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Abstract. We show how to combinethespecificationnotationZ with Petrinets
for modelingsafety-criticalsystems.Thecombinationpreservesthestrengthsof
the two formalisms,while amelioratingtheir drawbacks.We illustrate our ap-
proachby modelinga part of a productioncell andvalidatingthat modelwith
respectto safety-relatedproperties.

1 Intr oduction

Petrinets[Sta90] area well-establishedformalismfor modelingthe behavior of con-
currentsystems.They have a formal semanticsandcanbe animatedby tools.More-
over, thereexist sophisticatedanalysistechniquesto demonstratepropertiesof Petrinet
models.Animationandvalidationareparticularlyimportantfor safety-criticalsystems,
makingPetrinetsa suitableformalismto usein thatarea.

A drawback of Petri nets is that they tend to becomevery large for systemsof
realisticsize.Takinginto accountnotonlybehavioral butalsodata-relatedaspectsof the
modeledsystemfurtherincreasesthesizeof thePetrinet.Data-orientedaspectsconcern
the internaldatathat the systemmustmaintainto adequatelyreactto environmental
or internalconditions.Safety-criticalsystems(like othercomputerizedsystems,too)
usuallyneedsuchaninternaldatastate.

In contrastto Petrinets,thespecificationnotationZ [Spi92b] wasdesignedto spec-
ify dataandthe evolution of data.It doesnot provide any meansto explicitly specify
behavior. In Z, we canonly specifysetsof operations,but we cannotexpressthatwe
want to occurthe operationsin a certainorder. As comparedto otherformal specifi-
cationlanguages,Z is fairly well-acceptedandwell equippedwith tools,suchastype
checkers[Spi92a,BGHH98] andtheoremprovers[KSW96,Saa97].

To adequatelyspecifysafety-criticalsystems,both aspects,behavioral as well as
data-orientedones,mustbe takeninto account.Therefore,we investigatea combina-
tion of Z andPetrinets.WeuseZ to specifythedata-orientedaspectsof thesystem,and
Petrinetsto specifyits behavioral aspects.Combiningthe two languages,we achieve
a separationof concerns,which resultsin bettercomprehensible,smallerandthusbet-
ter analyzablesystemmodels.Hence,the combinationkeepsthe advantagesof both
specificationformalisms,while amelioratingtheir drawbacks.

In Section2, we describethe way in which systemsaremodeled,using the two
formalisms.Section3 is devotedto a casestudythatillustratestheapproachandshows
how combinedspecificationscanbevalidated.We concludeby comparingour combi-
nationof Z andPetrinetswith othercombinationsof data-basedandbehavioral speci-
ficationformalismsandby pointingoutdirectionsfor futureresearch(Section4).



2 Modeling Principles

A goal of our combinationof Z andPetri netsis to obtainnetsthat aremuchsmaller
andbetteranalyzablethanwhenusingPetrinetsaloneto modelasafety-criticalsystem.
Whenusingthecombination,dataaspectsneednot beencodedin thenets,but canbe
specifiedin Z.

We definethesystemstateandoperationsthatspecifyhow thatstatecanevolve in
Z. In Z, it cannotdirectly beexpressedin which orderthe Z operationsshould“hap-
pen” (indeed,thereis not even a notion of executingan operationin Z). To express
behavior, we usePetri nets,whereZ operationscorrespondto transitionsof the Petri
net.Moreover, we assumethatZ operationscanonly be “executed”if their precondi-
tion is fulfilled. Thepreconditionof anoperationstatesthat thereexistsanafter-state
andvaluesfor the outputvariablessuchthat the schemapredicateis fulfilled. In this
paper, wealwaysgive thepreconditionsexplicitly. Thefollowing figureillustratesthis
approach:

����	��

��
��
�������� ��� ������� 
 �����
��� ��

� ������� 
 �����

� 
Z operation

postcondition

precondition

Themodelof asafety-criticalsystemis thenmadeupof bothspecifications,i.e.,the
conjunctionof theconstraintsimposedby the two specificationsmustbe fulfilled. To
obtaina usefulsystemmodelby combiningspecificationsin differentformalisms,we
mustshow thatthetwo specificationsdo not contradicteachother. To ensurecompati-
bility of thetwo specifications,we have identifiedseveralproof obligations.Checking
thesecompatibility conditionsmayreveal errorsin the modelandthuscontributesto
thequalityof thespecification.

– Theinitial markingof thePetrinetmustbeconsistentwith theinitiality conditions
of theZ specification.

– The conditionsassociatedwith incomingplacesof transitionscorrespondto pre-
conditionsof Z operations,theconditionsassociatedwith outgoingplacesof tran-
sitionscorrespondto postconditionsestablishedby Z operations.Hence,for chains
we have theobligationto show that the postconditionof anoperationimplies the
preconditionof its successorin thechain.

– If thePetrinetadmitsconcurrentexecutionof operations!#" � and !�" � thatwork on
commonstatecomponents,wemustshow that$ theoperationsdonotexcludeeachother, i.e., %'&)(�*�+,!�" �.- (�*�+/!�" �103254�687:9�;$ for all stateswhere (�*�+,!�" � - (�*�+.!#" � holds,bothordersarepossibleandlead

to thesamefinal state.This allows usto useaninterleaving semanticsof con-
currency for Z operations.

Usually, a transitionis enabledif thepreconditionof its correspondingZ operation
holds.But to keepthe Petri net sizessmall by concentratingon the essentialcontrol



flow, the preconditionof a transitionmay be weakerthan the preconditionof its Z
operation.To highlight this fact, the letter “Z” appearsin the transitionsymbol (see
Figure2). Z-labeledtransitions,if consideredonly on thePetrinet level, exhibit more
behavior thanallowedby theZ specification.This mechanismmaybeusedto resolve
dynamicconflictsin thecombinedZ - Petrinetspecification.If two transitionsarein a
dynamicconflict,whosecorrespondingZ operationshave incompatiblepreconditions,
thenonly thetransitioncanactuallytakeplacewhosecorrespondingZ operationholds,
if any. The fact that thePetrinet consideredin isolationcanengagein morebehavior
thanpermittedby theZ specificationis notaproblemwhenweanalyzethePetrinetfor
safety-relatedproperties.There,we show thatunsafesystemstatescannotbeentered.
Therefore,if the net with the more liberal behavior is safe,than the more restricted
behavior is alsosafe.

To obtainself-containedandanalyzablemodels,we not only considerthe control
software,but alsomodelpartsof theenvironment,for examplesensors(seeSection3).

3 CaseStudy: Production Cell

To illustrateourapproach,wemodelapartof aproductioncell [LL95]. Theproduction
cell, anexisting industrialfacility, consistsof six physicalcomponents:two conveyor
belts,a rotablerobot equippedwith two extendablearms,anelevating rotary table,a
press,andatravelingcrane(whichhasbeenaddedto makethecell self-contained).The
machinesareorganizedin a (closed)pipeline,seeFigure1. Their commongoal is to
transportandprocessmetalplates.Altogether, 14sensorsand34actuatorscanbeused
to controlthecell.

robot

press

travellingcrane
arm2

arm1

depositbelt (belt2)

elevatingrotarytable

feedbelt (belt1)

Fig. 1. Productioncell

As a first stepto developthecontrolsoftware,we developa formal andexecutable
systemspecification.To save space,we restrictourselvesto thefirst two components,
thefeedbelt andtheelevatingrotarytable,which arequitedifferenttechnicaldevices.



While thefeedbeltmayjustbeswitchedonandoff, themotionof thetableis controlled
by positionengines.In addition,the feedbelt hastwo sensorsthat indicatewhethera
plateis at its front or end,respectively.

Theoriginal taskdescriptionconsidersonly thecasewhereat mostoneplateis on
thefeedbeltatatime.In ourmodel,themaximalnumberof platesallowedto bepresent
onthefeedbelt(henceforthcalledfeedbeltcapacity)is aparameterof thespecification.
In this way, ourmodelis moregeneralthanrequiredby theoriginal taskdescription.

In Section3.1,we modelthe two subsystemsin Z andspecifyhow their statecan
changevia operations.The orderin which the state-changingoperationscanoccur is
specifiedby a Petri net given in Section3.2. In Section3.3, the Petri net is analyzed
using tools. The coherenceof the two specificationsis demonstratedin Section3.4,
andsomeapplication-dependentsafety-relatedpropertiesof themodelareanalyzedin
Section3.5.

3.1 Z Part of the Specification

Thespecificationmodelsthetwo subsystemsfeedbelt andtableseparately1. It exhibits
thesituationswherethe two subsystemsmustcommunicateor cooperateto achieve a
desiredstatetransition.For validationpurposes,the whole Z specificationwastype-
checked.2

Statesof the SubsystemsFor thefeedbelt,weneedto know whetherit is switchedon
(i.e.,whetherit moves)or not,andhow many platesit carries.Wepartitionthefeedbelt
into threezones:the front, wherenew platesaredropped,andwherea sensorsignals
thepresenceof a plate;theend,wheretheplatesarepassedon to theelevatingrotary
table,whichis signaledby anothersensor;andthezonein betweentherangeof thetwo
sensors.
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Here, Z 4�[ " 6�4S\]957 is thefeedbeltcapacity, andthetype ^1_F^F` is definedasanenumer-
ation type ^a_b^c`ed�d  !S_gf,!�` . In its initial state,the feedbelt is switchedoff, and
therearenoplateson it. Thedecoration“ h ” of variablenamesmeansthatthey describe
thestateafter anoperationis completed.Plainvariablesdescribethestatein whichan
operationis started.

1 A first versionof thisspecificationwasbasedon thepartialspecificationgivenin [LS96].
2 Readersnot familiar with Z arereferredto [Spi92b].



For theelevatingrotarytable(justcalled“table” in thefollowing),weneedto know
its position(modeledby a basictype i 4Ij56�9 k ! 7#l�\]l !S_ ), whetherit movesor not, and
whetherthereis a plateonit or not.Thetype m 957)n ! is definedas m 9:7�n !od�d  qp 957 f�_r! .
Whetheror notthetableis readyto receiveaplateis expressedbythederivedstatecom-
ponent s 4 _ t 9 s 9�l
u�9 . The two extremepositionsof the tablearecalled 6 ! 4Iv "r! 7:l
\?l !I_
and w�_ 6 ! 4Iv "x! 7#l�\]l !S_ .
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Tablecontrol operations Weassumeatotalorderingrelation � onthetype i 4Ij56�9 k ! -7:l
\]l !I_ , where 6 ! 4Sv "x! 7:l
\]l !I_ is thesmallestand w�_ 6 ! 4Iv "x! 7#l�\]l !S_ is thelargestposition.
The function _ 9�[S\ increasesthe positionby oneunit, the function "ct 9Ku decreasesit.
“ � \?4Ij56�9 ” meansthatthestateof thetablemaychange.
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Theoperation7:\?4 t \ 6 ! 4Sv \ ! w�_ 6 ! 4Iv startsthemotor in the 6 ! 4Iv "r! 7:l
\?l !I_ , theop-
eration Z�! uK9 6 ! 4Sv \ ! w�_ 6 ! 4Iv increasesthepositionof thetableby oneunit. Whenthe
tablehasreachedthe w�_ 6 ! 4Iv "r! 7:l
\?l !S_ , themotormustbeswitchedoff, asspecifiedby
the operation 7:\ !�" 4I\ w�_ 6 ! 4Sv . Becausewe do not modelhow the plate is passedon
from thetableto therobot,theoperationw�_ 6 ! 4Iv \]4Sj:6�9 just resetsthestatecomponent\ 6 ! 4IvI9�v , i.e., w�_ 6 ! 4Sv \?4Ij56�9 actsasa consumer.
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Theoperations7:\]4 t \ w�_ 6 ! 4Iv \ ! 6 ! 4Iv , Z�! u�9 w�_ 6 ! 4Iv \ ! 6 ! 4Iv , and 7:\ !#" 4S\ 6 ! 4Iv are
definedanalogously.

Operations related to the feed belt envir onment Theseoperationscorrespondto
phenomenathat cannotbe influencedby the control softwareof the feedbelt but are
reportedby sensors.Platesaredroppedonthefeedbeltby aproducer, whichcausesthe
sensorat thefront of thefeedbelt to respond(operation6 ! 4Iv 2:j ). Whenthefeedbelt is
moving, thesensorwill eventuallyreportthat thereis no longera plateat the front of
thefeedbelt,asspecifiedby theoperation6�9�4SuK9 2 t�!I_ \ . Furthermore,thesensorsituated
attheendof thefeedbeltwill eventuallyreportthataplatehasreachedthepointwhere
it canbepassedonto thetable(operationvS9K\?9 s \ ).
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Feedbelt control operations Thefeedbelt controllermustdecidewhento switchon
or off thefeedbelt.To takethesedecisionsin sucha way that thesafetyof thesystem
is guaranteed,it mustcommunicatewith thetable,i.e., thefeedbelt controloperations
importeither� \]4Sj:6�9 (if thestateof thetableis only queriedbut notchanged)or � \?4Ij56�9 .

Theoperation7:�/l
\ s�� !I_ specifiesthatthefeedbeltmayonly beswitchedonif the
tableis readyto receive a plateor if thereis no plateat the endof the feedbelt. The
feedbelt mustbeswitchedoff if a platehasarrivedat theendof the feedbelt but the
tableis not readyto receive it (operation7:�/l
\ s�� !�` ). Otherwise,theplateis passedon
from thefeedbelt to thetable,asspecifiedby theoperation25j \ ! \?4Ij56�9 .

NotethattheZ specificationcannotentirelydescribethebehavior of theproduction
cell. It only restrictspossiblebehavior via preconditionsof operations.
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3.2 Petri Net Part of the Specification

Figure2 shows thePetrinet thatspecifiesthecontrolflow, i.e., theorderin which the
variousZ operationscanbe executed.To enhancethe readabilityof the Petri net,we
introducethefollowing two layoutconventions.(1) To avoid edgecrossingweuselog-
ical nodes(thegrayones)to serve asconnectorsbetweenidenticallynamednodes.(2)
Eachindependentprocessis drawn separately, andsynchronizationhappensby logical
nodes(thereis placeaswell astransitionsynchronization).

Moreover, to avoid unnecessaryrestrictionsof theconcurrency degree,we usetest
arcs(blackdotsinsteadof thearrow head)to modelsideconditionsof transitions(i.e.,
placesthatareincomingaswell asoutgoingfor agiventransition).Undertheinterleav-
ing semantics,testarcscanbesimulatedby two oppositearcsbetweenthe transition
andits sidecondition.

Following theserules, the Petri net exhibits a strongseparationof controllerand
environmentmodelinto differentparts.Thecontrollerpartgenerallyconsistsof afinite
andstaticsetof communicatingprocesses,onefor eachphysicalcomponent.Theen-
vironmentpart is composedof smallreusablenetcomponents:theproducer/consumer
processesof the work flow, andthe devicesof the controlledplant (asfar asthey are
necessaryon thenetlevel).

Eachphysicaldevice is basicallycharacterizedby its finite set of discretestates
(e.g.,thesensor4I\ 2 t�!I_ \ mayrecognizea plateor not, the feedbelt maybeswitched
on or off), wherebya discretestatemay representan equivalenceclassof a possibly
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infinite setof states(e.g. l _ j�9K\?�/9�9 _ summarizesall feedbelt stateswheresomeplate
is locatedbetweenthe two sensors).Obviously, eachdevice mustbe in oneandonly
onestateat any time. In termsof Petrinet theory, the statesof a device form a place
invariantestablishinga consistency conditionof thesystemmodel,seeSection3.3.

To modeltheassumptionof intelligentenvironmentbehavior (theproducerplaces
a new plateon thebelt only if thereis roomfor it), we introducea placefor thestate
variable _rw�Z j�9 t ! 2 " 6�4S\]957 , anda co-place Z 4K[ " 6�4I\?9:7 for its maximalvalue.In this
way, we geta genericsystemspecification- thegivenfeedbelt capacityis adaptedby
theparameterZ 4�[ " 6�4I\?957 .

Notethattherearesix Z-labeledtransitions,amongthemall conflictingtransitions
of thetablecontroller. Thetransition2:j \ ! \?4Ij56�9 , engagedin a conflictwithin thefeed
belt controller, is not a Z-labeledone,becausethe transitionis enabledif andonly if
the preconditionof its Z operationholds.In contrast,the operations7:�/l
\ s�� !�` and7:�/l
\ s�� !S_ have moredetailedpreconditionsthanperceivablein thePetrinetstructure.
Therefore,they arelabeledwith Z.

For comparison:In [HDS99], ahierarchicalPetrinetmodelof thecompleteproduc-
tion cell hasbeenpublished,comprisingaltogetherabout200placesand200transitions
structuredinto 65 pages.The feedbelt–tablesubsystemneeds46 placesand34 tran-
sitions.The Petrinet of Figure2 consistsof only 17 placesand13 transitions,which
makesareductionfactorof about2.5.

3.3 Analysisof the Petri Net

Following ourapproach,thewidevarietyof availablePetrinetanalysistechniquesand
toolsbecomesapplicablefor computer-aidedmodelanalysis.Webriefly summarizethe
resultsof analyzingthePetrinetof Figure2, usingour currentPetrinettool box. The
following tools have beenapplied:PED – a hierarchicalPetri net EDitor [Tie97] for
design,PEDVisor [Men97] for tokenflow animation,the IntegratedNet Analysistool
INA [SR97] for analysisof theconsistency conditions,andPEP[BG96] for analysisof
theconcurrency degree.

After beingsatisfiedwith thebehavior exhibitedby theanimationof thePetrinet,
we performgeneralanalyses.As a generalconsistency condition for our model,we
show that the underlyingPetri net is well-formed(which combinesboundednessand
liveness).

Boundedness.A placeinvariant [ is a setof places,for which thetokenconservation
equation �

�����
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�
���I�
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holdsfor all reachablemarkingsZ . Ournetis coveredby thefollowing8 semi-positive
placeinvariants(where [ &¡" ; alwaysequals1 for the mentionedplaces,and0 other-
wise):
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l _ u�§ dr&�_rw�Z j�9 t ! 2 " 6�4I\?957I¤ Z 4K[ " 6�4I\?9:7K;l _ uI¨ dr& 4I\ 2 t�!S_ \:¤�4I\ 9 _ vF¤ Z 4K[ " 6�4S\]957I¤�l _ j�9�\?�/9�9 _ ;l _ uI© dr& \]4Sj:6�9 w�_ 6 ! 4IvS9�vF¤ Z�! u�l _Iª £S¤ s 4 _ t 9 s 9�l
uK9�¤�\]4Sj:6�9 6 ! 4SvI9�vF¤ Z�! u�l _Iª ¥r¤�4I\ w�_ 6 ! 4Iv "x! 7K;l _ uI« dr&�s�!I_ 7 w�Z 9 t t 9�4Sv p ;l _ uI¬ dr&¡"ct�! v w�s 9 t t 9�4Sv p ;
Thereforeit is bounded.More concretely:thetokensumof theplaceinvariants1–

3, 6–8 equals1. Therefore,the correspondingplacesare1-bounded.The tokensum
of the placeinvariants4 and5, on the otherhand,equals Z 4�[ " 6�4S\]957 . Therefore,the
correspondingplacescanhold at most Z 4�[ " 6�4S\]957 tokens.Hence,we areableto con-
cludethe k-boundednessof the net (with ­  Z 4K[ " 6�4S\]957 ). Moreover, by combining
the placeinvariants4 and5 we areable to concludethat for all reachablemarkings
holds: 4S\ 2 t�!S_ \�®�l _ j�9�\]�¯9�9 _ ®�4I\ 9 _ v  _rw�Z j�9 t ! 2 " 6�4I\?957 , which reflectsanobvi-
ousconsistency conditionof thefeedbelt model,seeSect.3.1,invariantof theschema2:9�9�v j�956�\ .
Liveness.Thenetstructureis extendedsimple,andthestructuralpropertycalleddead-
lock-trapproperty[Sta90]holds.Therefore,we canconcludewithout constructionof
thetotal systemspacethatthepurenetis live(which includesdeadlockfreedom).This
is anecessaryconditionfor thelivenessof theZ-Petrinet.

Concurrencydegree. Figure3 shows the basicconcurrentbehavior (after the initial-
izationphase)of a productioncell with a feedbelt capacityof one.It hasbeenderived
from the so-calledfinite prefix of branchingprocesses(producedby PEP),to high-
light (andcheck)the essentialbehavior of the designedproductioncell. The derived
netdemonstratesthebehavior of thePetrinetshown in Figure2 underthepartialorder
semanticsby showing two concurrentcycles of atomicactions(transitions,Z opera-
tions),synchronizedby onecommonoperation(2:j \ ! \]4Sj:6�9 ). In otherwords,theaction
sequence6 ! 4Sv 2:j – 6�9�4Iu�9 2 t�!S_ \ – vI9�\]9 s \ to equipthefeedbeltoccursconcurrentlywith
thetable’smotionsfrom 6 ! 4Iv "r! 7:l
\?l !I_ to w�_ 6 ! 4Iv "x! 7:l
\]l !I_ andback.

Thethreeconflicts(non-deterministicbehavior) in theconcurrentbehavior descrip-
tion areresolvedby theZ operations’preconditions,becausetheseexcludeeachother.
Takingthoseinto account,the feedbelt is only switchedoff if thetabledoesnot work
fastenough.Consequently, thefeedbelt will still berunningwhile it is empty(because
theproduceris tooslow). Therefore,thenetis not reversible:loadingthefeedbelt,and
moving thetableto theloadpositionwhile thefeedbelt is switchedoff mayhappenonly
onceat thebeginning.Thiskind of behavior (whichmaybedeemedto beundesirable)
hardlybecomesobviousby merelyinspectingthespecification.

If Z 4K[ " 6�4S\]957  £ , thereonly exists concurrency betweenoperationson different
subsystemsthatareindependentof eachother, i.e.,work on disjointstatecomponents.
For Z 4�[ " 6�4I\?957±°q£ , however, wecanidentify thefollowing concurrentoperations3:

3 Up to now, the theoryof (a finite prefix of) branchingprocessesis restrictedto 1-bounded
Petri nets.Therefore,the identificationof the additionalconcurrentoperationswasnot tool-
supported.However, thegeneralizationto boundedPetrinetsis anemerging researchareain
Petrinettheory.
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– Theoperation6 ! 4Iv 25j mayhappenconcurrentlywith vI9�\]9 s \ , 7:�/l�\ s�� !I_ , 7:�/l�\ s�� !�` ,
and2:j \ ! \]4Sj:6�9 .

– Theoperation6�9�4Iu�9 2 t�!S_ \ mayhappenconcurrentlywith vS9K\?9 s \ , and2:j \ ! \]4Sj:6�9 .

3.4 CheckingCoherenceof the Two Specifications

As describedin Section2, wemustshow thecompatibilityof thetwo specifications.
It is easilyverified that the initial markingof thePetrinet is consistentwith theZ

specification.For example,thereis a tokenat theplace _r! \ 4S\ 2 t�!I_ \ , which is neces-
sarybecausetheinitial conditionof thefeedbelt requires_rw�Z j�9 t ! 2 " 6�4I\?957  ³² .

For the chainsin the Petri net, it is alsoeasyto seethat the postconditionsof all
operationsin a chainarecompatiblewith thepreconditionsof their successors.As an
example,considertheoperations7:�/l
\ s�� !�` and 7#�¯l
\ s�� !I_ . Theoperation7:�/l
\ s�� !�`
establishesthecondition2:j Z u�\  !�` , asrequiredby 7:�/l
\ s�� !I_ . Because7:�/l
\ s�� !�`
establishesthe condition 4I\ 9 _ v  £ , the secondpreconditionof 7:�/l�\ s�� !S_ , viz.
_rw�Z j�9 t ! 2 " 6�4I\?9:7�° ² is alsofulfilled. It follows that after a 7:�/l�\ s�� !�` operation,



a 7:�/l
\ s�� !I_ operationis possibleas soonas s 4 _ t 9 s 9�l
u�9 holds, i.e., as soonas the
tableis ready.

Finally, we mustdemonstratethat theorderin which concurrentoperationsarein-
voked is irrelevant. Consideringfor examplethe operations6 ! 4Sv 2:j and vI9�\?9 s \ , we
first identify thesetof stateswherebothpreconditionshold.For thesestates,we have² �3_rw�Z j�9 t ! 2 " 6�4I\?9:7 �´Z 4K[ " 6�4I\?9:7 , 4S\ 2 t�!S_ \  4I\ 9 _ v  µ² , 2:j Z uK\  !S_ , andl _ j�9�\]�¯9�9 _ ° ² . Executingthe operations6 ! 4Sv 2:j and vS9K\?9 s \ yields a statewhere
_rw�Z j�9 t ! 2 " 6�4I\?9:7 is increasedby one, l _ j�9K\?�/9�9 _ is decreasedby one, 4S\ 2 t�!S_ \  4I\ 9 _ v  £ , and 2:j Z uK\  !I_ , independentlyof theorderin which theoperationsare
invoked.For theotherconcurrentoperations,thereasoningproceedsin thesameway.

3.5 Application-DependentValidation of the Model

LewerentzandLindner [LL95] enumerateseveral safetyrequirementsfor theproduc-
tion cell controlsoftware.Therequirementsconcerningthefeedbeltandthetableare:

1. Theblankshave sufficientdistancesothatthey canbedistinguished.
2. Thetabledoesnotmove beyondits extremepoints.
3. Blanksarenot droppedoff thefeedbelt whenthetableis not ready. Thefeedbelt

is stoppedbeforethiscanhappen.

Requirement1 is reflectedin ourspecificationby thepreconditionof theoperation6 ! 4Iv 2:j : thestatevariable 4S\ 2 t�!I_ \ mustbezero,which meansthat thesensorreports
that no plate is presentat the front of the feed belt. This conditionsuffices to fulfill
requirement1. Oncethe operation 6 ! 4Iv 25j is implemented,it mustbe demonstrated
thattheimplementationindeedfaithfully reflectstheZ specification.

Requirement2 is takencareof in thepostconditionsof theoperations7:\ !�" 4I\ 6 ! 4Sv
and 7:\ !#" 4S\ w�_ 6 ! 4Iv . Whenthetablehasreachedoneof theextremepositions,theposi-
tion enginesareswitchedoff, andtheoperationsZ�! u�9 w�_ 6 ! 4Sv \ ! 6 ! 4Sv or Z�! u�9 6 ! 4Iv -\ ! w�_ 6 ! 4Iv respectively, areno longerpossible.Again,every implementedsystembe-
ing correctwith respectto theZ specificationfullfills safetyrequirement2.

To show that requirement3 is fulfilled, we must show that if 4I\ 9 _ v  £¶-
2:j Z u�\  !S_ - s 4 _ t 9 s 9Kl�uK9  _·! then 2:j Z u�\  !�` musthold within a certain
time boundthat is smallenoughto prevent the platefrom beingdroppedin anunsafe
area.If Z 4�[ " 6�4I\?957  £ , we canshow that 2:j Z u�\  !�` holdsin the next stateafter4I\ 9 _ v  £�-q2:j Z u�\  !S_ - s 4 _ t 9 s 9Kl�uK9  _r! holds,becausethe only opera-
tion whosepreconditionis fulfilled is 7:�/l
\ s�� !�` . If Z 4K[ " 6�4I\?9:7�°¸£ , however, we can
only guaranteeunderthe interleaving semanticsthat 2:j Z uK\  !�` holdsafterat most¥ &�Z 4�[ " 6�4I\?957±¹¸£�; operationsotherthan 7#�¯l
\ s�� !�` have beenexecuted(theseoper-
ationsare 6 ! 4Sv 2:j and 6�9�4Iu�9 2 t�!I_ \ ). An exact proof that the feedbelt is switchedoff
fastenoughrequiresa quantitativeanalysisusingtime-dependentPetrinetsor a partial
ordersemantics.Usingtransitionswhosefiring is restrictedby timeintervals,wewould
beableto formulateandcheckthe time conditionsunderwhich 7:�/l
\ s�� !�` is always
fasterthan 6 ! 4Sv 2:j and 6�9�4Iu�9 2 t�!S_ \ , respectively.



4 Conclusions

Nowadays,it iswell recognizedthatcombiningdata-orientedandbehavioral formalisms
is anadequateapproachto specifyembeddedsystems4, andin particularsafety-critical
systems.Z hasbeencombinedwith anumberof otherformalisms.We contrastourap-
proachwith two suchcombinationsthathave beenspecificallydesignedfor specifying
safety-criticalembeddedsystems.

Thecombinationof Z andreal-timeCSPdefinedby HeiselandSühl [HS96] leads
to veryabstractandconcisespecifications,but tool supportfor validatingspecifications
is limited andit is in generalimpossibleto animatesuchspecifications.

ThelanguageºF»�¼ developedin theGermanESPRESS project[BDG ½ 96] is acom-
binationof theStatematelanguages[HLN ½ 90] (namelystatechartsandactivity charts)
andZ. Its advantageis thatmany engineersarefamiliar with finite statemachinesand
hencemayfind ºF»�¼ specificationseasilyaccessible.

Thecombinationof Z andPetrinets,however, is superiorto bothafore-mentioned
combinationsasfar asthemeansfor animationandanalysisareconcerned.Animation
tools provide an executablemodelof the systemthat allows customersto get an im-
pressionof how thesystemwill behave.Furthermore,avarietyof analysistools(which
areavailablefreeof charge)provide richervalidationfacilities thanthey areavailable
for otherformalisms.Checkingconsistency of thetwo partsof thespecificationfurther
enhancesconfidencein themodel.

The readermay seesomesimilaritiesbetweenour approachandCPN [Jen92] (a
quasi-standardof colouredPetrinets),whichcombinesPetrinetswith inscriptionswrit-
ten in (a versionof) the functionalprogramminglanguageML. Becauseour primary
objective is formal systemspecification,however, wepreferto usea purespecification
languageinsteadof aprogramminglanguagein combinationwith Petrinets.

Our casestudyhasshown that, becauseof the combinationwith Z, the Petri net
modelbecomesquiteconciseandwell comprehensible.The reductionof the number
of nodesis considerable.Hence,our combinationof Z andPetri netsis a promising
approachto modelsafety-criticalsystemsandvalidatethesemodels.

To makeour combinedlanguageacceptableto a wider audience,it is necessaryto
providemethodologicalsupportfor its application.In the future,we intendto develop
methodsfor

– Settingupcombinedspecifications.
Here,weneedto developheuristicsfor theorderin whichthetwo partsof aspecifi-
cationaredeveloped,how to separatethesoftwarecontrollerfrom its environment,
etc.

– Validatingcombinedspecifications.
A relationto classicalsafetyanalysistechniqueswouldbedesirable.

– Deriving implementationsfrom combinedspecifications.

4 Thisyear, aninternationalworkshop“IntegratedFormalMethods1999–AWorkshoponCom-
biningState-BasedandBehaviouralFormalisms”on thisspecifictopic takesplace.



The combinedlanguage,an underlyingmethodology, and relatedtool supportis
likely to leadto a powerful approachfor tacklingtheproblemof systemandespecially
softwaresafety.
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