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Abstract. TimedCommunicatingObjectZ (TCOZ)combinesObject-Z'sstrengths
in modellingcomplex dataandstatewith TCSP'sstrengthsin modelingreal-time
concurrency. Basedon our previous work on the XML environmentfor TCOZ,
this paper�rstly demonstratesthe developmentof a type checker for detecting
staticsemanticerrorsof theTCOZspeci�cation,thenillustratesa transformation
tool to automaticallyproject TCOZ modelsinto UML statechartdiagramsfor
visualisingthedynamicsystembehaviour.
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1 Intr oduction

Themainstimulusfor theinceptionof formalspeci�cationtechniquesis to preciselyde-
scribesoftwareandsystemrequirementssothattoolscanbeappliedto performcheck-
ing andanalysison theformal requirementmodels.Variousformal notationsareoften
combinedfor modellinglarge andcomplex systemswhich may have intricatesystem
statesandcomplex concurrentandreal-timebehavior. TimedCommunicatingObjectZ
(TCOZ) [8] builds on thestrengthsof Object-Z[4,12] in modelingcomplex dataand
statewith thestrengthsof TCSP[10] in modelingprocesscontrolandreal-timeinter-
actions.Our previous works on ZML (Z [15] family on the Web throughXML) [14,
13] have beenfocusingon displayingformal speci�cationson thewebandprojecting
TCOZ modelsto UML classdiagrams.This paperreportson the developmentsof a
typecheckingandUML statechartvisualizationtoolsfor TCOZ.
Therehave beenpreviousworkson typecheckingZ andObject-Z.For example,Wiz-
ard [5] is a LATEX-basedtype checker for Object-Z.Our type checkingtool aims to
checkTCOZ(includingZ andObject-Z)speci�cationswith XML asaninput format.
UML canbe usedfor visualizingformal speci�cationmodels.For the purposeof vi-
sualizingthestaticpropertiesof TCOZ speci�cation,we have previously developeda
transformationtool from TCOZ to UML classdiagram[13]. The secondpart of this
paperaimsto developthetechniquesandtoolsfor visualizingTCOZ behaviour speci-
�cations (mainlyTCSP)by transformingTCOZmodelsinto UML statechartdiagrams.
Brooke andPaige[3] have recentlydevelopeda tool-supportedgraphicalnotationfor
TCSP. The differencebetweenBrooke andPaige's approachandours is that we use
existinggraphicalnotationsinsteadof creatingnew ones.



The remainderof the paperis organizedas follows. Section2 brie�y introducesthe
technicalbackground:theTCOZnotationandXML/XMI. Section3 providestheover-
all designof the type checker andoutlinestype hierarchy andtyping rules.Section4
developstheproperprojectionrulesfor transformingTCOZmodelsto UML statecharts
andillustratesthedevelopmentof theautomaticprojectiontoolsusingJAVA. Section5
presentsacasestudyof theproject,showing theworkingandoutputof thetypechecker
andvisualizationin UML statechartdiagrams.Section6 concludesthepaperandcom-
mentsonpossiblefuturework directions.

2 TechnicalBackground

2.1 TCOZ

TimedCommunicatingObjectZ (TCOZ)buildsonthestrengthsof Object-ZandTCSP.
Thesyntacticstructureof TCOZ is similar to Object-Z.A TCOZ documentconsistsof
a sequenceof de�nitions, including typeandconstantde�nitions in theusualZ style.
TCOZ variesfrom Object-Z in the structureof classde�nitions, which may include
CSPchannelandprocessde�nitions.
In the remainderof this subsection,someimportantfeaturesof TCOZ arebrie�y in-
troduced.A detailedintroductioncanbefoundelsewhere[8]. Theformal semanticsof
TCOZ is alsodocumentedin [6].
Active Object
In TCOZ, active objectshave their own threadof control, while passive objectsare
controlledby otherobjectsin a system.An identi�er MAIN is usedto representthe
behavior of active objectsof a given class.TheMAIN operationis optionalin a class
de�nition. It only appearsin a classde�nition whentheobjectsof thatclassareactive
objects.
Interface: Channels,sensorsand actuators
Channelis oneof themostimportantconceptsin CSPandit is givenan independent,
�rst classrole in TCOZ. Theclassstate-schemaconvention(mechanismin Object-Z)
is extendedto allow thedeclarationof communicationchannels.If c is to beusedasa
communicationchannelby any of theoperationsof a class,thenit mustbedeclaredin
thestateschemato bethetypeof chan, for examplein � out in theabove example.One
thingspecialaboutchannelis thatchannelsaretypeheterogeneousandmaycarrycom-
municationsof any type.Contraryto theconventionsadoptedfor internalstateentities,
channelsareviewedassharedratherthanasencapsulatedentities,thatis, channelsare
commonlyusedto carryinformationbetweenTCOZclasses.
Complementaryto the synchronizingCSPchannelmechanism,TCOZ also adoptsa
non-synchronizingsharedvariablemechanism[7]. A declarationof theforms � X sensor
providesa channel-like interfacefor usingthe sharedvariables asan input. A decla-
rationof the form s � X actuatorprovidesa local-variable-like interfacefor usingthe
sharedvariablesasanoutput.
Network Topology
The syntacticstructureof the CSPsynchronizationoperatoris convenientonly in the
caseof pipe-linelike communicationtopologies.Expressingmorecomplex communi-
cationtopologiesgenerallyresultsin unacceptablycomplicatedexpressions.In TCOZ,



a graph-basedapproachis adoptedto representthe network topology. For example,
considerthatprocessesA andB communicateprivately throughthe interfaceab, pro-
cessesA andC communicateprivatelythroughtheinterfaceac, andprocessesB andC
communicateprivatelythroughtheinterfacebc.
Thisnetwork topologyof A, B andC maybedescribedby

���

A ab
� � B � B bc

� � C � C ca
� � A���

2.2 XML and XMI

Ourpreviouswork [14] hasusedXML andXML schemato de�ne astandardexchange
format for Z-family languages(Z, Object-Z and TCOZ). An XML Schema�le was
createdfor describingthe structureof the Z-family languagesin XML. It de�nes the
contentsof all elements,the orderandcardinalityof sub-elements,anddatatypesof
someof theelements.
XMI (XML MetadataInterchange)is an industrystandardfor storingandsharingob-
ject programminganddesigninformation,allowing developersof distributedsystems
to shareobjectmodelsandothermetadataover the Internet.Threekey industrystan-
dards,XML (eXtensibleMarkupLanguage),UML (Uni�ed Modelling Language)and
MOF (MetaObjectFacility), areintegratedin XMI. XMI marriestheOMG andW3C
metadataandmodellingtechnologies[1]. RationalRose2001from OMG which sup-
portsXMI cangenerateUML diagramsonceit importsXMI documents,andit canalso
export XMI documentsfor any existingUML diagramsaswell. This is veryusefulfor
our work sincewe only needto generatethe properXMI from a TCOZ speci�cation
in XML format.The syntaxde�nition of XMI for UML is speci�ed in XMI 1.1 RTF
UML DTD [1]. ThisDTD �le de�nesall entitiesandXMI syntaxsignaturesfor UML.
An XMI �le validatedby UML.DTD version1.3hasthefollowing structure:

<?xml version = '1.0' encoding = 'ISO-8859-1' ?>
<XMI xmi.version='1.1' xmlns:UML='//org.omg/UML/1.3'>

<XMI.header> ... </XMI.header>
<XMI.content>

<UML.Model>
<UML.StateMachine> ... </UML.StateMachine>

</UML.Model>
<UML:Diagram> ... </UML:Diagram>

</XMI.content\>
</XMI>

XMI � headercontainsgeneralinformationlike theUML.DTD version.UML StateMa-
chine is the most importantpart of UML � content, which containsinformation about
Statechart.UML � Diagramis usedto displaytheUML diagrams.It containstheexact
positionof everydisplayableunit in theUML diagram.



3 Typechecker designand typing rules

3.1 High-Level Design

In orderto parsetheTCOZlanguagesin XML format,weneedto parsetheentireXML
�le. A compilerapproachwastaken.A handcrafted1 front endof a completecompiler
waswritten,which includesmoduleslike thescanner, thesymboltable,theexpression
parser, thepredicateparserandothermiscellaneousutility modules.This typechecker
hasa handcraftedfront endof a compiler. A top-down, or recursive descentapproach
is takenfor two reasons.The�rst reasonis thatbothDOM andSAX parsersparsean
XML �le from therootelement,whichis thetopelement,down to thebottomelements.
The otherreasonis simplicity; the recursive descentapproachis easierto understand
andto build. Theclassdiagramof theprojectis illustratedin Figure1.

Fig.1. ClassDiagramof theProject

The two major functionalitiesof the type checker are to checksyntaxerrorsand to
checkstaticsemanticerrorsin theTCOZ speci�cationsin XML format.In thenormal
case,theprogramworksasa 2-passparser. Whena forwarddeclarationis presentand
recognizedby the type checker, the XML documentwill be parsedagain. At startup,
the programtakesa list of XML �les asparameters.For each�le, it calls the Xerces

1 Exceptfor theXercesXML Parser, no otherparsingpackages,utility functionssuchasLex,
YACCor JavaCCareused.



XML parserto parseit andlook for syntaxerrors.If thereis any syntaxerror, theparser
�ags it thenskipsthe�le. If thereis no syntaxerror, theprogramparsesthe�le again,
traversingthroughthestructureto checkfor typeerrors.Uponencounteringatypeerror,
theprogram�ags it, re-synchronizesitself andcontinues,until it �nishesparsingall the
�les in thelist.
TheTCOZtypecheckerhasbeendesignedin awayto supportmodularityandreusabil-
ity. It is organizedinto Javapackages.

3.2 Typehierarchy and rules

Figure2 representsthehierarchy of typesde�ned in theproject.A utility classForm-
Codeis alsoconstructed.It hasasetof constantde�nitions, eachwith auniqueinteger
valueidentifyingoneof thetypes.Thehierarchy consistsof 10typesandtheir relation-
shipsasdiscussedbelow.

Fig.2. ClassHierarchy of thepackageTYPING

Type is the superclassin the hierarchy andall other typesinherite from Type, such
asEnumType, RecordType, RelationType, andsoon.ClassTypede�nesa classasa
typewith inheritances.
Smithhasdevelopedtyperulesfor Object-Zclasses[11]. For example,givenageneric
statede�nition of classA � X � � � � � � Xn �

, thestateschemarulecanbede�ned asfollows:

� d � ��� d��� p
�



A � t � � � � � � tn �

� � STATE � �

�

STATE� b � d � � b � d� � � b � p
���

� q
�

A � t � � � � � � tn �

� �

�

STATE refersto the statede�nition of a class,
�

STATE standsfor the inheritedstate
de�nitions from its superclasses,andtheproviso q is in theform of q � b �

�

� X ���

t � � � � � � Xn � tn � � whereti is theactualparametersubstitutedto Xi throughsubstitution
operator� . Othertyperulesfor operationschemaandinheritancecanbefoundin [11].
We extend Smith's work with extra type rules for additionalTCOZ constructs.For
example,theChannelTypeinheritsType. Variablesdeclaredof ChannelTypeareused
for inter-processcommunications.Therearethreekinds of channels:channel,sensor
andactuator. A simplesynchronizedcommunication(Channel)typingrulefor ageneric
network topologyde�nition of classesA, B andAB, canbede�ned asfollows:

A

c � chan
� � �

MAIN �� � � � c 	 x � � �

B

c � chan
� � �

MAIN �� � � � c
 x � � �

AB

a � A � b � B
� � �

MAIN �� � � � a c
� � b � � �

A � t � � � � � � tn �

� � STATE
�

c � chan � MAIN
�

c � x � X
B � t � � � � � � tn �

� � STATE
�

c � chan
AB� t � � � � � � tn �

� � STATE
�

a � A � b � B � MAIN
�

a c
� � b

� q
�

B � t � � � � � � tn �

� � MAIN
�

c � x � X

The above statesthat if classA and B are communicatingthroughchannelc, syn-
chronizationwill be enforcedon the input andoutputs,i.e., outputsfrom A through
c will leadto inputsto B. Thetyping rulesfor theasynchronouscommunication(sen-
sor/actuators)canbesimilarly developed.
RecordType,SetTypeandSequenceTypecanhavenonamesassociatedwith them;in
otherwords,they canbeanonymoustypes.ThespecialscalartypedummyTypeis used
in two ways.Firstly, it is usedto signaltypeerrorswhenparsingpredicates,expressions
anddeclarations.If thetypingis correct,boolTypeboolean(for predicate)or respective
datatype(for expressionanddeclaration)is returned;or elsedummyType is returned.
Secondly, it is usedasthebasetypefor emptysetsor sequences,sinceanemptysetcan
besubsetof asetof any type.
Now wehave�nished thediscussiononthedevelopmentof atypecheckerfor detecting
staticsemanticerrorsfor TCOZspeci�cationsin XML format.Next wewill discussthe
developmentof anautomatictool for transformingTCOZ dynamicbehaviour models
to UML statechartsvia XMI.

4 TCOZ to UML StatechartProjection

As a requirementspeci�cationof softwaresystems,TCOZ modelsarepreciseandel-
egantbut dif�cult to readandinterpretby softwareengineerswithout relevantmathe-
maticalbackground.In comparison,themostpopulargraphicalnotation,UML, is much



easierto understandandwidely acceptedby theindustry. Our key ideafor usingUML
statechartto visualizeTCOZ is:

– Statesof UML Statechartareidenti�ed with TCOZ processes(operations)andthe
statetransitionlinks areidenti�ed with TCOZevents/guards.

In TCOZ,behavior of aclassis speci�edby theoperationsasprocesses.Figure3 shows
thedetailedtransformationrulesfrom TCOZbehaviour modelsto UML statecharts.

Fig.3. UML projectionrules

The projectionrules for automaticallytranslatingTCOZ models(in XML) to UML
Statecharts(in XMI) is implementedby a JAVA application.The following discusses
thealgorithmandimplementationsteps.

StepOne: Preparation

At thisstage,theXML �le is readin andparsedclass-by-class,operation-by-operation.
A tagnamedprocessexpr is associatedwith eachoperation,whichidenti�es thecompu-
tationallogic of theoperation.Theprocessexpr followsthegrammarde�ned for TCOZ
operationexpressions.processexpr is dividedinto 13 types2. Theactivities preformed
by thepreprocessorare:
2 For detail informationaboutfully annotatedoperationexpressions,pleasereferto

http://nt-appn.comp.nus.edu.sg/fm/zml/zml.xsd.



– Build up theoperationtablefor eachclass.
– Associateeachclasswith its correspondingsuperclass.Oneclassmayhave more

thanonesuperclassandit mayinvokeoperationsde�ned in differentsuperclasses.
– Build up thevariabletablefor eachclass.
– For eachoperation,identify its processexpr. Checkwhethertheoperationinvokes

other operations.If not, mark this operationas a simple operationand generate
the properstring representationof this operation.Otherwise,identify the type of
the processexpr. For eachtype of processexpr, gatherthe importantinformation
for that type. For example,if the type is networktopology, identify what are the
activeobjectsandwhatarecommunicationchannels.For processexpr containedin
processexpr, do thesamerecursively.

StepTwo: Generation

For eachactiveobject,anew XMI �le is createdwith thenecessaryheaderinformation.
A top level compositestatenamed`op' is addedto the Statemachine.An initial state
(pseudostate)is addedto the top-level compositestate.A MAIN operationmatchesto
a main statein the Statechart,which is the �rst statebesidesthe initial state.Starting
from the main operation,we syntacticallyanalyzethe processexpr basedon the type
informationandgenerateproperstatesfor eachoperation.
Onechallengehereis thatatsomepointwemaynotknow whichprojectionrulescould
beused.For example,if someotheroperationis invokedby MAIN, shallwemodelthe
calledoperationasasimplestateoracompositestate?(At thispoint,wemaynotbeable
to �nd outwhetherthecalledoperationwill consequentlyinvokeotheroperations.)One
simplesolutionis to modelall calledoperationsascompositestatesandlater replace
thoseunnecessarycompositestatesby simplestates.

StepThr ee:Simpli�cation

After thea completeStatechartis generated,thesimpli�cation processinvolves:

– Remove unnecessarysimplestates.“Unnecessarysimplestates”meansstatethat
aretemporarilyaddedinto thestatechart.

– Remove trivial compositestates.“tri vial compositestate”meanscompositestates
thathaveoneor evennosubstates.

StepFour: Layout

At this stage,we needto calculatetheexactpositionsof all thestates,transitionsand
events/guardsin a diagram.The following formulasare usedto calculatethe width
andheightof a compositestate.Given W the width, H the height,M the numberof
simplestatesin thecompositestate,N thenumberof compositestatesin thecomposite
state.WSimpleis the default width of any simplestate.HSimpleis the default height
of any simplestate.W� ������� WN arewidth for eachcompositestatein this composite
state.H � ������� � HN is theheightfor eachcompositestatein this compositestate.Sis the
default horizontalspacebetweenstates.K is thedefault verticalspacebetweenstates.



P is thewidth (or height)of any pseudostateandQ is thewidth (or height)of any �nal
state.
W � max

�����

M ���	��


�

WSimple� S� � W� � W� ������� � WN �

��
 S � P � Q
H �

�

�

M ��� ��


�

HSimple� K ���

�

H ��� H ��� ������� HN ��� N 
 K
Note that the calculationis donein a bottom-upmannersincethe size of the outer
compositestatedependson the size of the inner one.Oncewe know the width and
height,we placesimplestatesat the top (

�

M simplestatesper row) andcomposite
statesat thebottom(oneperrow).

5 CaseStudy: Light Control System

In this section,we �rstly presenta TCOZ LCS (Light Control System)3 model.Then
weusethismodelto testour typecheckerandtransformationtool to UML statechart.
TheLCSsystemcomposesof RoomController andRoomDevices. RoomController con-
trolsthewholesystem.RoomDevicesconsistsof lightsandmotiondetectors.TheTCOZ
speci�cationfor LCS is givenasfollows. Illmination is anabstracttype,Percentis de-
�ned as Percent � �

���

���

�

�

� ���

���

Light

dim � Percentactuator � on ���

TurningOn �� dim �

���

���

� on �

� true
TurningOff �� dim �

�

�

� on �

� false

TheLight classhastwo operations,TurningOnandTurningOff .

ControlledLight
Light

button� dimmer � chan

ButtonPushing�� button
����

�

� dim �

�

�! 

TurningOff "

� dim �

�

�! 

TurningOn�

DimChange �� � n � Percent
�! 

dimmer
 n �

�

� on
�# 

dim �

� n "

� $ on
�! 

SKIP�

MAIN �� % N
 

�

ButtonPushing" DimChange��� N

TheControlledLightisasubclassof Light. Twoextraoperationsarede�ned:ButtonPushing
andDimChange. Any occupantcanmanuallyturnonor turnoff thelight usingButtonPushing
or the systemwill automaticallyadjustthe illumination usingDimChange. For each
3 LCS is an intelligent embeddedcontrol system.It candetectthe occupationof the building,

thenturn onor turn off thelightsautomatically. It is ableto adjustillumination in thebuilding
accordingto the outsidelight level. The full speci�cation model can be found at: http://nt-
appn.comp.nus.edu.sg/fm/zml/xml-web/light.xml



light, a CSPchannelbutton is de�ned to capturethe statusof the button. The other
channeldimmeris usedto communicatewith thesystemcontroller.
TheRoomContrllercontrolsbothMotionDetector(for detectingany movementin the
room)andControlledLightby sendingpropersignalson channelmotionanddimmer.
(TheMotionDetectorde�nition is omitteddueto spacelimitation.)

RoomController

dimmer� motion � chan
odsensor� Illuminationsensor
absenT� �

olight � Illumination

� � � [behaviour part is omitted]

5.1 Static Typechecking

Object-Zrelatedtype errorscanbe detectedin a similar way asWizard.The follow-
ing exampleillustratesthat thetypechecker spotsTCOZ channel-relatederrorandre-
portsit. In the MAIN operationof classLCS, processesm andr (belongingto classes
MotionController andRoomController respectively) communicatevia acommonchan-
nelcalledmotion; r andl (belongingto ControlledLight) alsocommunicatevia another
commonchannelcalleddimmer. Assumingthat in classRoomController, thechannel
motionis renamedto movementandthereis nootherchangeto thespeci�cation:

RoomController

dimmer � chan
movement� chan [Changed!]

� � �

� � �

As a result,theprocessesm andr cannotcommunicateany moresincethey no longer
shareacommonchannel.This is capturedby thetypecheckerasfollows.

Error! LCS.xml: 305: Identifier not found Symbol: motion
Location: SymTabNode: RoomController >>

Class Definition [Class Type: RoomController]

Error! LCS.xml: 305: No common channel defined!
Symbol: motion Location: SymTabNode: Main >> Class Operation

OF SymTabNode: LCS >> Class Definition [Class Type: LCS]

LCS.xml parsed 2 times.

2 errors.



5.2 Dynamic UML Visualizing

In this subsectionwe will show how to apply projectiontechniquesand the tool to
generateaproperUML statechartfrom theLCSformalmodel.For controlledLight, we
startfrom the MAIN operationsinceMAIN is thestatethat startingstateleadsto. By
mappingthe TCOZ notationsto a Statechartdiagram,a roughstatechartis generated
asshown in the left partof �gure 4. After that,we applyprojectionrulesto operation
DimChange andButtonPushingandget the �nal statechartasshown in the righthand
sideof �gure 4.

Fig.4. Statechartfor ControlledLight

6 Conclusions

The �rst contribution of the paperis the developmentof a syntaxandstaticsemantic
checker for theTCOZ languagein XML format,usinga compilerapproach.As TCOZ
is asupersetof Object-ZandZ, thetypecheckercanalsobeusedto typecheckObject-
Z andZ speci�cationsin XML format.
For the purposeof visualizingTCOZ behaviour model, the secondpart of the paper
de�ned asetof projectionrulesfor transformingaTCOZmodelto UML statechartand
demonstratedtheimplementationstepsfor thetool development.
In summary, this paperpresentssome`light-weight' tool supportfor the TCOZ inte-
gratedformalspeci�cationtechnique.Onefuturework on thetypechecker is to extend
its capabilitieswith thetechniquesfrom ESC[9]. Lookingatevenmore`heave-weight'
toolssupport,i.e.modelcheckingandtheoremproving, onefurtherwork is to translate
TCOZ to timed automataso that tools like UPPAAL [2] canbe usedto checkother
TCOZ properties.We arecurrentlyalsoinvestigating theencodingof TCOZ notation
in theoremproverssuchasHOL/Isabellefor automaticveri�cation.
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