
Chapter 1GLOBAL TIMED BISIMULATION:AN INTRODUCTIONDavid de Frutos-Escrig, Natalia L�opez, and Manuel N�u~nezDept. de Sistemas Inform�aticos y Programaci�onUniversidad Complutense de Madrid, Spain{defrutos,nlopezb,manuelnu}@eucmax.sim.ucm.esAbstract Bisimulations are a broadly used formalism to de�ne the semantics ofprocess algebras. In particular, by means of weak bisimulation mostof the internal activity of processes may be abstracted. Unfortunately,this is not fully accomplished: for instance, the internal choice operatorbecomes non-associative since bisimulation can see the branching struc-ture of processes. In this paper we propose global timed bisimulationas a weakening of weak timed bisimulation. Global timed bisimulationis de�ned exactly as weak timed bisimulation once ordinary transitionsare replaced by the adequate notions of generalized transitions. In or-der to asses the de�nition of our global timed bisimulation we presenta collection of small examples that illustrate each of the clauses of thatde�nition. Finally, a more elaborated example is presented to summa-rize the main properties of that notion.Keywords: Timed Systems; Formal Semantics; Bisimulations; Non-determinism.1. INTRODUCTIONOperational semantics is probably the simplest and more intuitiveway to give semantics to any process language. It is usually de�nedby means of a labeled transition system which contains the transitions,P l�! P 0 that each process can execute. But these semantics are not ab-stract enough since they contain the full information about the syntax ofprocesses. Bisimulations [9] are the usual way to solve this problem, byde�ning a slightly weaker equivalence which is a rather reasonable, sim-ple and nice way to de�ne the semantics of non-deterministic processes.1



2Strong bisimulation is a rather satisfactory way to de�ne the semanticsof processes whose transitions are labeled by visible actions.Nevertheless, processes having all their transitions visible are not suf-�ciently 
exible: we need some kind of internal transitions to re
ectinternal behavior of processes that will be neither observable nor con-trollable from outside. In particular, internal transitions are introducedto re
ect internal choices at the operational level. Therefore, when wede�ne the operational semantics of a process language we usually uselabeled transitions, whose labels are visible actions, and unlabeled oneswhich correspond to internal moves. But these internal actions must betreated in a special way in order to capture the fact that they are notobservable. This is why a weaker notion of bisimulation is introduced:weak bisimulation.Weak bisimulation partially abstract internal moves, since in its def-inition whenever we have the possibility to execute an internal transi-tion we can freely choose between executing one, several or even noneof them. As a consequence, using CCS-syntax, we have, for instance� ; P � P � � ; � ; P . Nevertheless, weak bisimulation must not ignoreinternal transitions when they occur in the scope of a choice. Thus wehave P + Q 6� P + � ; Q, which is indeed rather reasonable. But, un-fortunately, this capability to see internal actions remains when nestedchoices appear. So, we have � ;(� ;P+� ;Q)+� ;R 6� � ;P+� ;(� ;Q+� ;R),which in a CSP-like language would lead us to (P�Q)�R 6� P�(Q�R),where � represents the internal choice operator. The fact that internalchoice is not associative under weak bisimulation is, in our opinion, aserious drawback. Erdogmus et al. [5] have found the same problem, al-though they have tried to solve it in a di�erent way to the one we presentin this paper. They consider it is not the notion of bisimulation thatis wrong, but instead what is wrong is the operational semantics fromwhich the bisimulation equivalence is de�ned. Therefore, they suggest touse a more involved notion of transition system to de�ne the operationalsemantics of non-deterministic processes.Instead we prefer to use original transitions systems. We maintainthe original operational semantics, given by ordinary transition systemsas the basis to de�ne our new semantics although we do not directly usethese transitions in the de�nition of bisimulations. So in [3] we de�neglobal bisimulations by combining two di�erent kind of moves: dynamic,which correspond to the execution of visible actions; and static, whichcorrespond to (partial) resolutions of non-determinism. These last movesjustify our name for the new notion of bisimulation, since the involvedtransitions do not need to appear at the beginning of the computations,but anywhere else.



Global Timed Bisimulation: An Introduction 3In this paper we extend our previous study to the framework of timedprocesses. We consider that this is interesting for several reasons. First,by means of this extension we have seen that our ideas are rather 
exibleand can be satisfactorily applied to di�erent kinds of process algebras.Second, given that one of our goals was to study and relate the di�erentkinds of non-determinism, timed processes are a good benchmark for it,since timed transitions are a new source of non-determinism behaviour.Finally, because the alternative ways to de�ne the semantics by meansof weaker equivalence relations than weak bisimulation, do not work asexpected in the timed case. For instance, testing semantics is muchmore stronger than in the untimed case, since the urgency of internalactions strongly increases the discriminatory power of tests [8]. So thede�nition of alternative semantics is specially appealing in the case oftimed processes. Actually, the new semantic framework described inthis paper can be applied to the de�nition of the semantics of the coreof E-LOTOS [11] where time information has been included in order toremove one of the limitations of former LOTOS.The rest of the paper is structured as follows. In Section 2 we presentour formalism to describe timed transition systems. We also includeseveral examples showing the expressive power of our model. In Sec-tion 3 we de�ne our notion of global timed bisimulation and we showits advantages with respect to weak bisimulation. In Section 4 we sum-marize the main ideas presented in the paper about the treatment ofnon-determinism by studying possible implementations of a faulty chan-nel. Finally, in Section 5 we present our conclusions and some lines forfuture work.2. BASIC CONCEPTSIn this section we present the abstract syntax which we will use tomodel timed systems. As we said in the introduction, processes will bede�ned in terms of (timed) labeled transition systems. By using sucha syntax we can abstract the features of a chosen language. In otherwords, instead of de�ning an operational semantics over a �x language,and then to study the induced labeled transition systems, we directlyconsider a (general) kind of labeled transition systems. In particular,our labeled transitions systems are very close to those induced by thesemantics of the new version of E-LOTOS [11].De�nition 1 (Preliminaries) We consider a set of visible actions Act ,and an action � not belonging to Act . To model time we use a discreteset of times T . We call T the time domain. We may consider T =f�; 2�; 3�; : : :g, where � indicates the minimum amount of time. ut



4 Once we have introduced both the set of actions and the set of timeswhich will allow us to represent systems, we de�ne processes as timedlabeled transition systems. Let us note that in the de�nition of ourprocesses we are taking into account some of the properties that arecommonly found in most temporal models like time determinacy andmaximal progress for � actions.De�nition 2 A process P is de�ned as a triple (S;�!; s0), where S is aset of states, s0 2 S is the initial state, and �!� S�(Act [f�g[T )�Sis the transition relation. We will usually write s ��! s0 instead of(s; �; s0) 2 �!. We impose the following restrictions over the relation:Maximal Progress: Let s 2 S. Whenever we have s ��! s0 thenthere do not exist s00 2 S, t 2 T such that s t�! s00.Time Determinacy: Let s 2 S; t 2 T . Then there exist at mosta state s0 2 S such that s t�! s0. utWe will usually identify the nodes of these labeled transition systemswith the process de�ned by the corresponding node as initial state. For-mally, let P = (S;�!; s0) be a process. If s 2 S then we consider Ps asthe process (S;�!; s).In order to make easier the presentation and study of the main fea-tures of our new semantics, we will only consider in this paper tree-liketransition systems that are those such that the underlying graph is arooted tree. It is important to note that this does not represent a loseof generality since by unfolding any transition system we can found anequivalent tree-like transition system. This is so, because our de�nitionof global bisimulation does not use in any way the global structure of theunderlying. Besides, it is applicable to any arbitrary timed system either�nite or in�nite. Thus even if we start from a �nite state system withan arbitrary net structure which would become an in�nite tree whenunfolded, this does not represent a problem at all. It is true howeverthat if we were interested on deciding global bisimilarity in an e�ectiveway we should maintain the �niteness of systems when studying them.This can be done indeed, but since it is technically a bit involved we willpresent in a forthcoming paper.Once we have de�ned the notation for describing timed systems, wewill explain by means of some simple examples the intended meaning ofeach construction and the expressive power of the model.First, we have that time-outs can be modeled as follows: if we wantto specify a system o�ering actions a and b exactly at time 0, and such



Global Timed Bisimulation: An Introduction 5a b � �
(a)

P Q �a b � �
(b)P Q

2�a 2�b � �(c)P Q
a b

(d)
P Q

Figure 1.1 Examples of Timed Processes (I).that when none of these actions is executed it gets deadlocked, we willuse the process represented in Figure 1.1 (a).Delays are speci�ed by means of timed transitions. For instance, ifwe consider a variation of the previous system where the actions areo�ered at time �, it would be represented by the process depicted inFigure 1.1 (b). We can specify processes having di�erent delays. Forinstance, a choice between the action a delayed 2� units of time and theaction b delayed 4� units of time would be represented as described inFigure 1.1 (c). Processes blocking the time can also be included. Forinstance, in Figure 1.1 (d) we show a process o�ering a and b at time 0that does not allow the passing of time.Let us remark that in our representation we only make explicit thetime transitions corresponding to the time between two o�erings of ac-tions represented by states. Obviously, we need to allow a delayed pro-cess to consume partially its delay (i.e. to age). For example, the processdelay(t);P will evolve by a timed transition to the process delay(t�t0);Pafter passing t0 units of time, for any t0 < t. This will be formalized later.We can also specify systems o�ering actions during an interval of time.For example, if the system o�ers a in the interval [0::2�] and b in theinterval [�::3�] we would use the process given in Figure 1.2 (a). Notethat � actions are urgent, so it makes no sense to o�er a � over aninterval of time. Moreover, we can specify a process o�ering an actionover an in�nite amount of time. For instance, the process depicted inFigure 1.2 (b) o�ers the action a in the interval [0::1), the action b in[�::1), and the action c in [�::2�].Next, in order to manage our processes we introduce some auxiliarynotation that will be intensively used all along the rest of the paper.De�nition 3 Let P = (S;�!; s0) be a process. Let fsai 2 S j s0 a�!saig be the set of states that are reached by executing a�! from s0, andlet fPaig be the set of the corresponding induced processes. Similarly,
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P P Q R P Q R P QFigure 1.2 Examples of Timed Processes (II).let fs�i 2 S js0 ��! s�ig (resp. fP�ig) be the set of states (resp. processes)that are reached after the execution of ��! from s0. Then to refer to P ,we will use the following notation:� P =Pa2Act a ; Pai +P � ; P�i if fP�ig 6= ;� P =Pa2Act a ; Pai + delay(t) ; P 0 if fP�ig = ; ^ 9P 0 : P t�! P 0� P =Pa2Act a ; Pai if fP�ig = ;^ 6 9P 0 : P t�! P 0� P = stop if S = fs0g ^ 8a 2 Act : fPaig = ;^ fP�ig = ; ^ s0 ��! s0� P = block if S = fs0g ^ 8a 2 Act : fPaig = ;^ fP�ig = ; ^ 6 9t 2 T : s0 t�! s0 utNote that some of the sumsPa2Act a ; Pai may be empty. Additionally,we will also write P = P� � ; P� when we do not need to distinguishbetween visible, internal and timed descendants, and we will use P1 +P2 + � � �+ Pn as a shorthand of PPi.In the previous de�nition we have introduced two new concepts: theprocesses stop and block. Both processes are very similar because theycannot execute any action. The di�erence is that while stop allows thetime to pass, block does not. Next, we de�ne the usual extensions ofthe transition relation to allow several steps.



Global Timed Bisimulation: An Introduction 7De�nition 4 Let P = (S;�!; s0) be a process. We de�ne the followingrelations on states:We denote by �=) the transitive and re
exive closure of ��!.Let s; s0 2 S. We write s t=) s0 if there exist t1; t2; : : : ; tn 2 Tsuch that P ti = t and there exist s1; s01; s2; s02; : : : ; sn; s0n suchthat s �=) s1 t1�! s01 �=) s2 t2�! s02 � � � �=) sn tn�! s0n �=) s0Let s; s0 2 S. We write s a=) s0 if there exist s1; s2 such thats �=) s1 a�! s2 �=) s0. utAs commented above, we need to generate all the di�erent time tran-sitions that correspond to each of the ones explicitly represented in thegiven transition system. So we extend the transition relations as follows:Given a process P = Pa2Act a ; Pai + delay(t) ; P 0 in addition to thetransitions that are allowed by its transition relation, it has the followingtimed transitions: P t0�! delay(t� t0) ; P 0 [if t0 < t]We conclude this section by de�ning the adequate notion of weaktimed bisimulation.De�nition 5 A binary relation R on processes is called a weak timedbisimulation if for all P , Q such as P R Q, and any � 2 Act [ f�g [ T :Whenever P ��! P 0 we have some Q0 such that Q �=) Q0 andP 0 R Q0.Whenever Q ��! Q0 we have some P 0 such that P �=) P 0 andP 0 R Q0.We say that two processes P and Q are weakly timed bisimilar if thereexists a weak timed bisimulation containing the pair hP;Qi. ut3. A GLOBAL TIMED BISIMULATIONIn this section we will de�ne a timed extension of global bisimulations[3]. We will denote by  and 
 , with 
 2 Act [ T , the static anddynamic generalized transitions to be de�ned below.De�nition 6 Let P be a process. We say that P may evolve by a statictransition to P 0, denoted by P  P 0, and we say that P may evolve bya dynamic transition to P 0 after � 2 Act [T , denoted by P � P 0, if thecorresponding transition can be derived from the following rules:1. Preserving the transition relation of P :



8 If P ��! P 0 then P  P 0.If P ��! P 0 for some � 2 Act [ T then P � P 0.2. Simultaneous execution of several internal transitions:P =X� � ; P�i +Xi2I � ; Pi  Xi2I � ; Pi3. Removal of non-determinism (generated by simultaneous o�eringsof the same visible action):P =X� � ; P�i + a ; Pa +Xi2I a ; Pi  X� � ; P�i + a ; Pa4. Forward execution of an internal move:P�  P 0� =) P =X� � ; P�i + � ; P�  X� � ; P�i + � ; P 0�where either � 2 Act [ f�g or � = delay(t) for some t 2 T .5. Simultaneous execution of several instances of an o�ered action:8a 2 Act ; 8I � Ia with Ia = fj i j P a=) Pi jg =) P a Xi2I � ; Pi6. Synchronous passing of time under � 's:8i 2 I : Pi t�> P 0i =) P = Xa2Act a ; Pai +Xi2I � ; Pi t Xi2I � ; P 0iwhere �> represents the re
exive and transitive closure of  , andwe have P t�> P 0 where P �> � t1 � � � � tn � � � �> P 0 with t =P ti.Finally, for any a 2 Act , we take a�> equal to �> � a � �>. utIn Figure 1.3 we graphically present the rules given in the previous def-inition. Let us brie
y comment the intuitive meaning of each of theserules, Rule 1 is included to keep the ordinary transitions of processes.Rule 2 allows a process to evolve by selecting a subset of its � descen-dants (also note that in this rule some of the �'s may be equal to �).Rule 3 allows to reduce nondeterminism by cutting some of the brancheslabeled by the same o�ered action (note here that some of the �'s mayalso be equal to a). Rule 4 indicates that a process may evolve by exe-cuting a static transition not only at its root but at any point. One cansee that by iterating the application of this rule a static transition can



Global Timed Bisimulation: An Introduction 9��! =) � P P 0 P P 0Rule 1: Preserving the transition relation of P: : : : : : : : : Q1 Qn P1 P2 Pm P1 P2 Pm�1 �n � � � � � �Rule 2: Simultaneous execution of several internal transitions: : : : : : : : : Q1 Qn P P1 Pm Q1 Qn P�1 �n a a a �1 �n aRule 3: Removal of non-determinism =)  : : : : : :P� P 0� �1 �n � �1 �n �P1 Pn P 0�P1 Pn P�Rule 4: Forward execution of an internal move: : : : : : : : :a Q1 Qn P1 P2 Pm Pi1 Pi2 Pik�1 �n a a a � � �Rule 5: Simultaneous execution of several instances of a: : : : : : : : :t�> =) t Pi P 0i a1 an � �Pa1 Pan P1 Pn � �P 01 P 0nRule 6: Synchronous passing of time under � 'sFigure 1.3 Static and dynamic transitionsbe done not only after a single step but also after any sequence of them.We also need two additional rules for generating dynamic transitions.Rule 5 allows us to execute not just a single occurrence of an action,but a subset of them, by non-deterministically choosing between them,what is done by composing the reached states by pre�xing any of themby a � action. Finally, Rule 6 allows a process to age under � actions,thus delaying the corresponding internal choice. Note that in this caseall the other branches are lost.Finally, we introduce our notion of global timed bisimulation whichfollows the same pattern that weak bisimulation, but replacing usualtransitions by static and dynamic transitions.De�nition 7 A binary relation R between pairs of processes is a globaltimed bisimulation i� for all P;Q such that P R Q and any � 2 Act [f�g [ T we have:Whenever P � P 0 we have some Q0 with Q ��> Q0 and P 0 R Q0.
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� �� � �P1 P2 P3 P4

�� � �� �P1 P2 P3 P4
� � � �P1 P2 P3 P4�g �gFigure 1.4 Associativity of pure � -choices.Whenever Q � Q0 we have some P 0 with P ��> P 0 and P 0 R Q0.We say that two processes P and Q are globally timed bisimilar, and wewrite P �g Q, if there exists a global timed bisimulation containing thepair hP;Qi. utIt can be checked that weak timed bisimulation identi�es less processesthat global timed bisimulation. The proof is an adaptation of that givenin [3] for the untimed case.Theorem 8 Let P and P 0 be two processes. We have that P � P 0implies P �g P 0.On the other hand global bisimulation is still a rather strong rela-tion. We can prove in fact that it is stronger than the testing equiva-lence(see [3]), and as a consequence it is strong enough to detect dead-locks. Finally it is interesting to note that the relations � give us aderived timed labeled transition systems which de�nes an alternativeoperational semantics of our processes. In such a case global bisimu-lation becomes plain weak bisimulation, and as a consequence all theresults for weak bisimulation could be extended to global bisimulation,although relative to that (a bit strange and complicated) derived oper-ational semantics. In particular we can prove that if the original transi-tion system is �nite, the derived system can be presented also as a �nitestate system. Thus global timed bisimulation becomes decidable for �-nite state system, and the algorithms to decide ordinary bisimulationcan be applied to decide global bisimilarity.3.1 ASSOCIATIVITY OF PURE � -CHOICESAs we already explained, one of the motivations of our work wasto develop a notion of observational semantics based on bisimulationwhere the internal choice operator were associative. So, considering ourde�nition of global timed bisimulation we have the situation describedin Figure 1.4.
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Figure 1.5 Associativity in the presence of time.To see how the notions of generalized transitions have been extendedin order to get associativity, we will consider the following processes:P = � ; (� ; P1 + � ; P2) + � ; P3 P 0 = � ; P1 + � ; (� ; P2 + � ; P3)P 00 = � ; P1 + � ; P2 + � ; P3Let us study which of the capabilities that we have added to the usualtransitions relation allow us to get P �g P 0 and P 0 �g P 00.In order to show that P and P 0 are globally timed bisimilar, if wewant to simulate the transition P  � ; P1 + � ; P2, it is necessary toapply Rule 4 to P 0 to execute a � action under another one, so we have� ; P2 + � ; P3 ��! P2, and thus we obtain P 0  � ; P1 + � ; P2.On the other hand, in order that P 00 will be able to simulate the sametransition of P we apply Rule 2 to P 00: by simultaneously executing thetwo internal transitions P 00 ��! P1 and P 00 ��! P2, without resolvingthe choice between them, P 00 evolves into � ; P1 + � ; P2.Let us now study associativity in the case where timed decisions aretaken at di�erent places. Let us consider the processes Q and Q0 givenin Figure 1.5. Let us show that under global bisimulation they areequivalent. We have that when Q executes the transition Q � ; (a+b),Q0 can simulate it by executing at the same time two internal actionswithout aging, that is by applying Rules 2 and 4, obtaining Q0  � ; (� ;a + � ; b). On the other hand, in order to let Q to simulate the timedtransition Q0 ��! � ; a + � ; b + � ; c + � ; d, it must be aged withoutresolving the choice, to obtain Q � � ; (� ; a + � ; b) + � ; (� ; c + � ; d).Note that this transition is allowed by Rule 6.Consider now the processesR andR0 in Figure 1.5. We have that thesetwo processes are globally timed bisimilar. This is a natural consequenceof our theory, because we abstract away from when the decisions are



12taken. We have that when R performs the transition R � R1 = (� ;a) + (� ; delay(2�) ; (� ; b + � ; c)). Indeed, R0 should be aged, by thesame amount of time in every branch. By applying Rule 6 we obtainR0 � R01 = � ;a+� ;delay(2�) ; b+� ;delay(2�) ; c. At this point, R1 hastwo possibilities: on the one hand, if it decides to perform the transitionR1 ��! a, R01 can execute the same transition to simulate it; on the otherhand, if R1 performs the transition R1 ��! delay(2�) ; (� ; b+ � ; c), wehave the same situation that in the previous example.3.2 DIFFERENT KINDS OF SYMMETRICNON-DETERMINISMOnce we have shown that we have gained the ability to resolve severalinternal choices at the same time, thus getting associativity, we �x ourattention on the alternative ways to generate non-determinism. In par-ticular, an implicit internal choice is generated when we have an externalchoice between two processes o�ering some common visible actions. Un-der weak bisimulation this kind of non-determinism is considered to bedi�erent to that generated by internal choices. More exactly, if we con-sider two processes P1; P2 that are not weak bisimilar, we have that theprocess a;P1+a;P2 is not equivalent to any process that does not containan external choice between two processes o�ering the action a. It is easyto check that this result does not hold when we consider global timedbisimulation. Next we consider the following three simple processes:P1 = a ; b+ a ; c P2 = � ; a ; b+ � ; a ; c P3 = a ; (� ; b+ � ; c)Let us see that under global timed bisimulation we have P1 �g P2.We have indeed that P2 ��! a ; b can be simulated by removing thebranch a ; c of P1 (applying Rule 3) to get P1  a ; b. We also haveP1 �g P3: in order to simulate the transition P3 a � ; b + � ; c, P1may simultaneously execute its two a actions, by postponing the choicebetween their continuations, then getting P1 a � ; b+ � ; c by applyingRule 5. Besides, if we consider the transition P2  a;b that it is obtainedby Rule 1, we have that P1 can simulate it by means of the transitionP1  a ; b, which is generated by applying Rule 3.3.3 DIFFERENT KINDS OF TIMEDSYMMETRIC NON-DETERMINISMIn this section we discuss the problem of symmetric non-determinismwhen it appears mixed with time. Weak timed bisimulation can correctlydeal with some simple interactions between internal situations producedby � actions and time transitions. For example, we have delay(t);P � � ;
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P t4��ab �acFigure 1.6 Di�erent kinds of non-determinism.delay(t);P � delay(t);� ;P . On the contrary, mixing non-deterministicchoices and time in a more complex way produces undesirable results inthe context of weak timed bisimulation. For example, the followingprocesses, which are graphically presented in Figure 1.6:P t1 = (delay(�) ;a ;b)+(delay(�) ;a ;c) P t2 = (� ;delay(�) ;a ;b)+(� ;delay(�) ;a ;c)P t3 = delay(�) ; a ; (� ; b+ � ; c) P t4 = delay(�) ; (� ; a ; b+ � ; a ; c)are not weakly timed bisimilar.In order to get P t1 �g P t2, we have that the transition P t1 ��! a ;b+a ;ccan be simulated by P t2 , by applying Rule 6, aging it without resolvingthe non-determinism, to obtain P t2 � � ;a ;b+� ;a ;c. Besides, in order tosimulate the transition P t2 ��! delay(�);a ;b, we have that Rules 3 and 4allow P t1 to remove one of the two branches after the timed transitions.On the other hand, we also have P t1 �g P t3 because the transitionP t3 ��! a ; (� ; b+ � ; c) may be simulated by P t1 just by performing thetransition P t1 ��! a ; b+a ; c. So we obtain the transition systems P1 andP3 of the previous section. The same result holds for P t1 and P t4 becausewhen one of them performs a timed transition the other can execute thesame transition, and in this way they evolve into the processes P1 and P2of the previous section. Besides, P t2 and P t3 are globally timed bisimilar,since in order to simulate the transition P t2 ��! � ;a ; b, P t3 can execute a� transition, by applying Rule 4. Using similar reasonings one can checkthat the pairs hP t2 ; P t4i and hP t3 ; P t4i are global timed bisimilar.4. EXAMPLE: A FAULTY CHANNELIn this section we summarize the main ideas presented in this paperby means of a simple example: a faulty channel. We will consider afaulty channel which when retransmitting a received message can either
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Figure 1.7 Di�erent Implementations of the faulty channel.correctly send it, or send it but with errors, or lose it. After a more formalspeci�cation of the channel we will present several processes which canbe considered as correct implementations of the speci�cation. We wouldlike that all of these implementations were equivalent. Nevertheless, theyare not under weak timed bisimulation, but they are under our notionof global timed bisimulation.4.1 THE CHANNELWe want to get a faulty channel ful�lling the following properties:1. The channel will eventually receive one message.2. Then the channel will try to send the message to the �nal receiver.Three situations can happen:The message is successfully sent to the receiver.The message is sent but the content is corrupted.The message is lost.After sending the message the channel gets blocked, that is, weassume that this is a one-time use channel.3. The channel will try to retransmit the message each � units of timeafter it was received.4.2 THE IMPLEMENTATIONSFrom the previous speci�cation, the implementer has several choicesin order to develop a correct implementation. For example, (s)he candecide to implement the delay between the reception of the message



Global Timed Bisimulation: An Introduction 15and its sending either right after the system has taken a decision aboutlosing the message or not, or just before. In Figure 1.7 we present someof the possibilities. There rec denotes the reception of the message,and ok and bad represents the right and the incorrect sending of themessage, respectively. Let us see which are the di�erences between theseimplementations.I1 works as follows: The system waits until a message arrives, thenit waits for a time �. Finally, it decides non-deterministically either tosend the message correctly, or incorrectly, or not to send the message. I2receives the message and then it non-deterministically decides what willhappen with the message. Afterwards, regardless of the previous deci-sion, it waits a time �, and then it produces the corresponding result.I3 isa simple variation of I1. In this case the implementer �rst distinguishestwo cases: either the message is sent correctly or not. If this is the casewe have a new non-deterministic choice either to (incorrectly) send themessage or to lose it. I4 presents a similar variation with respect to I2.It is clear that all the previous systems are correct implementations ofthe speci�cation. Additionally, should we consider all these implemen-tations to be equivalent? Under weak timed bisimulation the answer isnegative. For example, I1 and I2 are not equivalent. Consider the stateof I1 which is reached after executing the action rec and allowing topass a time �. If we want to simulate this state with I2, it must �rstexecute rec and then execute one of the � actions, in order to �nallyallow the passing of time. It is clear that the state reached by I1 is notweakly timed bisimilar to any of the possible states reached by I2. Wecan �nd a similar situation in the rest of the cases. Actually, for anyi 6= j we have Ii 6� Ij. Nevertheless, it seems that no external observershould be able to distinguish these implementations: all of them canlose or (correctly or incorrectly) send the message, and all of them waita time � between the reception and the sending process. Global timedbisimulation solves this problem. Combining the reasonings used in theprevious section, it can be proved that for any i; j we have Ii �g Ij.5. CONCLUSIONS AND FUTURE WORKIn this paper we have presented a timed extension of global bisimu-lation. This new semantics can be considered as a suitable frameworkto study the semantics of timed non-deterministic processes. Along thepaper we have shown that global timed bisimulation equalize di�erentkinds of non-determinism that are distinguished by weak bisimulation.In particular we have shown how to get associativity of pure � choices,which in our opinion is a very desirable property.



16One line for future work consists in relating our notion of global timedbisimulation with other alternative semantics. For the untimed case wehave shown in [3] that (must) testing semantics can be alternativelyde�ned as a kind of global bisimulation (where some rules to deal withmixed choices must be added). It would be interesting to study whichnew rules (for generating static and dynamic transitions) must be addedto the notion of global timed bisimulation presented in this paper inorder to get other semantics, in particular testing-like semantics likemust and may testing [4, 7], or friendly testing [1, 2].Another work under development consists in dealing with probabilisticinformation. We want our work to be consistent with LOTOS, so we havetaken as starting points [10, 6] where a probabilistic and a probabilistic-timed version of LOTOS have been de�ned, respectively.Acknowledgments. This research has been partially supported by theCICYT project TIC 97-0669-C03-01.References[1] D. de Frutos-Escrig, L.F. Llana-D��az, and M. N�u~nez. Friendly testing as a con-formance relation. In Formal Description Techniques for Distributed Systemsand Communication Protocols (X), and Protocol Speci�cation, Testing, and Ver-i�cation (XVII), pages 283{298. Chapman & Hall, 1997.[2] D. de Frutos-Escrig, L.F. Llana-D��az, and M. N�u~nez. An invitation to friendlytesting. Journal of Computer Science and Technology, 13(6):531{545, 1998.[3] D. de Frutos-Escrig, N. L�opez, and M. N�u~nez. Global bisimulations. TechnicalReport SIP 91/99, Dept. de Sistemas Inform�aticos y Programaci�on. UniversidadComplutense de Madrid, 1999.[4] R. de Nicola and M.C.B. Hennessy. Testing equivalences for processes. Theo-retical Computer Science, 34:83{133, 1984.[5] H. Erdogmus, R. Johnston, and M. Ferguson. On the operational semantics ofnondeterminism and divergence. Theoretical Computer Science, 159:271{317,1996.[6] C. Gregorio and M. N�u~nez. Specifying and verifying the Alternating Bit Protocolwith Probabilistic-Timed LOTOS. In COST 247 International Workshop onApplied Formal Methods in System Design, pages 38{50, 1996.[7] M. Hennessy. Algebraic Theory of Processes. MIT Press, 1988.[8] L. Llana, D. de Frutos, and M. N�u~nez. Testing semantics for urgent timedalgebras. In 3rd AMAST Workshop on Real-Time Systems, pages 33{46, 1996.[9] R. Milner. Communication and Concurrency. Prentice Hall, 1989.[10] M. N�u~nez and D. de Frutos. Testing semantics for probabilistic LOTOS. InFormal Description Techniques VIII, pages 365{380. Chapman & Hall, 1995.[11] J. Quemada, editor. Final Committee Draft on enhancements to LOTOS.ISO/IEC JTC1/SC21/WG7 project 1.21.20.2.3, 1998.


