v� DIR

requests� � queueRequestD locationI requestsI floor 9�I dir 9NF
RemoveRequest<

State8 7 D State»�D requestsFJF
requests¼� m ne8 location � floorLocD headrequestsF
requests� � tail requests

Move<
State8 7 D State»�D locationFJF�8 target9@� LOCATION

requests¼� m n� goal �@� floorLocD headrequestsF �
target9�¼� goal ½¾ �N¿�D target9�> goalFP; ¾ �T¿TD location > goalF	�

D target9ÁÀ location ½ goal �u location ��� target9NFE�
D target9Á; location ½ goal �u target9c��� locationF

location� � target9
Tick<

State8 7 D State»�D timeFJF
duration9:� TIME

time� � time ± duration9

Specification4 ActorsandActionsof theElevator

ACTOR �-�.� user02z"3{/ cabin / clock
ACTION �-�.� tick 0 TIME 3/ call 0 FLOOR ^ DIR3/ select0 FLOOR3/ moved0 LOCATION3/ opened/ closed

andopensor closesthe door, andusern calls the cabinat
a givenfloor for a certaindirection,or selectsa floor from
insidethecabin.

The userview on the elevator systemis definedby the
fragmentsin Spec.5. Eachfragmentis parameterizedover
the numbern of a user; in the sequelwe will instantiate



Specification5 User’sView

UserCallsI UserSelectsI ElevatorServesI User �z�£ FragmentKACTORI ACTIONI StateL
UserCalls �BA n �+z �
���������� � floor 9v� FLOOR8 dir 9v� DIR 8 t � TIME� usern � call D floor 9�I dir 9NFO�? K < State / AddRequestL� cabin � opened�? K < State / RemoveRequest8 t � timeL� cabin � closed�? K 7 State / time > t = MINOPENTIMEL(�
UserSelects�BA n ��z �
���������� � floor 9v� FLOOR8 dir 9v� DIR 8 t � TIME� usern � selectfloor 9#�? K < State /

dir 9M� & f floorLocfloor 9M; location��¥#��) down ����
�� up
AddRequestL� cabin � opened�? K < State / RemoveRequest8 t � timeL� cabin � closed�? K 7 State / time > t = MINOPENTIMEL(�

User �BA n ��z ���������� � D 
T���(���U� � UserCallsn I UserSelectsn��F

Specification6 Cabin’sView

Cabin � FragmentKACTORI ACTIONI StateL
Cabin ���������� � D 
T���(���U� � target9@� LOCATION� cabin � movedtarget9#� ? K < State / MoveLH��F

theseviewsin aparallelcompositionUser ~ ³ User ¶�³:����� .
A userrepeatedlycalls from a floor or selectsa floor, and
is thenservedby the elevator, which stopsat thefloor and
keepsits dooropenfor at leastMINOPENTIME.

Thecabinview is givenin Spec.6. It just describeshow
the cabinmovesfrom target to target, usingMove at each
stepto testif the move is valid andto updatethe location.
Notethattheinteractionscabin � openedandcabin � closed
belongto theuserview, andnotto thecabinview. Theclock
view, Spec.7, finally defineshow theclockrepeatedlyticks,
updatingthetime stampin thesystemstate.

Our overallmodelis givenby a parallelcomposition

User ~ ³:�����,³ Usern ³ Cabin ³ Clock

where the interactionsdescribedby the individual frag-
ments may appear in arbitrary interleaving or syn-
chronously, providedthereexistsavalid systemstatetrans-
formationwhich fulfills thiscombination.Eachof thefrag-

Specification7 Clock’sView

Clock � FragmentKACTORI ACTIONI StateL
Clock ������P���+� D 
����(����� � duration9�� TIME� clock � tickduration9#� ? K < State / TickLH��F

mentsin the compositioncanbe thoughtof an individual
thread; communicationbetweenthesethreadsis realized
via the systemstateor by synchronousinteractions. We
supportonly a staticnumberof suchthreads,andthusmust
know in advancehow many usersappearin agivendialogue
beforewe cantestfor conformanceof this dialogueto the
usecasespecification.

We make someevaluationexperiments.Let the follow-
ing testdatabegiven:

�Â�@�ÃDH�VKState / time � k 8 location � k 8 requests� m nhLHF
d s �@�lA duration � TIME �m

clock ��� tick ~ k I user ~ �-� call D floor ¶�I upF�I
cabin ��� movedD floorLocD floor ¶�FJF�I
cabin ��� openedI clock �-� tickdurationI cabin �-� closedn

Testevaluationyieldsin:

D ds i�k I��"F�u F User ~ ³ Cabin ³ Clock ° *true*D ds ~ k I��"F�u F User ~ ³ Cabin ³ Clock ° *false*

In the secondcase,the time the door waskept openis to
small.

Thenext setof testdatadescribesthesituationwherea
userwhich callsthecabinat a floor which is on thecabin’s
way is servedin correctorder(dt ) andin invalid order(dÄ ):
dt��@� m

user ~ ��� call D floor ¹ I upF�I user¶��-� call D floor ¶+I upF�I
cabin ��� movedD floorLocD floor ¶�FdFeI
cabin ��� openedI clock ��� tick x�k I cabin ��� closedI
cabin ��� movedD floorLocD floor ¹�FdFeI
cabin ��� openedI clock ��� tick x�k I cabin ��� closedn

dÄ �@� m
user ~ ��� call D floor ¹ I upF�I user¶��-� call D floor ¶+I upF�I
cabin ��� movedD floorLocD floor ¹�FdFeI
cabin ��� openedI clock ��� tick x�k I cabin ��� closedI
cabin ��� movedD floorLocD floor ¶�FdFeI
cabin ��� openedI clock ��� tick x�k I cabin ��� closedn

As to beexpected,weget

D dt IW�"Fcu F User ~ ³ User ¶¤³ Cabin ³ Clock ° *true*D dÄ IW�"Fcu F User ~ ³ User ¶¤³ Cabin ³ Clock ° *false*

In theexamplesabove, we hadno synchronousinterac-



tions (wheretwo parallel fragmentsconsumethe samein-
teractionof a dialogue).The following testdatadescribes
a situationwheretwo usersareservedat thesamefloor. In
thiscase,thecabin � opened����� dialogueneedstobeshared
by theseusers:

dÅ:�@� m
user ~ �-� selectD floor ¹�F�I user¶��-� call D floor ¹ I upF�I
cabin �-� movedD floorLocD floor ¹�FdFeI
cabin �-� openedI clock ��� tick x�k I cabin �-� closedn

D dÅ I��"Fcu F User ~ ³ User ¶¤³ Cabin ³ Clock ° *true*

5. RelatedWork and Conclusion

Wehavepresentedasettingwhichallowsfor theintegra-
tion of UseCasesandZ in requirementspecifications.The
benefitsof bothapproachesseemto bepreserved,compen-
satingthe flaws of eachother. For UseCases,we do not
find anexactsemanticsin theliterature,which makestheir
instrumentationby tool supporthard,andno standardway
for describingsystemstates,which is oftenrequiredin real-
world applications.Botharetakenfrom Z in our integrated
setting.TheZ methodologyfor sequentialsystems,on the
otherhand,missesa way how to combinestatetransitions
in specifications,andhow to defineI/O behavior. This is
takenover from UseCasesto theworld of Z.

In [3] a specificationof UseCasesin Z hasbeengiven.
The focus is on understandingUse Cases,not on instru-
mentingthemfor specificationin combinationwith Z, as
hasbeendonein this paper.

The possibility to executeour integratedUseCaseand
Z specificationsfor the purposeof test evaluationshows
thepower of the implementationof executableZ [6]. This
power is mainly achieved by the combinationof higher-
orderness(which supportssuitableabstractions)with con-
currentconstraint resolution, whichallowsto suspendgoals
aslong asenoughinformationis availableto resolve them.
The computationalsetting is comparableto that of logic
functional languages[7], but achievesits uniqueflavor by
its set-orientation.

Our executableencodingof fragmentsby infinite trees,
whichareincrementallyunrolled,is notonly suitedfor Use
Cases,but can be usedto encodeother kinds of positive
tracelogics. For example,we have applieda similar model
to an encodingof the positive subsetof discretetemporal
interval logics.A disadvantageis, however, thatthecurrent
implementationof ExecutableZ doesnot alwayspreserve
sharinganddoesnot performmemorization.Futurework
onExecutableZ thusaimsatsupportingthesefeatures.As-
sumingthey wouldbepresent,theencodingby infinite trees
is probablyasefficient asthemuchharderto maintainrep-
resentationby automatons.

The introduction of concurrency into Use Casesby a
combinationof interleaving andsynchronicityis a promis-

ing approachto strengthenthepowerof thiskind of specifi-
cations.However, furthervalidationis requiredwhetherthis
approachscalesupto largerexamples,bothfrom amethod-
ological point of view as from the point of feasibility for
execution.Regardingthelastaspect,thecomplexity seems
to bemanageableaslongasno deepbacktrackingbecomes
necessary;that is, the “right” interleaving is decidedearly
in a branch.

On the meta-level of software engineeringthe experi-
mentof joining aninformalandaformalspecificationtech-
niquegrantsbenefitsto bothsides.Weexperiencedthatno-
tionsandrulesfrom the informal world arelifted to a new
level of higherexactnessassoonasamathematicalpendant
is beingconstructed.On theothersidetheinformalcontext
requiresa certainamountof flexibility and looseness,for
which the formal techniqueshave to modify their expres-
sivnessaccordinglyandwhich canserve asa measurefor
feasibiltyin futurepractice.
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