- 1 -Parameterized Evaluationo f CTL-X formulaeVernier IsabelleLabo. MASIUniversit� Pierre et Marie Curie4, place Jussieu75252 Paris Cedex 05Email : vernier@masi.ibp.frTel : (33-1) 44-27-71-04Abstract : Temporal formulae of languages likeLTL, CTL-X, CTL, � may be efficiently verifiedfor systems described by finite automata. Howeverthese methods require to fix the differentparameters of the system such as the number ofprocesses or resources. Therefore new algorithmsmust be developed to study parallel programs withparameters. We present such an algorithm. Thesystems we study can be decomposed into twosynchronized automata. One of the two automatarepresents the behaviour of a finite but unknownnumber of processes and the other one representsthe control of these processes. Many systems canbe modelled this way. The verification algorithmis divided into two algorithms. The first algorithmtries to build a parameterized state graphindependent of the number of processes. Then, if itends with success, the second algorithm canevaluate any formula of CTL-X.Key words : temporal logic, synchronization,reachability graph, parallel programs, modelchecking, parameterized state graph.1. IntroductionThe study of parallel programs requires to specifyand verify parallel behaviours and properties.Temporal logic offers, among others, these twopossibilities. Simple temporal logic formulaeexpress the usual properties of parallel programs[Lamport 83], [Emerson 88]. The properties offinite state programs are checked by efficientinspection of the reachability graph [Lichtenstein85], [Clarke˚86], [Emerson˚89], [Vergauwen 93].However parallel and distributed programs usuallyinvolve a finite but unknown number of processescommunicating through a control structure. Thusthe usual verification methods are no moreapplicable to obtain a complete verification. Weneed to verify properties on such programsindependently of the number of communicatingprocesses. Several authors have already proposedsolutions to overcome this problem.In [Clarke 87] and [Sistla 87], algorithms fortemporal model checking concerning programswith many similar processes are introduced. In thefirst paper, they consider tree logic. The basic ideais to find a sufficient number of processes to havethe full behaviour of the program. Then the usualverification methods are applied. However thesearch of the "sufficient number" is partiallyautomatic. In the second paper, automaticverifications are obtained by restricting either themodel or the formulae language. In [Wolper 89],an alternative approach is proposed whereinduction on formulae is used to verify that agiven invariant remains true if the number ofprocesses is increased. There is no way to findsuch an invariant and to decide if it exists. Wemust have the intuition of the useful invariant.Our work is close to the one presented in [Clarke87]. Our model is composed of two synchronizedautomata. One represents the behaviour of theprocesses and the other the behaviour of thecontrol. The model can be instantiated by thenumber of processes. Then, it represents theprogram for the fixed number of processes. Wegive in [Vernier 93.a] an algorithm to directlybuild a parameterized state graph where each staterepresents a family of states of an ordinarycomputation. The construction procedure may fail;however in practice it usually terminates withsuccess. Furthermore this graph is a high-levelrepresentation of the behaviour of the program.With this parameterized state graph, weimmediately obtain the reachability set for anylarge enough number of processes. The algorithmpresented in this paper is a parameterized temporallogic verification algorithm. We verify CTL-Xformulae on the parameterized state graph. Wehave adapted the decision procedures presented in[Clarke˚86] to take into account the specificfeatures of the parameterized states.The remainder of the paper is organized as follows.In section 2, we present the model we use forparameterized parallel computations. In section 3,we give a general survey of the parameterized stategraph building algorithm. Section 4 presents analgorithm to evaluate temporal logic formulae on

- 2 -the parameterized state graph. We conclude insection 5 and we present the future extensions ofour work.2. A Model for ParameterizedParallel ComputationsMany parallel algorithms proposed to ensurecritical sections, distributed termination or toestablish synchronization states are based on the(symmetrical) definition of a finite but indefinitenumber of processes communicating by some kindof control structure (shared variables, messagepassing, �). These algorithms are supposed to becorrect whatever the number of processes. Howeverone seldom find formal proofs of such algorithms.In this section we define a model that is suitable tolead to a formal proof independent of the numberof processes.The model we define is called PPCM(Parameterized Parallel Computations Model). It iscomposed of two automata: one representing thebehaviour of the processes and the other thebehaviour of the control structure. The controlstructure allows access to resources orcommunication between the processes. A PPCMis a family of parallel programs, one percardinality of processes. Each automata is definedby a set of states, a set of transitions and two flowrelations between states and transitions. Eachtransition has one source state and one target state.The backward flow relation associates to eachtransition its source state and the forward flowrelation its target state.

Definition 2.1 PPCM : a Parameterized ParallelComputations ModelA parameterized parallel computations model P =<Gp, Gc> is defined by:¥ The process automaton Gp = <Sp, Tp, Gp-, Gp+,startp> where :- Sp is the set of states of a process,- Tp is the set of transitions of a process,- Gp- (resp. Gp+) a function from Tp to Sp is thebackward (resp. forward) flow relation betweenstates,- startp ˛˚Sp is the initial state of a process,¥ The control automaton Gc = <Sc, Tc, Gc-, Gc+,startc> where :- Sc is the set of states of the control,- Tc is the set of transitions of the control,- Gc- (resp. Gc+) a function from Tc to Sc is thebackward (resp. forward) flow relation betweenstates of the control,- startc ˛˚Sc is the initial state of the control.¥ Sp ˙ Sc = ˘ but Tp ˙ Tc is generally nonempty and represents the synchronizationtransitions.A PPCM does not enable direct synchronizationbetween two processes. However this extension isstraightforward.Example 1: A critical section between processes

Busy

FreeWaiting

Critical

IdleBeginEndReqEndBeginGpGcThe states are represented by thecircles and the transitions by the arcs.The blackened states are the initialones. Initially all the processes areidle. A process submits a request andwaits until the control authorizes it tobegin its critical section. At the endof the critical section, the control canaccept new requests. {Begin, End} is thesynchronization transitions set.We now state the definition and the semantics ofan instantiated PPCM that is a program with afixed number of processes. If n is the number ofprocesses, the instantiated PPCM is composed ofn copies of Gp and one copy of Gc. Thesynchronizations can only be executed between onecopy of Gp and Gc.

Definition 2.2 Instantiated PPCMLet P = <Gp, Gc> be a PPCM and n be a positiveinteger (the number of processes), then P[n] =<S[n], R[n], start[n]>, the instantiated PPCM, isthe parallel program defined by:¥ S[n] is the set of possible states defined by: S[n]= Spn · Sc.An item s of S[n] is denoted by a tuple s = <s1,�, sn, sc>. In the rest of the paper an item s iscalled an ordinary state since it is notparameterized.¥ start[n] ˛˚S[n] is the initial ordinary state definedby: start[n]=<startp,�, startp, startc>¥ R[n] is a relation between ordinary states of S[n]defined by:s R[n] s’ where s, s’ ˛ S[n] if and only if $ t ˛Tp ¨ Tc with(1)- t ˛ Tp � $ i £ n with si = Gp+(t) and si’ =G+p(t) and " j „ i, sj = sj’- t ˇ Tp � " j £ n, sj = sj’(2)- t ˛ Tc � sc = G-c(t) and sc’ = G+c(t)- t ˇ Tc � sc = sc’.

- 3 -Additional remarks- S[n] defines the set of possible states but not theset of reachable states. The accessibility set is thetransitive closure of the relation R[n] applied tostartn.- R[n] defines the semantics of the program. Astep of the program can be done by a process "i",the control or simultaneously both if the transitiont belongs to Tp and Tc.Example 2: A computation of a parallel program

Let P be the program of the example 1.Then a possible computation of P[2] isgiven by:- From <Idle, Idle, Free> to <Waiting,Idle, Free> using transition Reqactivated by process 1- From <Waiting, Idle, Free> to<Waiting, Waiting, Free> usingtransition Req activated by process 2- From <Waiting, Waiting, Free> to<Critical, Waiting, Busy> usingtransition Begin activated by process 1and the control�The aim of this paper is to check, when possible,properties of the programs P[n] for all values of n.At first we look at the reachability problem andthis is the subject of the next section.3. Parameterized State GraphTo be sure that a program, modelled by a PPCM,verifies some properties expressed as temporallogic formulae, we need first to build itsreachability graph.To study parameterized models, we have to build aparameterized reachability graph that represents allthe reachable states and all the possiblecomputations of the model. The graph must notrepresent particular cases of behaviour.In many cases, the behaviour of the programs P[n]may be particular for some but a finite number ofvalues of n. Mutual exclusion programs for nprocesses may have a special behaviour if there isonly one process. We want to study the programwhen the value of n does not represent a specialbehavioural case. Usually, there is a minimumnecessary number of processes to have no specialbehaviour of the program. This minimal bound iscomputed during the building of the parameterizedstate graph. As we do not represent specialbehaviours in the graph, we forbid the executionsof transitions that imply a value assignment to n.We briefly present here the features of theparameterized state graph. In [Vernier 93.a], theparameterized state graph building algorithm isdescribed.3.1 Parameterized StatesEach parameterized state of the reachability graphrepresents a set of ordinary states for any P[n]. Thekey point of the representation is to associate aninteger called a marking and a relational operator"=" or "‡" to each state of Sp. The intendedmeaning is the following:¥ If "=x" is associated to a state, then exactly xprocesses are in this state.¥ If "‡x" is associated to a state, then at least xprocesses are in this state.These attributes are also used for the states of Sc.As there is only one control process we requirethat:- only equality can be used,- the marking can be either 0 or 1,- there is exactly one state for which the markingis 1.The used notation is close to the one presented in[Emerson 90]. In this paper, they are focusing ontesting satisfiability rather than model checking.The two attributes are defined by two functionsassociated with a parameterized state. If ps is aparameterized state then ps.OP and ps.M denoterespectively the operator and the markingfunctions.

Notations- We denote a parameterized state by {s OP(s)M(s)}s ˛ Sp ¨ Sc, forgetting all the states s forwhich OP(s) is "=" and M(s) is 0. Moreover theonly marked state of Sc is represented without itsrelation and its marking (necessarily equal to "="and 1).- When necessary, we prefix M and OP by theparameterized state like for instance ps.OP(s).Example 3: Parameterized states for the criticalsection model

The initial parameterized state of thecritical section model is given by:{Idle‡1, Free} which denotes that thecontrol is in state Free and all theprocesses are in state Idle.The following parameterized statedenotes that one process is in itscritical section, two others are waitingfor the critical section and the rest ofthe processes are in state idle:{Idle‡1, Waiting=2, Critical=1, Busy}.The relation between ordinary and parameterizedstates is intuitive. An ordinary state belongs to aparameterized one if the distribution of processesamong states fulfils the relations expressed by theparameterized state. A parameterized state ps isincluded in an other one, ps’, if and only if the setof ordinary states represented by ps is included in

- 4 -the set of ordinary states represented by ps’. This isnoted ps ˝ ps’. If ps is not equal to ps’, then ps �ps’.Example 4: Correspondence between states

Let ps be the following parameterizedstate:{Idle‡1,Waiting=2,Critical=1,Busy} thenin P[5],os = <Idle, Waiting, Waiting, Critical,Idle, Busy> belongs to ps.In the previous example if we consider P[3], psrepresents none of its ordinary states. Thiscorrespondence between states shows that aparameterized state, ps, represents a set of ordinarystates of P[n], {os}, only if n is greater than abound defined by M. This bound is equalto�s˛Sp˚M(s).3.2 Parameterized TransitionsTo build the parameterized reachability graph, weneed to define parameterized transitions betweenparameterized states. This definition must beconsistent with the definition of a transitionbetween ordinary states. A transitions can beexecuted from a parameterized state ps if and onlyif it can be executed from each ordinary staterepresented by ps. For each ordinary staterepresented by ps, its successor state, after theexecution of a transition t, is represented by onesuccessor parameterized state of ps, after theexecution of the same transition. If ps’ is asuccessor of ps by transition t, then for eachordinary states, os’, represented by ps’, there is anordinary state, os, represented by ps such that os’is the successor of os by transition t. Roughlyspeaking, a parameterized transition from aparameterized source state to a parameterized targetstate is possible if:- there is enough marking in the source state.- the target state is obtained by consistent decreasesand increases.Let ps and ps’ be two parameterized states. If wewant to execute the transition Req fromparameterized state ps, there must be at least oneprocess in state Idle, e.g., ps.M(Idle)˚‡˚1. If ps’ isthe reached parameterized state when the transitionReq is executed then ps’.M(Idle)˚=˚ps.M(Idle)-1and ps’.M(Waiting)˚=˚ps.M(Waiting)+1 since bytransition Req one process moves from state Idleto state Waiting.However when a state s fulfilling s ‡ 1 isdecreased, two cases may happen:- only one process was in state s, then in the targetstate one have s = 0. As the number of processesis parameterized, this is possible only if anotherstate s’ fulfils s’‡j. Otherwise it would assign avalue to the parameter n.- at least two processes were in state s, then in thetarget state one have s ‡ 1.The parameterized transitions include these twocases that can simultaneously happen.Example 5: Transitions between states

Let ps be the following parameterizedstate:{Idle‡1, Waiting‡2, Free}Then ps leads to ps1 by transition beginwhere:ps1 = {Idle‡1, Waiting‡1, Critical=1,Busy}.Also ps leads to ps2 and ps3 bytransition Req where:ps2 = {Idle‡1, Waiting‡3, Free} and ps3={Waiting‡3, Free}.3.3 Building of the Parameterized StateGraphSince we are given an initial parameterized stateand a transition rule, it should be easy to developan accessibility tree (or graph). However such astructure would be generally boundless. Thus wemust take some decisions during the building ofthe tree. The procedure avoiding the infinitedevelopment is similar to the one of Karp andMiller [Karp 69] [Finkel 90] and we just give herean informal presentation.Let ps and ps’ be two parameterized states, ps £ ps’if for each place p:- ps.M(p) £ ps’.M(p) and- ps.OP(p) £ ps’.OP(p) (we state that "=" < "‡").As soon as we find two states ps and ps’ on thesame branch of the reachability tree such that ps £ps’, three cases may happen:(a) ps = ps’, so we stop the development of thisbranch.(b) ps „ ps’ and the sequence of transitions thatleads from ps to ps’ is identifiable as "a statechange from s to s’ for one process", then wetransform ps’ in ps except for s’ where ps.OP(s’) isset to "‡". Moreover if ps.M(s’)=0 thenps’.M(s)=1.(c) otherwise we stop the whole building : this isthe failure case of the algorithm.A sequence of transitions is "a state change from sto s’ for one process" if after its execution:¥ one process has moved from s to s’,¥ all the other processes and the control arein the same state.The change of operator "=" to "‡" is justified bythe fact that this sequence can be iterated as longas there are processes in state s. After eachexecution of the sequence, a process has moved

- 5 -from the state s to s’.In practice, case(c) is rarely encountered. It ismainly met when the execution of sequences isdependent on some properties of the parameter,e.g., if the behaviour of the algorithm is differentwhen the number of processes is odd or even. Insuch cases, we can not represent in a single graphthe behaviour of the algorithms whatever thenumber of processes.Let us show how the building works on onebranch.Example 6: A branch of the accessibility tree

We start from the initial parameterizedmarkingpstart = {Idle‡1, Free}We can use transition Req and obtainpstemp1 = {Idle‡1, Waiting=1, Free }pstemp1 is greater than pstart and wecan identify Req to a process changefrom Idle to Waiting so we changepstemp1 to:ps1 = {Idle‡1, Waiting‡1, Free}We can use the transition Req and obtainpstemp2 = {Idle‡1, Waiting‡2, Free}Again we transform pstemp2 but this timeps2 = ps1 so we stop the building of thisbranch.We do not compute the successor states of a stateps if there exists a parameterized state ps’, alreadycomputed, such that ps is included in ps’. Whilecomputing the successor states of ps’ we alsocompute those of ps.The termination of our algorithm is now ensuredby the order properties of Nk. So if we get successwe identify the nodes ps with ps’ if ps � ps’.Therefore, we obtain a parameterized state graph.Example 7: The parameterized graph of the criticalsection model

{Idle‡1,Critical=1,Busy}

{Idle‡1,Waiting‡1,Critical=1,Busy}

{Waiting‡1,Critical=1,Busy}

{Waiting‡2,Free}

{Idle‡1,Waiting‡1,Free}

{Idle‡1,Free}

Begin[Waiting=1]

Req[Idle>1]

EndReqReq[Idle=1]ReqEndBegin[Waiting>1]EndBeginReq[Idle=1]This parameterized state graph represents thereachability states of P[n] with n‡3.Let P be a PPCM, let G be the parameterizedgraph of P (if the building was successful). Grepresents the behaviour of P[n] if and only if n isgreater than n0 where n0 is the maximum of�ps.M(s) for ps ˛ G and s ˛ Sp. Therefore, foreach n‡n0, G can be unfolded to G[n], the stategraph of P[n].Example 8: Unfolding of the parameterized stategraph for n=3: G[3]

The gray states are represented by thesame parameterized state {Idle‡1,Waiting‡1, Free} in the parameterizedstate graph of the example 7.{Idle=1Waiting=2,Free}

{Idle=2,Critical=1,Busy}

{Idle=1,Waiting=1,Critical=1,Busy}

{Waiting=2,Critical=1,Busy}

{Waiting=3,Free}

{Idle=2,Waiting=1,Free}

{Idle=3,Free}

Begin

EndBeginEndReqReqReqReqReqEndBeginFor each execution sequence of G[n], n‡ n0, thereis an equivalent possible sequence in G. For eachpossible sequence of G, there is an equivalentsequence in G[n], "n ‡n0. Therefore, the result ofthe verification of properties on G is valid for eachG[n], n‡ n0. The proof is given in [Vernier 94].3.4 Detection of "real" circuitsAn important feature of the CTL formulaeevaluation algorithms is the detection of "real"circuits. They allow to find executions that mayinfinitely be repeated. By "real" circuits we meancircuits that appear in the graphs G[n]. While thecomputation of the parameterized state graph, thebuilt circuits are not always "real".On the graph of the example 7, all the "real"circuits are already computed.Example 9: Parameterized state graph without"real" circuits

The following PPCM represents thebehaviour of processes that can be intwo states and move from one to theother without constraints.t1

qpt2PPCMParameterized State Grapht1[Q>1]

{P‡1}

{P‡1,Q‡1}{Q‡2}

t1t2[P=1]t1[Q=1]t2[P>1]t2The two circuits of the graph are t1 andt2 from the parameterized state{P‡1,Q‡1} to itself. They can beexecuted only when P>1 and Q>1. A realcircuit can be composed of these twotransitions and it corresponds to theexecution of the transition t1 (resp.t2) a l1 (l2) number of times. The systemof equations we have to solve representsthe change of the number of processes inthe places P and Q when the supposedcircuit is executed. If there is a

- 6 -strictly positive integer solution thenthere is a real circuit that leads from{P‡1,Q‡1} to itself. The system ofequations is:state P: l1 - l2 = 0state Q: l2 - l1 = 0This equation has a solution. Therefore,there is a "real" circuit, holding t1,that leads from {P‡1,Q‡1} to itself.This circuit can be executed only if P>1and Q>1. The parameterized state graphwith real circuits is as follows :Parameterized State Graph with "real" circuitst1[Q>1]

{P‡1}

{P‡1,Q‡1}

{Q‡2}

t1t2[P=1]

t1[Q=1]

t2[P>1]

t2t1.t2[P>1 and Q>1]

{P‡1,Q‡1}The set of the real circuits can be computed fromthe initial circuits by solving positive integerequations [Ginsburg˚64].4. Parameterized Evaluation ofCTL-X FormulaeEveryone that models a system has some ideas ofthe supposed properties of the system. To expressthese properties, temporal logic formulae are anappropriate language [Lamport 83], [Emerson 88].We have chosen CTL-X.CTL-X is a temporal logic reasoning about statesand their successors. The existing algorithms aredepth-first search algorithms [Clarke 86],[Vergauwen 93]. They are based on the followingprinciple: they do not iterate the evaluationprocedures on nodes of the graph that have alreadybeen visited. It is useful to visit one time a nodeto know if it verifies a formula. This last propertyis not respected for the nodes of the parameterizedstate graph. Each parameterized state defines a setof ordinary one. Therefore, the examination of newsuccessors of an already visited parameterized statemay allow to detect new ordinary states that verifythe formula. To solve this problem, the algorithmattaches to each node a condition that defines thesubset of ordinary states that fulfil the formula.When visiting a node, the subset is kept up todate. If it is stable, we do not continue theexamination from this node.4.1 CTL-XWe have chosen a branching time logic since it ismore adapted as a linear to the structure of the stategraph and to the properties we want to verify[Pnueli 85], [Emerson˚86].Although CTL-X has a more restrictive powerthan other languages (e.g., CTL*), we have chosenit for the following reasons:¥ The verification of a CTL-X formula on a stategraph has a complexity linear in the size of boththe formula and the graph.¥ Although CTL-X is a simple language, it issufficient to express the usual properties such assafeness (i.e. a property f must be verified at eachreachable state which is written ("G f) in CTL-X)and liveness (i.e. from each state which verify gwe can always reach a state that verify h which iswritten ("G(g˚�"F h)) in CTL-X).The version of CTL we use is named CTL-X and aformula is equal to:- one of the two constants: True or False,- a basic formula,- a formula obtained by connectors And, Or,Not applied to formulae of CTL-X,- a formula obtained by connectors "G, "F,"U, $G, $F, $U applied to formulae of CTL-X.The basic formulae define the set of properties thatcan be verified at a parameterized state withoutinspection of its successors. Therefore they havethe following syntax and semantics:- {s ‡ 1}, means that at least one process is instate s,- {s = n}, means that all the identical processesare in state s,- {s op j}, j ˛ N and op {=, >} means that thenumber of processes in state s respects therelation "op j".A parameterized state ps verifies:- {s ‡ 1} only if ps.M(s) ‡ 1,- {s = n} only if ps.OP(s) = "‡" and "s’„s,ps.M(s’)=0,- {s op j} only ifps.OP(s) = "=" and ps.M(s) op j orps.OP(p) ="‡" and j+�ps.M(p’) £ n0, thiscondition ensures that the formula is verifiedwhatever the possible value of the parameter is.The verification, at a parameterized state ps, of aformula with temporal operator depends on itssuccessors. The next paragraph states thesemantics of the temporal operators.- " means for any path starting from thecurrent state�- $ means there is some path starting from thecurrent state�- Gp means �such that p is true for all statesof the path- Fp means �such that p is true for some stateof the path- pUq means �such that p is true on the pathuntil q becomes true and q will eventuallybecomes true

- 7 -The operators G and F are abbreviations offormulae written with the U operator.We do not consider the X (successor state) operatorsince it allows to count the number of processes.Let F be the formula "G(Idle‡1�$X(Idle=0)). Fis verified if each time there is a process in stateIdle, one of the successor states is such that thereis no Idle process. Considering our example, F canbe verified only if there is one process. Suchformulae may represent special behaviours of theprograms.Example 10: Some simple formulae about thecritical section model

Two processes are never simultaneouslyin critical section:"G ({Critical £ 1})Requests imply services:"G({Waiting ‡ 1} � "F{Critical ‡ 1})4.2 Conditions on parameterized statesIt may possibly be that two ordinary states, heldby the same parameterized state, do not verify thesame formulae. This case may happen only if fromone ordinary state it is possible to empty a statewhile from the others it is not possible. Considerthe parameterized state {Idle‡1, Waiting‡1, Free},the ordinary states such that Idle>1 may not verifythe same formulae as those where Idle=1. Thecondition, Cond(ps,f), defines the subset ofordinary states, included in ps, that verify f. Thesubsets can not be differentiated by the marking ofthe control states. The conditions concern only thestates of the processes automaton. A condition is:- an elementary condition Cond(ps,f) = Ce where- Ce = All (all the ordinary states included in psverify f) or- Ce = None (no ordinary state included in psverify f) or- Ce is a pseudo parameterized state where theoperator associated to each place can be "=",">" or "‡". In a condition, the states that donot appear are not constraint. The number ofprocesses in these states depends only of theparameterized state with which the condition isassociated. If ps={Idle‡1, Waiting‡1, Free} andCe(ps,f)={Idle>1} then the ordinary states,included in ps, with more than one process instate Idle verify f. We can extend Ce(ps,f) to{Idle>1, Waiting‡1, Free}. A conditionCe(ps,f) such that �Ce(ps,f).M(p) > n0 is notcompatible with the parameterized state graph.Otherwise, Ce is not equal to None does notmean that for each parameter value, there is atleast one ordinary state represented by ps thatverifies the formula f. We want to test if adistribution of processes verifies a formulawhatever the value of the parameter is.- an union of elementary conditionsCond(ps,f) = ¨ C e i (if ¨ C e i=ps thenCond(ps,f)=All).For the verification algorithm, we need to knowhow to compute the set of ordinary states includedin ps that allow to reach the ordinary states of ps’that verify a condition, Cond, when ps�t>ps’.This set, Trans(Cond,ps,t,ps’), is a conditiondefined as follows and is only computed whenCond „ None:- let s and s’ be the two states of Sp such thatG-p (t)=s and G+p(t)=s’,- Cond = All then Trans(Cond,ps,t,ps’) = All- Cond = ¨Cei and Trans(Cond,ps,t,ps’) =¨ (ps ˙ C’ei) where:- "Ceiif s appears in Cei then C’ei.M(s) =Cei.M(s)+1, C’ei.OP(s) = Cei.OP(s),if s’ appears in Cei then C’ei.M(s) =Cei.M(s)-1, C’ei.OP(s’) = Cei.OP(s’)," s"ˇ {s,s’}, C’ei.M(s") = Cei.M(s"),C’ei.OP(s") = Cei.OP(s"),- if t empties s then Trans(Cond,ps,t,ps’) =Trans(Cond,ps,t,ps’) ˙ {s=1},- if t does not empty s then Trans(Cond,ps,t,ps’) =Trans(Cond,ps,t,ps’) ˙ {s>1}.The set Trans-1(Cond,ps,t,ps’) defines the ordinarystates of ps’ that are reached by ordinary states ofps that verify Cond when ps�t>ps’. We just noticethat Trans(Trans-1(Cond,ps,t,ps’),ps,t,ps’)=Cond.Example 11

We consider the following restriction ofthe parameterized state graph of theexample 7 and the formulaf = $(True U {Waiting=0}).ps = {Idle‡1,Critical=1,Busy}

ps’ = {Idle‡1,Waiting‡1,Free}

Begin[Waiting=1]

Cond(ps,f) = AllCond(ps’,f) = {Waiting = 1}The parameterized state ps verifies thebasic formula {Waiting=0} thereforeCond(ps,f)=All. When we restrict to thispart of the graph Cond(ps’,f) =Trans(All,ps’,Begin[Waiting=1],ps) ˙ All= {Waiting=1} ˙ All = {Waiting=1}. Allthe ordinary states of ps’ such that oneprocess is in state Waiting verify f.4.3 AlgorithmThe algorithm to evaluate CTL-X formulae on aparameterized state graph is similar to the onepresented in [Clarke 86]. We have defined newprocedures to evaluate formulae with temporaloperators as "[f1˚U˚f2] and $[f1˚U˚f2]. For placeconstraints, we only present the procedure toevaluate formulae as "[f1˚U˚f2] while f1 and f2

- 8 -have already been evaluated.With each parameterized state and formula isassociated a condition that defines the subset ofordinary states that verify the formula. We use anarray of conditions (Marked) that associates witheach parameterized state the set of ordinarymarkings that have already been visited. We alsouse a stack (ST) to store the parameterized statesvisited along a path and the path. When we push aparameterized state, we also push the transitionthat leads to it (if there is one). This way it ispossible to know if some parameterized states arelinked by a circuit ("real" or "false"). The functionRealCircuit(ST,ps) returns the value true if thecircuit between ps and ps is or hides a "real" one.The function Stacked(ST,ps) returns the value trueif ps is in the stack ST.procedure AU(f){f = "[f1˚U˚f2]}beginfor all ps ˛ G dobeginMarked(ps) := Cond(ps,f2);(a)Cond(ps,f) := Cond(ps,f1)¨Cond(ps,f2)Modif(ps) := false;Liste(ps) := fl;endfor all ps ˛ G doif Marked(ps)<>All then VerifAU(f,ps,All)endThe procedure VerifAU(f,ps,ens) checks theformula f at ordinary states of ps that verify thecondition ens. While the execution of thisprocedure, the ordinary states included in ps thatverify f1 and not f2 are deleted from Cond(ps,f).When the procedure ends, then Cond(ps,f) ˙ ensgives the ordinary states of ens that verify f.Modif(ps) indicates if the condition associate withps has to be modified. A modification is due to thedetection of a state change sequence, from p’ to p",that leads from ps to ps. The set Liste(ps) holdsthe places p’ of the state change sequences thathave been detected.VerifAU(f,ps,ens)beginif (ens ˝ Marked(ps)) and not(Stacked(ST,ps))then return;{1}if Stacked(ST,ps) thenif RealCircuit(ST,ps) then{2}begin(b)Cond(ps,f) := Cond(ps,f) - ens;returnendelse{3}{ there is a state change sequence from p’ to p" }if (�ens.M(p) > n0) then beginModif(ps):=trueListe(ps):=Liste(ps)¨{p’}endreturn;{In case (1), the ordinary states have already beenstudied. In case (2), ps is linked to itself by a"real" circuit, therefore there is a loop of ordinarystates that never fulfil f2. In case (3), the circuit isa "false" one, we can not say, at this step, if thestates defined by ens verify f or not. We onlyknow that the executed sequence can be done againand then the conditions associated to the place p’have to be modified}.Marked(ps) := Marked(ps) ¨ ens;ens2 := Cond(ps,f1) ˙ ens;{set of states of ens that may verify f}Push(ST,ps);ens3 := fl;for all ps’ such that ps�t>ps’ dobeginens4 := Trans-1(ens2,ps,t,ps’);{set of states of ps’ that are reached by states of ens2 with the transition t}ens3 := ens3 ¨ ens4;{set of states reached by states of ens2}VerifAU(f,ps’,ens4);(c)Cond(ps,f) := Cond(ps,f)-Trans(ens4- Cond(ps’,f),ps,t,ps’);{we remove from Cond(ps,f) the states of ens2 that lead to states of ens4 that do not verify f}if Cond(ps,f)=None thenbeginPop(ST);returnendend; Cond(ps,f) := (Cond(ps,f) -(ens2-Trans(ens3,ps,t,ps’)))¨Cond(ps,f2);{we remove from Cond(ps,f) the states of ens2 that do not verify f2 and have no successor}if Modif(ps) = true thenbegin { Cond(ps) = ¨Cei }for each p in Liste(ps)For each Cei, Cei.OP(p) = "‡"endPop(ST);end;To define the set of ordinary states of ps that verify$[f1˚U˚f2] we study all the successors of ps and

- 9 -add to Cond(ps,f) the states that verify f1 and thatlead to one that verify $[f1˚U˚f2]. The algorithmis, roughly speaking, the same as for "[f1˚U˚f2]apart from the lines a,b and c.(a’) Cond(ps,f) := Cond(ps,f2);(b’), (d’) we remove these lines;(c’) Cond(ps,f) := Cond(ps,f) ¨ Trans(Cond(ps’,f),ps,t,ps’);

Property: The conditions Cond(ps,f) = ¨Cei aresuch that �Cei.M(s) £ n0. Otherwise, thecondition Cei does not appear in Cond. It is notcompatible with the parameterized state graph andthe bound n0.This property ensures that the verificationalgorithm ends.5. ConclusionIn this paper, we have introduced a model to reasonabout parallel algorithms including a finite butunknown number of processes. Then we havepresented a procedure to obtain a parameterizedrepresentation of the reachability set. Thisprocedure fails when we are not able to represent,with a single graph, the behaviour of the modelwhatever the value of the parameter is. The successof this procedure often happens in real cases. Wehave developed a procedure to evaluate theformulae of the language CTL-X on theparameterized state graph.Compared with the work presented in [Clarke 87],we also define a sufficient number to have the fullbehaviour of the parameterized program. Clarkeand Gr�mberg do not find this boundautomatically. They do not specify how todetermine if such a bound exists. In our work wefind a bound automatically during the building ofthe parameterized state graph. Another interest ofour work is that we do not compute the reachablestates only for the program with the sufficientnumber of processes. We compute the reachablestates for programs with any number of processesgreater or equal to the bound.Further works will deal with the possibleextensions of the model. The model presented in[Vernier˚93.b] allows to distinguish the behaviourof one process. This distinction offers twopossibilities: to prove fairness properties (e.g., if aprocess wants to access critical section it willsuccess) and to model problems where one processhas a specific behaviour. This distinguishedprocess can be dynamically changed. Theparameterized state graph building algorithm andthe evaluation algorithm work on this model. Alack of this model is the inability to consider orderon processes. It will allow to model algorithmsthat assume that processes are on a ring and cancommunicate only with their neighbours. Thedifficulty lies in the building of the parameterizedstate graph. We have to be able to keep linksbetween processes.Another improvement of our work is theconsideration of more complex formulae languagessuch as CTL*, FCTL [Emerson 85]. The modelcheckers that consider such logics have to be ableto compute strongly connected components of thestate graph. Therefore we will be able to deal withthese logics if we are able to detect stronglyconnected components on the parameterized stategraph.References[Clarke 86] Clarke E.M., Emerson E.A., Sistla J.,Automatic Verification of Finite-State ConcurrentSystems Using Temporal Logic Specification, ACMTransactions on Programming languages andsystems, vol. 8, n�2, April 1986, pages 244-263.[Clarke 87] Clarke E.M., Gr�mberg O., AvoidingThe State Explosion Problem in Temporal LogicModel Checking Algorithms, Proc. 6th ACMSymposium on Principles of Distributed Computing,Vancouver, British Columbia, August 1987, pages244-303.[Emerson 85] Emerson E.A., Lei C., Modalities formodel checking: Branching time strikes back, Proc.12th Annual Symposium on Principles ofProgramming Languages, New-Orleans, Louisiana,January 1985, pages 84-96.[Emerson 86] Emerson E.A., Halpern J.Y.,’Sometimes’ and ’Not Never’ Revisited: On Branchingversus Linear Time, Journal of ACM, vol. 33, n�1,1986, pages 151-178.[Emerson 88] Emerson E.A., Srinivasan J.,Branching Time Temporal Logic, Branching Time andPartial Order in Logics and Models for Concurrency,Workshop on Linear Time, LNCS 354, 1988, pages123-172.[Emerson 89] Emerson E.A., Sadler T., SrinivasanJ., Efficient Temporal Reasoning, Proc. of the 16thACM Symposium of Principles of ProgrammingLanguages, Austin, Texas, 1989, pages 166-178.[Emerson 90] Emerson E.A., Sadler T., ADecidable Temporal Logic to Reason about ManyProcesses, Proc. 9th ACM Symposium on Principlesof Distributed Computing, 1990, pages 233-245.[Finkel 90] Finkel A., A minimal CoverabilityGraph for Petri Nets, Proc. 11th InternationalConference on Application and Theory of Petri Nets,Paris, France, June 1990, pages 233-245.[Ginsburg 64] Ginsburg S., Spanier E., BoundedAlgol-like languages, Trans. Amer. Math. Soc. 113,1964, pages 333-368.[Karp 69] Karp R.M., Miller R.E., Parallel ProgramSchemata, Journal of Computer science, vol. 3, n�2,May, 1969.[Lamport 83] Lamport L., What good is temporallogic?, Proc. IFIP 9th World Computer Congress,Paris, France, 1983, Information processing 83,R.E.A. Mason editor, North-Holland, pages 657-668.[Lichtenstein 85] Lichtenstein O., Pnueli A.,Checking That Finite State Concurrent programs

- 10 -Satisfy Their Linear Specification, Proc. 12th ACMSymposium of Principles of ProgrammingLanguages, New-Orleans, Louisiana, January 1985,pages 97-107.[Pnueli 85] Pnueli A., Linear and branchingstructures in the semantics and logics of reactivesystems, Proc. 12th International Colloquium onAutomata, Languages and Programming, SpringerVerlag, 1985, pages 15-32.[Sistla 87] Sistla A.P., German S.M., Reasoningwith Many Processes, Proc. Symposium on Logic inComputer Science, Ithaca, New-York, June 1987,pages 138-152.[Vergauwen 93] Vergauwen B., Lewi J., A LinearModel Checking Algoritm for CTL, Proc. 4thInternational Conference on Concurrency Theory,Hildesheim, Germany, August 1993, LNCS 715,Springer Verlag, pages 447-461.[Vernier 93.a] Vernier I., P a r a m e t e r i z e d Reachability Graph for Parametrized Petri Nets,Internal report, 1993.[Vernier 93.b] Vernier I., Specification AndVerification of Parametrized Parallel Programs, Proc.8th International Symposium on Computer andInformation Sciences, Istanbul, Turkey, November1993, pages 622-625.[Vernier 94] Vernier I., Evaluation Param�tr�e deFormules de Logique Temporelle, Internal report, IBP,Laboratoire MASI, to appear.[Wolper 89] Wolper P., Lovinfosse V., VerifyingProperties of Large Sets of Processes with NetworkInvariants, Proc. International Workshop onAutomatic Verification Methods for Finite StateSystems, Grenoble, France 1989, LNCS 407, pages68-80.