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Abstract. Following TER nets,an approachto the modelling of time in high-
level Petri nets,we proposea modelof time within (attributed) graphtransfor
mation systemswherelogical clocks are representeds distinguishednode at-
tributes.Correspondingxiomsfor the time modelin TER netsaregeneralised
to graphtransformatiorsystemsandsemanticvariationsarediscussedThey are
summarisedy ageneratheoremensuringheconsisteng of temporalorderand
casualdependencies.

The resultingnotionsof typedgraph transformatiorwith time specialisethe al-
gebraicdouble-pushou(DPO) approachto typed graphtransformationln par
ticular, the concurreng theoryof the DPO approachcanbe usedin the transfer
of thebasictheoryof TER nets.

1 Intr oduction

Recently a numberof authorshave advocatedthe use of graphtransformationas a
semantidramework for visualmodellingtechnique$othin computerscienceanden-
gineering(seee.g.,thecontributionsin [3,4]). In mary suchtechniquesthemodelling
of time playsarelevantrole. In particulat techniquedor embeddedndsafetycritical
systemanake heary useof conceptdik e timeouts timing constraintsdelays,etc.,and
correctnessvith respectto theseissuesis critical to the successfubperationof these
systemsAt thesametime, thoseareexactly the systemavhere,dueto the high penalty
of failures,formally basedmodelling andverificationtechniquesare mostsuccessful.
Therefore heglectingthe time aspecin the semanticof visual modellingtechniques
we disregardoneof the crucialaspect®f modelling.

So far, the theory of graphtransformationprovides no supportfor the modelling
of time in a way which would allow for quantifiedstatementdike “this actiontakes
200msof time” or “this messagevill only beacceptedvithin the next threeseconds”,
etc.However, from a moreabstractgualitativepoint of view we canspeakof temporal
and causalorderingof actionsthus abstractingrom actualclock andtimeoutvalues.
Particularlyrelevantin this context is thetheoryof concurreng of graphtransformation,
se€[1,6,14] or [2] for arecentsuney.
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It is the objective of this papernto proposea quantitatve modelof time within graph
transformatiorwhich builds onthis moreabstracyualitatve model. Thereforewe will
notaddtime concept®ontop of anexisting graphtransformatiorapproachbut we shov
how, in particular typed graphtransformationsystemsn the double-pushou{DPO)
approach6] canbe extendedfrom within with a notion of time. This allows both the
straightforvardtransferof theoreticaresultsandthe reuseof existing tools.

In arecentpreliminarypaper/10], we have alreadyoutlinedour approachpropos-
ing severalalternative definitionsanddiscussingheir consequencesith respecto the
existenceof a globally time-orderedsequencef transformationsSuchpropertyis de-
sirablebecausét witnesseshe consisteng of time valuesattachedo verticeswith the
causaldependenciebetweensteps.In this paper we refinethe alternatvesdiscussed
in [10] andprove agenerakonditionon graphtransformatiorsystemswith time ensur
ing thedesiredconsisteng property thuseffectively solvingthe problemposedn [10]
in themostgenerakase.

Thefollowing sectionoutlinesour generabpproactof the problem,whichis moti-
vatedby acorrespondinglevelopmenin Petrinets,briefly to bereviewedin Section3.
Graphtransformatiorwith time is introducedandinvestigatedn Section4 while Sec-
tion 5 concludeghe paper

2 From Netsto Graph Transformation, with Time

Whentrying to incorporatetime conceptdnto graphtransformationijt is inspiring to
studytherepresentationf time in Petrinets.Netsareformally andconceptuallyclose
to graphtransformatiorsystemsvhich allowsfor thetransferof concept@andsolutions.
This hasalreadyhappenedor relevant partsof the concurreng theoryof netswhich,
asmentionedabove, providesa qualitatve modelof time basedon the causalordering
of actions.

In particular we will follow the approachof time ER nets[11]. Theseare simple
high-level netswhichintroducetime asa distinguishedlatatype. Then,time valuescan
be associatedvith individual tokens,readand manipulatedik e othertoken attributes
whenfiring transitions.In orderto ensuremeaningfulbehaiour (like preventingtime
from going backwards)constraintsaareimposedwhich canbe checledfor a givennet.
Theadwantageof thisapproactwith respecto ouraimsis thefactthattimeis modelled
within theformalismratherthanaddingit ontop asa new formal concept.

Basedon the correspondencef Petrinetsand(typed)graphtransformationyhich
regardsPetri netsas rewriting systemson multi-setsof vertices[5], we canderive a
model of time within typed graphtransformationsystemswith attributes.The corre-
spondencés visualisedin Table 1. Besideglow-level) place-transitiometsandtyped
graphtransformationsystemsijt relates(high-level) ervironment-relationshimetsto
typedgraphtransformatiorwith attributes.This relationshipwhich hasfirst beenob-
sened in the caseof algebraichigh-level nets[8] and attributed graph transforma-
tion [17] in [18], shall enableus to transferthe modelling of time in time ER nets
to typedgraphtransformatiorwith attributes.

Next, we review time ervironment-relationshigTER) nets[11] in orderto prepare
for thetransferto typedgraphtransformatiorsystemsn Section4.
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Table 1. CorrespondindPetrinetandgraphtransformatiorvariants

|Petrinetggraphtransformatiorsystems
PT nets Jtypedgraphtransformatior(TGT)

low-level
high-level
with time

ER nets |typedgraphtransformatiorwith attributes(TGTA)
TER netstypedgraphtransformatiorwith time (TGTT)

3 Modelling Time in Petri Nets

Therearemary proposaldor addingtime to Petrinets.In this paperwe concentraten
oneof them,time ER nets[11], which is choserfor its generalapproachof consider
ing time asa token attribute with particularbehaiour, ratherthanasan entirely new
conceptAs aconsequencédime ER netsarea specialcaseof ER nets.

3.1 ERnets

ER (ervironment-relationshiphetsare high-level Petri nets(with the usualnettopol-
ogy) wheretokensare ervironments,i.e., partial functionse : ID — V associating
attributevaluesfrom agivensetV to attributeidentifiersfrom agivenset/D. A mark-
ing m is amulti-setof ernvironmentg(tokens).

To eachtransitiont of thenetwith pre-domairp; . . . p,, andpost-domairp; ... pl,,
anactiona(t) € Env™ x Env™ is associatedlhe projectionof «(t) to thepre-domain
representthefiring condition,i.e.,apredicateonthetokensin thegivenmarkingwhich
controlsthe enablednessf the transition.If thetransitionis enabledj.e., in the given
markingm there exist tokenssatisfyingthe predicate the action relation determines
possiblesuccessomarkings.

Formally, a transition ¢ is enabledin a marking m if there exists a tuple
{pre,post) € a(t) suchthatpre < m (in the senseof multisetinclusion).Fixing this
tuple, the successomarkingm' is computedasusual,by m' = (m — pre) + post,
and this firing stepis denotedby m][t(pre, post))ym'. A firing sequenceof s =
mg[t1(preq, post)) . .. [tk—1(preg_1,posty_1)ymy is just a sequencef firing steps
adjacento eachother

3.2 TimeER nets

Time is integratedinto ER netsby meansof a specialattribute, called chronos rep-
resentingthe time of creationof the token asa time stamp.Constraintson the time
stampsof both (i) giventokensand(ii) tokensthatareproducecdcanbespecifiecby the
actionrelationassociatedo transitions.To provide a meaningfulmodelof time, action
relationshave to satisfythefollowing axiomswith respecto chronosvalues[11].

Axiom 1: Local monotonicity For ary firing, the time stampsof tokensproducecdby
thefiring cannot be smallerthantime stampsof tokensremovedby thefiring.
Axiom 2: Uniform time stamps For ary firing m[t(pre, post)ym' all time stampsof

tokensin post have the samevalue,calledthetime of thefiring.



ICGT 2002:First InternationalConferenceon GraphTransformation
pp.120-134] NCS 2505,Springer Oct 7 —12,2002,BarcelonaSpain

Axiom 3: Firing sequencamonotonicity For ary firing sequences, firing times
shouldbe monotonicallynondecreasingith respecto their occurrencen s.

The first two axiomscan be checled locally basedon the actionrelationshipsof
transitions For thethird axiom,it is shovn in [11] thatevery sequence whereall steps
satisfyAxioms 1 and2 is permutatiorequivalento a sequence’ wherealsoAxiom 3
is valid. Here,permutatiorequivalenceis the equivalenceon firing sequencesduced
by swappingindependensteps.Thus,ary firing sequenceanbeviewedasdenotinga
representatie, which satisfiesAxiom 3.

It shallbe obsenedthat TER netsarea propersubsebof ER nets,i.e., the formal-
ism is not extendedbut specialisedNext, we usethe correspondencbetweengraph
transformationand Petri netsto transferthis approachof addingtime to typedgraph
transformatiorsystems.

4 Modelling Time in Graph Transformation Systems

Typedgraphtransformatiorsystemgrovide arich theoryof concurreng generalising
thatof Petrinets[2]. In orderto representime asanattribute value,a notion of typed
graphtransformatiorwith attributesis required.We proposean integrationof the two
conceptgtypesandattributes)which presentattribute valuesasverticesandattributes
asedgesthusformalisingtypedgraphtransformatiorwith attributesasa specialcase
of typedgraphtransformation.

Next, we give a light-weight (set-theoreticpresentatiorof the cateyorical DPO
approach9] to thetransformatiorof typedgraphg6].

4.1 Typedgraph transformation

In typedgraphtransformationgraphsoccurattwo levels:thetypelevel andtheinstance
level [6]. A fixedtypegraphT' G (whichmaybethoughtof asanabstractepresentation
of a classdiagram)determines setof instancegraphs(G, g : G — T'G) which are
equippedwith a structure-preservinghappingg to thetype graph(formally expressed
asagraphhomomorphish

A graphtransformationrule p : L — R consistsof a pair of TG-typedinstance
graphsL, R suchthatthe union I U R is defined.(This meanghat, e.g.,edgeswhich
appeain both L and R areconnectedo thesameverticesn bothgraphsprthatvertices
with the samenamehave to have the sametype, etc.) The left-handside L represents
the pre-condition®f therule while theright-handside R describeshe post-conditions.

A graphtransformatiorfrom a pre-states to apost-stated, denotechy G @ H,
is givenby agraphhomomorphisnv : L U R — G U H, calledoccurrence suchthat

— o(L) C G ando(R) C H, i.e.,theleft-handsideof therule is embeddednto the
pre-stateandthe right-handsideinto the post-stateand

—o(L\R) =G\ Hando(R\ L) = H\ G, i.e.,preciselythatpartof G is deleted
whichis matchedyy element®f L notbelongingto R and,symmetricallythatpart
of H is addedwhichis matchedoy elementsiew in R.
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n\On . .
- p(z) G, is asequencef consecutie trans-

A transformatiorsequencér p%) .-
formationsteps.
Ontransformatiorsequences notion of equivalenceis definedwhich generalises
the permutationequivalenceon firing sequencesdwo sequenceareequivalentif they
canbe obtainedfrom eachotherby repeatedlyswappingindependentransformation
steps.This equivalencehas beenformalisedby the notion of shift-equivalencd14]

whichis basedn thefollowing notion of independencef graphtransformationsTwo

transformationgs pg) H, pgg) X areindependenif theoccurrences; (R;) of the
right-handsideof p; andos(L») of theleft-handsideof p, do only overlapin objects
thatarepreseredby bothstepsformally o, (R1)No2(L2) C 01(LiNR1)No2(LaNR2).
This is more sophisticatedhanthe notion of independenfirings of transitionswhich
arerequiredto useentirely disjointresources.

4.2 Typedgraph transformation with attrib utes

Assuminga setof datatypesymbolsS, atypegraphwith attribute declamtions(based
on S) is agraphT'G whosesetof verticesT'Gy containsS. Therefore datatype sym-
bolsarevertex typessothatedgesrepresentingttributedeclarationsmaybedravn to-
wardsthemfrom ordinaryvertices Thisis compatiblewith notionsof attributedgraphs,
like[17], whereattributecarriersareusedto relategraphelementanddatavalues No-
tice, however, thatwe limit oursehesto attributedvertices,andthatwe do not extend
but refinethe notionof graph.

GivenadatadomainD, for every datatype symbols, aninstancegraphwith at-
tributesover the type graphT'G is aninstancegraph(G, g : G — TG) overTG (in
the above senseuchthatg=1(s) = Dy C Gy. Thereforeall verticesz € Gy with
g(x) € S represenattribute valueswhich may or may not be referencedy an edge
from anothewertex. As a consequencenstancegraphswill beusuallyinfinite. E.g.,if
thedatatype N of naturalnumberds presenteachn € IN will beaseparateertex.

Morphismsbetweerinstancegraphswith attributes(G, g : G — TG) and{(H, h :
H — TQ) aretypedgraphmorphismsf : G — H, i.e.,graphmorphismscompatible
with thetyping (h o f = g) andpreservinghe datadomains;formally f|s = idg|,,
if we denoteby f|s : G|s — H|s therestrictionof fy to verticesz € V of type
g(z) € S.

Fromthis pointon, all othernotionslik e rule, occurrencetransformationtransfor
mationsequencegtc. aredefinedasin the previous subsectionAlso, relevantresults
likethelLocal Church-RossefrheoremtheParallelismtheoremandthecorresponding
equivalenceon transformatiorsequencebasedn shifting or swappingof independent
transformationgsreeasilytransferred.

It is worth noticingthat,in contrastwith ER nets,attributesin our modelaretyped,
thatis, differenttypesof nodesmay have differentselectionsof attributes.However,
likein ER nets,our datatypeshave no syntax:We only considersetsof valueswithout
explicit algebraicstructuregivenby operationsAs a consequenceaye do not explicitly
represenvariableswithin rulesandvariableassignmentaspartof occurrencesA rule
containingvariablesfor attribute calculationandconstraintds consideredisa syntac-
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tic representatioinf the (possiblyinfinite) setof its instancesvherethe variablesand
expressionarereplaceddy concretevalues.

4.3 Typedgraph transformation with time

To incorporatetime into typedgraphtransformatiorwith attributes,we follow the ap-
proachof TER netsasdiscussedn Section3. Therefore atime datatypeis requiredas
domainfor time-valuedattributes.

AtimedatatypeT = (Dyime, +, 0, >) is astructurewhere> is apartialorderwith
0 asits leastelement.Moreover, (+,0) form a monoid (thatis, + is associatie with
neutralelemen®) and-+ is monotonewrt. >. Obviousexamplesincludenaturalor real
numberswith theusualinterpretatiorof theoperationsbut notdatesn theYY:MM:DD
format(e.g.,dueto the Y2K problem).

A typegraphwith timeT'G is a type graphwith attribute declarationdasedon a
setof datatype symbolsS thatcontainsa specialsymboltime. An instancegraphwith
time over T'G for a giventime datatype T" = (Dqime, +,0,>) is aninstancegraph
{(G,g9 : G = TGQG) over TG suchthatthe datatype sorttime is interpretedoy Dyipme,
thatis, Dyime = {z € Gy |g(z) = time}. Graphmorphismsaredefinedasbefore.

Givenagraphtransformatiorrule p : . — R over atypegraphwith time, we say
that

— preadsthechronosvaluec of v if v € L hasa chronosattribute of valuec, thatis,
thereexistsanedgee € L with src(e) = v andtar(e) = ¢ € Dyjme.

— p writesthechronosvaluec of v if v € R hasachronosattribute of valuec which
is not presenin L, i.e., thereexistsanedgee € L with src(e) = v andtar(e) =
¢ € Dyjme ande ¢ L.

GivenatransformatiorG 22 H we saythatp(o) reads/writeshe chronosvalueof w
if thereexistsv € L U R suchthato(v) = w andp reads/writeshe chronosvalueof v.

It isimportantto notethat,writing anattributevalueof avertex v whichis presered
by therule (i.e.,it belongshothto L and R) meangdeletingthe edgefrom v to theold
valueandcreatinga new link to anothervalue. Therefore|n this casewriting implies
readingthevalue.

The definition of graphtransformatiorruleswith time hasto take into accounthe
particularpropertief time asexpressedfor example by theaxiomsin Section3. The
directtransferof axioms1 and2 leadsto thefollowing well-formednesgonditions.

A graphtransformationrule with time is a graphtransformatiorrule over a type
graphwith time satisfyingthefollowing conditions.

1. Local monotonicity: All chronosvalueswritten by p are higherthanary of the
chronosvaluesreadby p.
2. Uniform duration: All chronosvalueswritten by p areequal.

A graphtransformatiorsystemwith time is anattributedgraphtransformatiorsys-
temoveratypegraphwith time whoserulessatisfythe conditionsabove.

This ensurea behaviour of time which canbe describednformally asfollows. Ac-
cordingto condition1 anoperationor transactiorspecifiedby a rule cannottake nega-
tivetime,i.e.,it cannotdecreas¢he clock valuesof thenodest is appliedto. Condition
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2 statesan assumptioraboutatomicity of rule application thatis, all effectsspecified

in theright-handsideareobseredat the sametime. Givena transformatiorG B_(ﬁg H
usingrule p, thistime firing time, is denotedby time(p(o)).

Notice that, dueto the moregeneralnatureof typedgraphtransformatiorin com-
parisonwith ER nets,thereexist someadditionaldegreesof freedom.

Existenceof time-lessvertex types: ER netsareuntyped(thatis, all tokenshave (po-
tentially) the sameattributes)while in typedgraphtransformationwe candeclare
dedicatedattributesfor every vertex type. Therefore we do not have to assumean
attribute chronosfor all vertex types,but could leave the decisionabouthow to
distribute chronosattributesto the designerAs we considettime asadistinguished
semantiaconceptwhich shouldnot be confusedwith time-valueddata,we do not
allow morethanonechronosattribute pervertex. This doesnot forbid usto model
additionaltime-valueddataby ordinaryattributes.

Update of chronosvaluesfor preservedvertices: The second degree of freedom
comesfrom the (well-known) factthatgraphtransformationgeneralisdPetrinets
by allowing contextual rewriting: All tokensin the post-domairof a transitionare
newly createdvhile in theright-handsideof agraphtransformatiorrule theremay
beverticesthatarepresered.This allowsto leave the chronosvaluesof verticesin
L N R unchangedgreatingnew timestamp®nly for the newly generatedtems.

If we take in bothcaseghe mostrestrictive choice,i.e., chronosvaluesfor all types
andupdateof chronosvaluesfor all verticesin R, we canshaw, in analogywith TER
netsthatfor eachtransformatiorsequencea usingonly rulesthatsatisfythe above two
conditions,thereexists an equivalentsequence’ suchthats’ is time-orderedthatis,
time is monotonicallynon-decreasingsthe sequencadwances.

Theorem1 (global monotonicity). Givena graphtransformatiorsystenmwith time G
sud that

— itstypegraphdeclaresa chronosattributefor everyvertex type
— its ruleswrite the chronosvaluesof all verticesin their right-handsides.

In this case for every transformationsequences in G there exists an equivalentse-

quences’ = G rloy)  Ploe) o in G osud that 8 is time-odered, that is,
time(p;(0;)) < time(pit1(0;—1)) forall i € {0,...,n}.

Proof. As aconsequencef Theorem2 below.

Thisis no longertrue if we usethe moreliberal interpretationin ary of the above
choicesasshowvn by thefollowing example.

Example Figurel shavs atypegraphT'G anda (generic)instancegraphIG of TG,
respectiely. Thetypegraphdefineshreevertex types:T'1, 72 and7'3. For T'2 and7'3
chronosattributesaredeclaredwhile 71 hasno attribute. (Our exampledoesnot need
edges.)

TheinstancegraphcontainsnodesA : T'1 (i.e.,aT'1-typednodenamedA), B : T2,
andC' : T3, whereC hasthe chronosvaluec2 andthe chronosvalueof B is ¢2 + 3.



ICGT 2002:First InternationalConferenceon GraphTransformation
pp.120-134] NCS 2505,Springer Oct 7 —12,2002,BarcelonaSpain

i 11 T2 i (_AaT1 | B:T2 |
! | chronosnat | | ! | chronos=c2+3 | |
! i ! i
| - | |
| \ | \
| T3 | | C:T3 |
| | chronos:nat ! | | chronos=c2 !
. 7/ . /

Fig. 1. Typegraph(left) andinstancegraph(right)

Two rules,p; andp,, aredefinedin Figure2. By applyingp;, nodesa : T'1 andb : T2
arematchedandthechronosvalueof b is increasedy 4 time units.

Ruleps requiresnodesa : T'1 andb : T'3. Theformeris deletedandthetime of the
latteris increasedy 2 units. (Note, thatthe useof similar namesdoesnotimply ary
connectiorbetweerthe elementof differentrules.)

\ \
[ att ] bT2 | P1 i am ] bT2 |
| . | .
1] | chronos i time(07)=01(b).chronos+4 | ‘ | chronost4 ||
. o e e 7 . o e e 7
T h [ Y
[ a1 ] cT3 ! P2 w | cT3 :

[ |
H \ chronos i time(o2 ):oz(c).chronosrz ! chronos+2 !
| ) \ K

Fig. 2. Rulesp; andp,

An applicationof theserulesto theinstancegraphin Figurel is shovn in Figure3.
Both p; andp, areapplicableto the graph.Applying first p; andthenp, leadsto the
graphin thelowerright. In this sequencdijrst the chronosvalueof B is increasedand
then A is deletedand the chronosvalue of C' is increasedThe occurrencesndthe
firing timesof the stepsaredenotecdhext to thearrows.

At this point, two obsenationsarecrucial. First, thetwo stepsarenotindependent,
thatis thereexists no equivalentsequencevherep; andp, areappliedin the reverse
order Thisis becaused € (o1(L; N Ry)) No2(Ls \ Ry)), i.e., A is deletedby p, but

requiredby p;. Secondthe sequencd G pg) 1G4 pz—ﬁﬁ) 1G4 is not time-ordered
because¢hefiring time of thelatteris smallerthanthefiring time of thefirst.

Notethat,if A would have a chronosattribute and all chronosvalueswould be up-
datedasrequiredby Condition2, A shouldgettime(p1(01)) thusdisablingits deletion
atalowertime.

More generallytheproblemis to ensurgheconsisteng of causalityandtimein the
sensethat, whenever two stepsare causallydependentthey mustcommunicatetheir
clock values.Indeed this ideais crucialto mary algorithmsfor establishingconsistent
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IG 1G1

(T aT1 | B.T2 S C N B:T2 ;
H | chronos=c2+3 | | 01(@=A | chronos=c2+7 | |
! } 01 (b)=B 1 }
‘ >

| ! time(og)=c2+7 } !
[ cTs } |_cT3 }
! chronos=c2 ! ! chronos=c2 !
e i ___ / o /

o
p202) | p2%2) |
0p(@=A time(op)=c2+2 02(a)=A | time(op)=c2+2
- 02(c)=C
IGg ©02(©)=C iy %29

T T T T ———— — s o T T e— .
{ B:T2 BiT2 j
} chronos=c2+3 chronos=c2+7 }
: i
; |
| ‘
i C:T3 C:T3 |
! (chronos=c2+2 lchronos=c2+2 !
. /

Fig. 3. Rulesequence

globaltimein distributedsystemsbasednlogical clocks.Thenext theorenformalises
this statement.

Theorem 2 (global monotonicity). Givena graphtransformatiorsystenmwith time G

sud that for all transformations pl—_(ﬁi) X p2—_(3§) H in G that are not sequentially
independenthere existsa vertex v € oy (R1) N 02(L2) whosechronosvalueis written

by p, andreadby p,. In this case for everytransformatiorsequence in G there exists

Go ") .. %)

anequivalensequence’ = =" G, in G suththats’ istime-odered.

Proof. Themainline of the proofis asfollows.

1. Ouir first obsenation is that the fact that two transformations= pg) X pz:(o?)
H are not sequentiallyindependentimplies that they are time ordered i.e.,
time(p1(01)) < time(p2(02)). Thisis guaranteedby the existenceof a common
vertex v € o01(R1) N o02(l2) with a chronosvalue written by p; andreadby p.,
whichis
(a) exactlythetime of transformatiorp; (0;) (dueto the “uniform duration” con-

dition),
(b) at mostthe time of transformationp»(02) (as a consequencef the “local
monotonicity” condition).

2. Thenif two transformationsre not time ordered andthey are sequentiallyinde-
pendentwe swap themin the rule applicationsequenck. We continuethe swap
operationuntil no suchtransformatiorpairscanbefound.

! This algorithmis, in fact, conceptuallysimilarly to the trick appliedin the constructionof a
shift equivalenttransformatiorsequence.
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3. We statethataftertheterminationof this swappingalgorithm,atime orderedrans-
formationsequencés obtained.

(a) Letussupposéndirectlythatthereexisttwo transformation€&s P %) X p,,:(o;)

H thatviolate the condition of time orderedsequences,e. time(p,(0,)) >
time(py(0p)).

(b) However, if thesetransformationaresequentiallyindependenthenthe algo-
rithm in Item 2 canstill be appliedto them,which contradictghe assumption
of termination.

(c) Ontheotherhand,if transformationg,(0,) andps(op) arenot sequentially
independentbut they arenot time orderedby the indirect assumption)then
we have a contradictionwith our first obsenation, which establishedhat two
sequentiallydependentransformationsvith acommonvertex arealwaystime
ordered. O

Notice that the condition above can be effectively verified by checkingall non-
independentwo-stepsequenced G wherez = 01 (R1) U 02(Ls).

4.4 An examplefor time ordered sequences

In the sequel,our main theorem(Theorem?2) is discussedrom a practical point of
view on asmallexampleof acommunicatiorsystemwhich modelsprocessesending
messgesto eachothervia channels A messages sentvia an output channelof a
processwhich stores the messageauntil received via the input channelof the other
processThe structureof our communicatiorsystemis capturedon the type graphof
Fig. 4, while a samplesystemcontainingonly two processe$; and P, with a single
channelC' betweerthemis alsodepictedthere.

tyre yrarh instance Yrarh
Process P1: Proc ess
chronos chronos =3
Ou In :Out
A
Channel C:Channel
Y Y
St ored ‘I'n
Message P2: Proc ess
chronos =1

Fig. 4. A communicatiorsystemtypeandinstancegraphs

10
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We introducethe following two basicoperationgseeFig. 5) thatcanbe performed
in our system.

p: Proce ss p: Proce ss
chron 0S=C ChT ONOS =C+2
send
o: Qut _> o0: Qut
ti me(send)=c +2
A s: Store d
c : Channel c : Channel m: Message
p: Proce ss p: Proce ss
chron 0S=c Chronos =c+2
i I'n receive i In
ti me(re ceive ) =c+2
v A
¢ : Channel [ Store d m: Message ¢ : Channel

Fig. 5. Sendingandreceving messages

— SendingmessagesWhenproces®; aimsatsendinga messagea messag®bject
m is generatedand placedinto the outputchannele. The applicationof the send
rule takes2 time units.

— Receving messagesWhena messagen arrivesatthe input port of a proces,
thenthe processrecevesthe messagdy removing the messagebjectfrom the
channelanddestrying it afterwards.The applicationof receiverule takes2 time
unitsaswell.

One can easily checkthat both rules satisfy the well-formednessconditionsfor
graphtransformatiorruleswith time.However, thesendrule computests timefrom the
chronosvalueof the sendemprocessP;, while thereceiverule takesits time from (the
chronosvalueof) therecever process?,, but notimestampsreattachedo messages.

This turnsout to be insufficient to guaranteehe existenceof time orderedtrans-
formation sequencesyhen considering for instance the transformationdepictedin
Fig. 6. In this case the clock of the sendemprocessP; is aheadof the chronosvalueof
the recever procesgchronos(P;) = 3 vs. chronos(P;) = 1). Sinceno timestamps
are attachedvhena messagés sent,the recever cannotsynchronisets clock to the
sendewhenthe messagés processedielding a transformatiorsequencehatis not
time ordered(time(send) = 5 but time(receive) = 3 aseachoperationtakes2 time

11
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units). However, we cannotswap the two transformationgsend andreceive sincethey
arenotsequentiallyindependent.

P1: Proc ess ’GI P1: Proc ess
ChT onos =3 ChT onos =5

Out l send(o,) Out i : St ored
o =P1; 0,(¢c)=C; 0,(m)=M
C:chamnel 1(p) 1(©) 1(m) o

C:Channel M: Message

ti me(o,)=5

o i

P2: Proc ess

P2: Proc ess
chronos =1

chronos =1

recei ve(0,) receive(0,) " -
0:(p) =P2,0 ,(©)> 0ip)=P2.0 = c | 1 O3
0,(mM)=7 0,(m) =M v
’GZ P1: Proc ess
[ chronos=5 |

-out i

C:Channel

i

P2: Proc ess
chronos =3

Fig. 6. A transformatiorviolating time orderedness

It canbe obsenedhow the conditionof Theorem?2 is violated.While (the applica-
tion of) sendis not sequentialljindependentrom receive(a messag®bjectis created
by sendand requiredas a preconditionby receive, thereare no graphobjectswith
chronosvalueswritten by send(assendrule only writesthe chronosof processP; ) and
readby receive(which only readsthe chronosof processP,).

Thesolutionto the problemis well-known: atimestamgs neededo beattachedo
eachmessagéseethe correspondingule in Fig 7). In termsof graphtransformation
systemswith time, the sendrule needsto write the chronosattribute of the message,

while receiverule is requiredto readthe chronosvalue of the messageén orderto
synchronisets own clock.

Thistime, our global monotonicitytheoremtrivially holds,sincethe chronosvalue
of eachmessge objectis written by the sendrule andreadby thereceiverule. Thusin
atransformatiorsequencevherea certainapplicationof sendprecedeshe application

of receive the time of receivecannotbe lessthenthe time of senddueto the well-
formednessonditionsl and?2.

12
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p: Proce ss p: Proce ss
chron 0S=c Chrono s=c
send
o0: Cut _> o0: Cut
ti me(send)=
v ¢ =c+2 v s: Store d
c : Channel c : Channel m: Message
B Chr onos=c
p: Proce ss p: Proce ss
chrono s=cI chron 0S=c
i In receive i In
ti me(re ceive )=
i — | c=max(c 1,c2) +2
¢ : Channel [~ Store d m: Message c : Channel
« Chr onos=c2

Fig. 7. Synchronisatioby timestamps

5 Conclusion

We have transferredhe modelof time within ER nets,a kind of high-level Petrinets,
to graphtransformatiorsystemsThe resultingnotionis a specialcaseof typedgraph
transformationyherecertainverticesareinterpretedastime valuesandedgesowards
theseverticesaretime-valuedattributes.

We have discussedsomechoicesandtheir semanticconsequenceleadingto the
establishmenof a global monotonicitytheorem which providesa sufiicient condition
for the existenceof time orderedtransformationsequencesrhis theoremgeneralises
the ideabehindfamiliar algorithmsfor establishingconsistentogical clocksvia time
stampsin distributed systemg16], which are basedon more specificcomputational
modelssimilar to the examplein thelastsubsection.

It requiresa deeperanalysisof potentialapplicationsjn particular the useof time
in diagrammatictechniquedik e statechart®or sequencealiagramsand their existing
formalisationswithin graphtransformatior{7, 12,13,15], to understandf our choices
aretheright ones.

Adcknowledg@ment. We wish to thankLucianoBaresifor his introductionto Petrinets

with time.
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