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Abstract. We shav how to combinethe specificatiomotationZ with Petrinets
for modelingsafety-criticalsystemsThe combinationpreseresthe strengthf
the two formalisms,while amelioratingtheir dravbacks.We illustrate our ap-
proachby modelinga part of a productioncell and validatingthat modelwith
respecto safety-relategbroperties.

1 Intr oduction

Petrinets[Sta9(Q area well-establishedormalismfor modelingthe behaior of con-
currentsystemsThey have a formal semanticaand canbe animatedby tools. More-
over, thereexist sophisticate@nalysigechnique$o demonstrat@ropertiesof Petrinet
models Animationandvalidationareparticularlyimportantfor safety-criticalsystems,
makingPetrinetsa suitableformalismto usein thatarea.

A drawback of Petri netsis thatthey tendto becomevery large for systemsof
realisticsize.Takinginto accounnotonly behaioral but alsodata-relatedspect®f the
modeledsystenfurtherincreaseshesizeof thePetrinet. Data-orienteéispectgoncern
the internal datathat the systemmustmaintainto adequatelyreactto environmental
or internal conditions.Safety-criticalsystemglike other computerizedsystemstoo)
usuallyneedsuchaninternaldatastate.

In contrasto Petrinets,the specificatiomotationZ [Spi92 wasdesignedo spec-
ify dataandthe evolution of data.lt doesnot provide ary meanso explicitly specify
behaior. In Z, we canonly specifysetsof operationsput we cannotexpressthatwe
wantto occurthe operationdgn a certainorder As comparedo otherformal specifi-
cationlanguages? is fairly well-acceptecandwell equippedwith tools, suchastype
checkergSpi92aBGHH9g andtheoremprovers|[KSW96,Saa9t.

To adequatelyspecify safety-criticalsystems poth aspectsbehaioral aswell as
data-orienteanes,mustbe takeninto account.Therefore we investigatea combina-
tion of Z andPetrinets.We useZ to specifythedata-orientedspect®f thesystemand
Petrinetsto specifyits behaioral aspectsCombiningthe two languagesywe achieve
aseparatiorof concernswhich resultsin bettercomprehensiblesmallerandthusbet-
ter analyzablesystemmodels.Hence,the combinationkeepsthe advantagesof both
specificatiorformalisms while amelioratingheir dravbacks.

In Section2, we describethe way in which systemsare modeled,using the two
formalisms.Section3 is devotedto a casestudythatillustratesthe approactandshows
how combinedspecificationsanbe validated We concludeby comparingour combi-
nationof Z andPetrinetswith othercombination®f data-basedndbehaioral speci-
ficationformalismsandby pointingoutdirectionsfor futureresearct{Section4).



2 Modeling Principles

A goal of our combinationof Z and Petri netsis to obtainnetsthataremuchsmaller
andbetteranalyzablehanwhenusingPetrinetsaloneto modelasafety-criticakystem.
Whenusingthe combinationdataaspectsieednot beencodedn the nets,but canbe
specifiedn Z.
We definethe systemstateandoperationghat specifyhow thatstatecanevolve in

Z. In Z, it cannotdirectly be expressedn which orderthe Z operationsshould“hap-
pen” (indeed,thereis not even a notion of executingan operationin Z). To express
behaior, we usePetrinets,whereZ operationscorrespondo transitionsof the Petri
net.Moreover, we assumehatZ operationscanonly be “executed”if their precondi-
tion is fulfilled. The preconditionof an operationstateghatthereexists an afterstate
andvaluesfor the outputvariablessuchthat the schemgpredicateis fulfilled. In this
paperwe alwaysgive the preconditiongxplicitly. The following figureillustratesthis
approach:

precondition
—— op
Astate
= Z operation
precondition
postcondition postcondition

Themodelof asafety-criticalsystems thenmadeup of bothspecificationsi.e., the
conjunctionof the constraintdmposedby the two specificationgnustbe fulfilled. To
obtaina usefulsystemmodelby combiningspecificationsn differentformalisms,we
mustshav thatthe two specificationglo not contradicteachother To ensurecompati-
bility of the two specificationsywe have identifiedseveral proof obligations.Checking
thesecompatibility conditionsmay reveal errorsin the modelandthus contritutesto
the quality of the specification.

— Theinitial markingof the Petrinetmustbe consistentvith theinitiality conditions
of theZ specification.

— The conditionsassociatedvith incomingplacesof transitionscorrespondo pre-
conditionsof Z operationsthe conditionsassociatedavith outgoingplacesof tran-
sitionscorrespondo postconditiongstablishedby Z operationsHence for chains
we have the obligationto shav that the postconditiorof an operationimpliesthe
preconditiorof its successoin thechain.

— If thePetrinetadmitsconcurrentxecutionof operations:p; andop- thatwork on
commonstatecomponentsye mustshaw that

o theoperationslo notexcludeeachother i.e.,— (pre opi A pre ops < false)

o for all statesvherepre opi A pre ops holds,both ordersarepossibleandlead
to the samefinal state.This allows usto useaninterleaving semanticof con-
curreng for Z operations.

Usually, a transitionis enabledf the preconditionof its corresponding operation
holds.But to keepthe Petri net sizessmall by concentratingon the essentiatontrol



flow, the preconditionof a transitionmay be weakerthan the preconditionof its Z
operation.To highlight this fact, the letter “Z" appearsn the transitionsymbol (see
Figure2). Z-labeledtransitionsjf considerednly on the Petrinetlevel, exhibit more
behaior thanallowed by the Z specification.This mechanismmay be usedto resohe
dynamicconflictsin thecombinedZ - Petrinetspecification!f two transitionsarein a
dynamicconflict, whosecorresponding operationshave incompatiblepreconditions,
thenonly thetransitioncanactuallytakeplacewhosecorresponding operatiorholds,
if ary. Thefactthatthe Petrinetconsideredn isolationcanengagan morebehaior
thanpermittedby the Z specificatioris nota problemwhenwe analyzethe Petrinetfor
safety-relategroperties There,we shawv thatunsafesystemstatescannotbe entered.
Therefore,if the netwith the more liberal behaior is safe,thanthe morerestricted
behaior is alsosafe.

To obtainself-containecandanalyzablemodels,we not only considerthe control
software put alsomodelpartsof the ervironment,for examplesensorgseeSection3).

3 CaseStudy: Production Cell

Toillustrateourapproachye modela partof aproductioncell [LL95]. Theproduction
cell, an existing industrialfacility, consistsof six physicalcomponentstwo conveyor
belts,a rotablerobot equippedwith two extendablearms,an elevating rotary table,a
pressandatraveling crane(whichhasbeenaddedo makethecell self-contained)The
machinesareorganizedin a (closed)pipeline,seeFigurel. Their commongoalis to
transportandprocessnetalplates Altogether 14 sensorand34 actuatorsanbeused
to controlthecell.

F depositbelt (belt2)

travellingcrane
arm?2

robot

feedbelt (belt1)
@ arm1l press

elevatingrotarytable

Fig. 1. Productioncell

As afirst stepto developthe controlsoftware we develop aformal andexecutable
systemspecification.To save spacewe restrictoursehesto thefirst two components,
thefeedbeltandthe elevating rotarytable,which arequite differenttechnicaldevices.



While thefeedbeltmayjustbeswitchedon andoff, themotionof thetableis controlled
by positionenginesln addition,the feedbelt hastwo sensorghatindicatewhethera
plateis atits front or end,respectiely.

The original taskdescriptionconsidersonly the casewhereat mostoneplateis on
thefeedbeltatatime.In ourmodel themaximalnumberof platesallowedto bepresent
onthefeedbelt(henceforttcalledfeedbeltcapacity)is aparameteof thespecification.
In thisway, our modelis moregenerathanrequiredby the original taskdescription.

In Section3.1, we modelthetwo subsystems Z and specifyhow their statecan
changevia operationsThe orderin which the state-changingperationscanoccuris
specifiedby a Petrinetgivenin Section3.2. In Section3.3, the Petrinetis analyzed
usingtools. The coherenceof the two specificationds demonstratedn Section3.4,
andsomeapplication-dependesafety-relategropertiesof the modelareanalyzedn
Section3.5.

3.1 Z Part of the Specification

Thespecificatiormodelsthetwo subsystemgeedbelt andtableseparately. It exhibits
the situationswherethe two subsystemsiustcommunicater cooperatdo achieve a
desiredstatetransition.For validation purposesthe whole Z specificationwas type-
checked.

Statesof the SubsystemsFor thefeedbelt, we needto know whetherit is switchedon

(i.e.,whetherit moves)or not,andhow mary platesit carries We partitionthefeedbelt
into threezones:ithe front, wherenew platesaredropped,andwherea sensorsignals
the presencef a plate;the end,wherethe platesare passecn to the elevating rotary
table,whichis signaledoy anothersensorandthezonein betweertherangeof thetwo

sensors.

— feed _bell — Init_feed _belt
at_front,at_end : 0.. 1 feed _belt’
i _between, number_of _plates : 0 .. maxplates m_platesl =0
fb_mut : OnOff fb_mut’ = off
number_of _plates =
al_front + in_between + at_end

Here,mazplates is thefeedbelt capacityandthetype OnOff is definedasanenumer

ationtype OnOff ::= on | off. In its initial statethe feedbeltis switchedoff, and
thereareno platesonit. Thedecoratior’” of variablenamesneanshatthey describe
the stateafter anoperationis completedPlainvariablesdescribehe statein whichan

operationis started.

L A first versionof this specificatiorwasbasedon the partialspecificatiorgivenin [LS96].
2 Readersiot familiar with Z arereferrecdto [Spi924.



For theelevatingrotarytable(justcalled“table” in thefollowing), we needo know
its position(modeledby a basictype Table_Position), whetherit movesor not, and
whetherthereis a plateonit or not. Thetype YesNo is definedas YesNo ::= yes | no.
Whetheror notthetableis readyto receve a plateis expressedy thederivedstatecom-
ponentcan_receive. The two extreme positionsof the table are called load _position
andunload _position.

— table —— Init_table
t_loaded : YesNo table’
t_position : Table_Position t loaded' = no
t_muot : OnOff t_position’ = unload position
can_recetve : YesNo t_mut’ = off

can_receive = yes &
t_position = load _position A
t_loaded = no A t_mut = off

Tablecontrol operations We assumeatotalorderingrelation< onthetype Table_Po-
sition, whereload_position isthesmallestandunload_position is thelargestposition.
The function next increaseghe positionby one unit, the function prev decreases.
“ Atable” meanghatthe stateof thetablemaychange.

— start_load_to_unload ———— —— move _load _to_unload
Atable Atable
t_loaded = yes t_loaded = yes
t_position = load_position t_position < unload_position
t_mut = off t_mvt = on
t_loaded' = yes t_loaded’ = yes
t_position’ = load_position t_position’ = nest(t_position)
t_mot' = on t_mot’ = on

Theoperationstart_load_to_unload startsthe motorin the load _position, the op-
erationmouve _load _to_unload increaseshe positionof thetableby oneunit. Whenthe
tablehasreachedhe unload_position, the motor mustbe switchedoff, asspecifiedby
the operationstop _at_unload. Becausene do not modelhow the plateis passedn
from thetableto the robot,the operationunload _table just resetghe statecomponent
t_loaded, i.e., unload_table actsasa consumer



—— stop_at_unload

— unload_table
Atable Atable
t_loaded = yes t_loaded = yes
t_position = unload _position t_position = unload _position
t_muvt = on t_mut = off
t_loaded' = yes t_loaded' = no
t_position' = unload position t_position’ = unload position
t_mut’ = off t_mut’ = off

Theoperationstart _unload _to_load, move__unload _to_load, andstop_at_load are
definedanalogously

Operations related to the feed belt ervironment Theseoperationscorrespondo
phenomenahat cannotbe influencedby the control softwareof the feedbelt but are
reportedby sensorsPlatesaredroppedonthefeedbelt by a producerwhich causeshe
sensomtthefront of thefeedbeltto respondoperationoad_fb). Whenthefeedbeltis
moving, the sensowill eventuallyreportthatthereis no longera plateat the front of
thefeedbelt, asspecifiecby theoperationeave _front. Furthermorethesensosituated
attheendof thefeedbeltwill eventuallyreportthata platehasreachedhepointwhere
it canbe passednto thetable(operationdetect).

— load fb —————  —— leave_front ———— —— detect
Afeed _belt Afeed_belt Afeed _belt
number_of _plates ﬂ;Tw‘: on fb_mut = on
< mazplates at_front =1 at_end =0
at_front =0 in_between' = in_between > 0
at_front/ =1 in_between + 1 at_end =1
in_between’ = in_between at_frontl =0 in_between' =
at_end’ = at_end at_end’ = at_end in_between — 1
fb_mot’ = fb_mot fb_mot’ = fb_muot at_front' = at_front
fb_mut' = on

Feedbelt control operations The feedbelt controllermustdecidewhento switchon
or off thefeedbelt. To takethesedecisionsn sucha way thatthe safetyof the system
is guaranteedt mustcommunicatevith thetable,i.e., thefeedbelt control operations
importeither="table (if thestateof thetableis only queriedout notchangedpr Atable.

Theoperationsw:tch_on specifieghatthefeedbeltmayonly beswitchedonif the
tableis readyto receve a plateor if thereis no plate at the endof the feedbelt. The
feedbelt mustbe switchedoff if a platehasarrived at the endof the feedbelt but the
tableis notreadyto receve it (operationswitch _off ). Otherwisetheplateis passean
from thefeedbeltto thetable,asspecifiedby the operationfb_to _table.

NotethattheZ specificatiorcannotentirelydescribehebehaior of the production
cell. It only restrictspossiblebehaior via preconditionof operations.



— switch_on — fb_to_table

Afeed _belt Afeed _belt

Etable Atable

fb_mut = off fb_mut = on

number_of _plates > 0 at_end = 1

can_recerve = yes V al_end = 0 can_receive = yes

fo_mut’ = on at_end =0

in_between' = in_between in_between’ = in_between

at_front’ = at_front at_front' = at_front

at_end' = at_end fb_mut’ = fb_mot
t_loaded’' = yes

— switch_off t_position’ = t_position

Afeed _belt t_mut’ = t_muvi

Htable

fb_mut = on

at_end =1

can_recetve = no

fb_muot' = off

in_between’ = in_between

at_front' = at_front

at_end' = at_end

3.2 Petri Net Part of the Specification

Figure2 shaws the Petrinetthatspecifieghe controlflow, i.e., the orderin which the
variousZ operationsanbe executed.To enhancehe readabilityof the Petrinet, we
introducethefollowing two layoutconventions (1) To avoid edgecrossingwve uselog-
ical nodeg(thegrayones)to sene asconnectorbetweeridenticallynamednodes(2)
Eachindependenprocesss dravn separatelyandsynchronizatiomappensy logical
nodegthereis placeaswell astransitionsynchronization).

Moreover, to avoid unnecessargestrictionsof the concurreng degree,we usetest
arcs(blackdotsinsteadof thearrowv head)to modelsideconditionsof transitions(i.e.,
placeghatareincomingaswell asoutgoingfor agiventransition).Undertheinterleas-
ing semanticstestarcscanbe simulatedby two oppositearcsbetweenthe transition
andits sidecondition.

Following theserules, the Petri net exhibits a strongseparatiorof controllerand
ervironmentmodelinto differentparts.Thecontrollerpartgenerallyconsistsof afinite
andstaticsetof communicatingorocessespnefor eachphysicalcomponentThe en-
vironmentpartis composedf smallreusablenetcomponentsthe producer/consumer
processesf the work flow, andthe devicesof the controlledplant (asfar asthey are
necessargnthenetlevel).

Eachphysicaldevice is basicallycharacterizedy its finite setof discretestates
(e.g.,thesensorat_front mayrecognizea plateor not, the feedbelt may be switched
on or off), wherebya discretestatemay representin equivalenceclassof a possibly
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Fig. 2. Petrinetfor productioncell



infinite setof statege.g.in_between summarizesll feedbelt statesvheresomeplate
is locatedbetweerthe two sensors)Obviously, eachdevice mustbein oneandonly
onestateat ary time. In termsof Petrinettheory the statesof a device form a place
invariantestablishinga consisteng conditionof the systemmodel,seeSection3.3.

To modelthe assumptiorof intelligentenvironmentbehaior (the producerplaces
anew plateonthebelt only if thereis roomfor it), we introducea placefor the state
variablenumber_of _plates, anda co-placemazplates for its maximalvalue.In this
way, we geta genericsystemspecification the givenfeedbelt capacityis adaptedy
theparametermazplates.

Notethattherearesix Z-labeledtransitionsamongthemall conflictingtransitions
of thetablecontroller Thetransitionfb_to_table, engagedn a conflictwithin the feed
belt controller, is not a Z-labeledone, becausehe transitionis enabledf andonly if
the preconditionof its Z operationholds. In contrast,the operationsswitch_off and
switch_on have moredetailedpreconditionghanpercevablein the Petrinetstructure.
Thereforethey arelabeledwith Z.

For comparisontn [HDS99, ahierarchicaPetrinetmodelof thecompleteproduc-
tion cell hasbeenpublishedcomprisingaltogetheabout200placesand200transitions
structurednto 65 pages.The feedbelt—tablesubsystenmeeds46 placesand 34 tran-
sitions. The Petrinet of Figure2 consistsof only 17 placesand 13 transitions which
makesareductionfactorof about2.5.

3.3 Analysisof the Petri Net

Following our approachthewide variety of availablePetrinetanalysistechniquesnd
toolsbecomespplicablefor computeraidedmodelanalysisWe briefly summarizehe
resultsof analyzingthe Petrinet of 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 the consisteng conditionsandPEP[BG96] for analysisof
theconcurreng degree.

After beingsatisfiedwith the behaior exhibited by the animationof the Petrinet,
we perform generalanalysesAs a generalconsisteng conditionfor our model, we
shaw thatthe underlyingPetri netis well-formed (which combineshoundednesand
liveness).

BoundednessA placeinvariantz is a setof places for which thetokenconseration
equation

> w(p) -mo(p) =Y w(p) - m(p)

peEP peP
holdsfor all reachablenarkingsm. Our netis coveredby thefollowing 8 semi-positve
placeinvariants(wherez(p) alwaysequalsl for the mentionedplaces,andO other
wise):
invl : (at_front, not_at_front)
inv2 : (at_end, not_at_end)
inv3 : (mut_on, mut_off)



mnvd
mnvd .

. (number _of _plates, mazplates)
1(

inv6 : (table_unloaded, movingl, can_receive, table_loaded, moving2, at_unload _pos)
1(
o

at_front, at_end, mazplates, in_between)

inv7 : (consumer _ready)
inv8 : (producer_ready)

Thereforeit is boundedMore concretelythe tokensumof the placeinvariantsl—
3, 6-8 equalsl. Thereforethe correspondinglacesare 1-boundedThe tokensum
of the placeinvariants4 and 5, on the other hand,equalsmazplates. Therefore the
correspondinglacescanhold at most mazplates tokens.Hence,we areableto con-
cludethe k-boundednessf the net (with ¥ = mazplates). Moreover, by combining
the placeinvariants4 and5 we are ableto concludethat for all reachablemarkings
holds:at_front + in_between + at_end = number_of _plates, which reflectsanobvi-
ousconsisteng conditionof thefeedbelt model,seeSect.3.1, invariantof theschema
feed _belt.

Liveness.Thenetstructures extendedsimple,andthe structuralpropertycalleddead-
lock-trap property[Sta90] holds. Therefore we canconcludewithout constructionof

thetotal systenspacethatthe purenetis live (whichincludesdeadlockreedom).This

is anecessargonditionfor thelivenesof the Z-Petrinet.

Concurencydagree Figure 3 shaws the basicconcurrentoehaior (after the initial-
izationphase)of a productioncell with a feedbelt capacityof one.It hasbeenderived
from the so-calledfinite prefix of branchingprocessegproducedby PEP),to high-
light (and check)the essentiabehaior of the designedoroductioncell. The derived
netdemonstratethe behaior of the Petrinetshovn in Figure2 underthe partialorder
semanticdy shaving two concurrentcycles of atomic actions(transitions,Z opera-
tions),synchronizedhy onecommonoperation(fb_to_table). In otherwords,theaction
sequencéoad_fb —leave _front — detect to equipthefeedbeltoccursconcurrentlywith
thetable's motionsfrom load _position to unload_position andback.

Thethreeconflicts(non-deterministibehaior) in theconcurrenbehaior descrip-
tion areresohedby theZ operationspreconditionsbecauseheseexcludeeachother
Takingthoseinto accountthe feedbeltis only switchedoff if thetabledoesnot work
fastenough Consequentlthefeedbeltwill still berunningwhile it is empty(because
theproduceris too slow). Thereforethenetis notreversible:loadingthefeedbelt, and
moving thetableto theloadpositionwhile thefeedbeltis switchedoff mayhapperonly
onceat the beginning. This kind of behaior (which maybedeemedo beundesirable)
hardlybecomeohviousby merelyinspectinghe specification.

If mazplates = 1, thereonly exists concurreng betweenoperationson different
subsystemghatareindependentf eachother i.e., work on disjoint statecomponents.
For mazplates > 1, however, we canidentify thefollowing concurrenbperation&

% Up to now, the theory of (a finite prefix of) branchingprocessess restrictedto 1-bounded
Petri nets.Therefore the identificationof the additionalconcurrentoperationsvasnot tool-
supportedHowever, the generalizatiorto boundedPetrinetsis anemeging researchareain
Petrinettheory
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switch.off

fb_to_table
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moveload._to_unload
stopatunload

unloadtable

Fig. 3. Concurrenbehaior of Petrinetof Fig. 2 for mazplates = 1

— Theoperationoad _fb mayhapperconcurrentlywith detect, switch_on, switch _off,
andjb_to_table.
— Theoperationeave_front mayhapperconcurrentlywith detect, andfb_to_table.

3.4 Checking Coherenceof the Two Specifications

As describedn Section2, we mustshowv the compatibilityof thetwo specifications.

It is easilyverified thatthe initial markingof the Petrinetis consistentvith the Z
specificationFor example,thereis a tokenat the placenot _at_front, which is neces-
sarybecauseheinitial conditionof thefeedbeltrequiresnumber _of _plates = 0.

For the chainsin the Petrinet, it is alsoeasyto seethatthe postconditionf all
operationsn a chainare compatiblewith the preconditionsof their successorsis an
example,considetheoperationswitch off andswitch_on. Theoperationswitch _off
establishetheconditionfb_mut = off , asrequiredby switch_on. Becausewitch _off
establisheghe condition at_end = 1, the secondpreconditionof switch_on, viz.
number _of _plates > 0 is alsofulfilled. It follows that after a switch _off operation,



a switch_on operationis possibleas soonas can_receive holds,i.e., assoonasthe
tableis ready

Finally, we mustdemonstrat¢hatthe orderin which concurrenbperationsarein-
vokedis irrelevant. Consideringfor examplethe operationsload_fb and detect, we
first identify the setof stateswhereboth preconditionshold. For thesestateswe have
0 < number_of _plates < mazplates, at_front = at_end = 0, fo_mvt = on, and
in_between > (. Executingthe operationsload_fb and detect yields a statewhere
number _of _plates is increasedy one, in_between is decreasethy one, at_front =
at_end = 1, andfb_mut = on, independenthof the orderin which the operationsare
invoked.For the otherconcurrenbperationsthereasoningproceedsn the sameway.

3.5 Application-DependentValidation of the Model

LewerentzandLindner[LL95] enumerateseseral safetyrequirementsor the produc-
tion cell controlsoftware Therequirementgoncerninghefeedbeltandthetableare:

1. Theblankshave suflicientdistancesothatthey canbedistinguished.

2. Thetabledoesnot move beyondits extremepoints.

3. Blanksarenot droppedoff the feedbelt whenthetableis not ready Thefeedbelt
is stoppedbeforethis canhappen.

Requirement is reflectedn our specificatiorby the preconditionof the operation
load_fb: the statevariableat_front mustbe zero,which meanghatthe sensorreports
that no plateis presentat the front of the feed belt. This conditionsufficesto fulfill
requirementl. Oncethe operationload_fb is implementedjt mustbe demonstrated
thattheimplementatiorindeedfaithfully reflectsthe Z specification.

Requiremeng is takencareof in the postcondition®f the operationsitop _at _load
andstop_at_unload. Whenthetablehasreachedneof theextremepositions theposi-
tion enginesareswitchedoff, andtheoperationsnove_unload _to_load or move_load-
_to_unload respectiely, areno longerpossible Again, every implementedsystembe-
ing correctwith respecto the Z specificatiorfullfills safetyrequiremeng.

To showv that requirement3 is fulfilled, we must shaw thatif at_end = 1 A
fo_mut = on A can_receive = no then fo_muvt = off musthold within a certain
time boundthatis smallenoughto preventthe platefrom beingdroppedin anunsafe
area.lf mazplates = 1, we canshaw that fb_muvt = off holdsin the next stateafter
at_end = 1 A fo_mvt = on A can_receive = no holds,becausehe only opera-
tion whosepreconditionis fulfilled is switch off . If mazplates > 1, however, we can
only guaranteaindertheinterleasing semanticshatfo_mut = off holdsafterat most
2(mazplates — 1) operationsotherthan switch_off have beenexecuted(theseoper
ationsareload_fb andleave_front). An exact proof thatthe feedbelt is switchedoff
fastenoughrequiresa quantitatve analysisusingtime-dependerfetrinetsor a partial
ordersemanticsUsingtransitionswhosefiring is restrictecby timeintervals,wewould
be ableto formulateand checkthe time conditionsunderwhich switch_off is always
fasterthanload_fb andleave_front, respectiely.



4 Conclusions

Nowadaysit iswell recognizedhatcombiningdata-orientedndbehaioral formalisms
is anadequatepproacho specifyembeddedystem$, andin particularsafety-critical
systemsZ hasbeencombinedwith anumberof otherformalisms We contrasbour ap-

proachwith two suchcombinationghathave beenspecificallydesignedor specifying
safety-criticalembeddedystems.

The combinationof Z andreal-timeCSPdefinedby Heiseland Siihl [HS96] leads
to very abstraceindconcisespecificationshut tool supportfor validatingspecifications
is limited andit is in generaimpossibleto animatesuchspecifications.

Thelanguage:SZ developedn the GermarEsPRESS project[BDG*96] is acom-
binationof the Statematdéanguage$HLN *90] (namelystatechartandactiity charts)
andZ. Its advantagds thatmary engineersarefamiliar with finite statemachinesand
hencemayfind uSZ specificationgasilyaccessible.

The combinationof Z andPetrinets,however, is superiorto both afore-mentioned
combinationasfar asthemeandor animationandanalysisareconcernedAnimation
tools provide an executablemodel of the systemthat allows customerdo getanim-
pressiorof how thesystemwill behae. Furthermoreavarietyof analysigools(which
areavailablefree of chage) provide richervalidationfacilities thanthey areavailable
for otherformalisms.Checkingconsisteng of thetwo partsof the specificatiorfurther
enhancesonfidencen themodel.

The reademay seesomesimilarities betweenour approachand CPN [Jen92 (a
guasi-standardf colouredPetrinets) whichcombinedPetrinetswith inscriptionswrit-
tenin (a versionof) the functional programminganguageML. Becauseour primary
objective is formal systemspecificationhowever, we preferto usea purespecification
languagensteadof aprogrammindanguagen combinationwith Petrinets.

Our casestudy hasshawvn that, becauseof the combinationwith Z, the Petrinet
modelbecomesjuite conciseandwell comprehensibleThe reductionof the number
of nodesis considerableHence,our combinationof Z and Petri netsis a promising
approachio modelsafety-criticaksystemsandvalidatethesemodels.

To makeour combinedanguageacceptabléo awider audienceit is necessaryo
provide methodologicasupportfor its application.In the future,we intendto develop
methoddor

— Settingup combinedspecifications.
Here,we needto developheuristicdor theorderin whichthetwo partsof aspecifi-
cationaredeveloped how to separate¢he softwarecontrollerfrom its ervironment,
etc.

— Validatingcombinedspecifications.
A relationto classicakafetyanalysigechniquesvould bedesirable.

— Deriving implementationgrom combinedspecifications.

* Thisyear, aninternationalvorkshop‘IntegratedFormal Methods1999—AWorkshopon Com-
bining State-BasedndBehavioural Formalisms”on this specifictopic takesplace.



The combinedlanguagean underlying methodology and relatedtool supportis
likely to leadto a powerful approactor tacklingthe problemof systemandespecially
softwaresafety
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