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Introduction 11 IntroductionIn the study of CCS and related process calculi, there are two standard approaches to thede�nition of similarity or equivalence of processes. The �rst is bisimulation, an equivalencerelation based on the structural operational semantics of the calculus. The second is re�nement,an ordering de�ned as inclusion of the sets of observations that may be made of the behaviourof each process. The original forms of bisimulation (strong and weak) were intended to give thestrongest reasonable de�nition of process expressions. The original forms of re�nement (tracesand failures) were intended to make mutual re�nement the weakest de�nition of equivalence.There are many other de�nitions of equivalence that lie between these two extremes. Theselection between them is often made to match the needs of each particular application.This paper shows how to de�ne a process calculus in which the concepts of simulation and mutualre�nement coincide with each other, and also with testing equivalence: thus the combinedbene�ts of all three approaches are available uniformly to all applications. The calculus isidentical with CCS, except for a few additional transition rules. Each additional rule can beinterpreted as permission (but not a compulsion) for an implementation to perform a transitionthat is to the bene�t of the user, for example, enabling the user to avoid deadlock. It is shownthat two-thirds simulation is a valid asymmetric form of bisimulation, and corresponds exactlyto failures re�nement.The technical results of this paper, together with a treatment of divergence re�nement, arereported more fully in [7].2 CCS SummaryFollowing the CCS [10, 11], we adopt an in�nite set N of names, and the set �N = f�a j a 2 Ng ofco-names. Let ��a to stand for action a. It is assumed that N and �N are disjoint, and their unionL comprises the labels representing observable actions. The unobservable action is denoted by� , which, as an internal action, has no complement. The full class of actions, both observableand internal, consists of Act def= L [ f�g. We denote members of Act by � and members of Lby �.We need a little notation. We shall write ~a for a sequence a1; ::; an of names. If ~a and ~b arename sequences of length n where all elements of ~a are distinct, and P is a process expression,then f~b=~agP means the result of replacing ai by bi in P (1 � i � n). The set of free nameswhich occur in P is denoted by fn(P ). For any subset X of L, de�ne�X def= f�a j a 2 XgX� def= X [ f�gReport No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



CCS Summary 2De�nition 2.1 (Process expression)The set P of process expressions is de�ned by the following syntax:P ::= �i2I�i:Pi j A < a1; ::; an > j (P1jP2) j new aPwhere �i 2 Act and I is any �nite indexing set. In [10], I can also be an in�nite set. If I = ;then �i2I�i:Pi is the empty sum, written 0. We shall often use M , N to stand for summations.We assume that every process identi�er A has a de�ning equation of the formA(~a) def= PAwhere PA is a summation, and the names ~a = a1; ::; an (all distinct) include all the free namesof PA. In general PA may contain process identi�ers, including A. Any resulting recursion isguaranteed syntactically to be guarded.The notation (P1jP2) stands for the parallel composition of P1 and P2, and the restriction newaPinternalises both a and �a.The following labelled transition system for concurrent processes was de�ned in [11].De�nition 2.2 (The LTS of concurrent processes)The labelled transition system (P; T ) of concurrent processes over the action set Act has allprocess expressions P as its states, and its transitions T are exactly those which can be inferredfrom the rules listed below, together with alpha-conversion.SUMt : M + �:P +N �! PREACTt : P �! P 0 Q ��! Q0P jQ �! P 0jQ0L� PARt : P �! P 0P jQ �! P 0jQ R� PARt : Q �! Q0P jQ �! P jQ0RESt : P �! P 0newaP �! newaP 0 if � =2 fa; �agIDENTt : f~b=~agPA �! P 0A <~b > �! P 0 if A(~a) def= PAReport No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Failures re�nement 3In the rules REACTt; L � PARt; R � PARt and RESt a transition of a composite process isinferred from transitions of its components. SUMt is the basic rule to which all transitions areultimately traced.The following properties of transitions given in [11] will be used later. The �rst says that thebranching of a process' behaviour is �nite; the second says that a process can only use the nameswhich it already contains.Lemma 2.3(1) Given P , there are only �nitely many transitions P �! P 0.(2) If P �! P 0 then fn(P 0) [ f�g � fn(P ). 23 Failures re�nementA process P can perform both internal actions and observable actions. We use init(P ) to denotethe set of actions in which P can engage at the very beginning.init(P ) def= f� j 9P 0 � P �! P 0gLemma 3.1(1) init(�i�i:Pi) = f�i j i 2 Ig(2) init(P jQ) = init(P ) [ init(Q) [ f� j 9� � � 2 init(P ) ^ �� 2 init(Q)g(3) init(new aP ) = init(P ) n fa; �ag(4) init(A <~b >) = init(f~b=~agPA) 2De�nition 3.2 (stability)A process P is stable if � =2 init(P ). 2Lemma 3.3(1) �i2I�i:Pi is stable i� ai 6= � for all i 2 I.(2) P jQ is stable i� both P and Q are stable, andinit(P ) \ f�a j a 2 init(Q)g = ;.(3) (newaP ) is stable i� P is stable,(4) A <~b > is stable i� f~b=~agPA is stable. 2De�nition 3.4 (refusal)Let X be a subset of L, and �!� the re
exive and transitive closure of �!. ThenP can refuse X def= 9P 0 � P �!� P 0 ^ init(P 0) \ �X� = ; 2Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Failures re�nement 4Lemma 3.5 (subset closure of refusals)If P can refuse X then it can also refuse every subset of X. 2Theorem 3.6 (refusals of process expressions)(1) �i2I�i:Pi can refuse X i� ��i =2 X for all i 2 I.(2) �i2I�i:Pi +�j2J�:Qj can refuse X i� Qj can refuse X for some j 2 J .(3) newaP can refuse X i� P can refuse X n fa; �ag.(4) A <~b > can refuse X i� f~b=~agPA does so. 2We will come back to the refusals of parallel processes after introduction of the notions of tracesand failures for process expressions.De�nition 3.7 (traces and failures)Let �) def= �!� � �! for � 2 L. De�netraces(P ) def= f<>g [ f< � > s j 9P 0 � P �) P 0 ^ s 2 traces(P 0)gfailures(P ) def= f(<>; X) j P can refuseXg [f(< � > s; X) j P �) P 0 ^ (s; X) 2 failures(P 0)gP is a failures re�nement [6] of Q iftraces(P ) � traces(Q) and failures(P ) � failures(Q) 2In the following we shall use < � > �failures(P ) to stand for the setf< � > s; X) j (s; X) 2 failures(P )gRemarkIn general, traces(P ) 6= fs j 9X � (s; X) 2 failures(P )g. For example, let top be de�ned bythe de�ning equation top def= �:top, thentraces(top) = f<>g failures(top) = ; 2Theorem 3.8 (refusals of parallel composition)(P jQ) can refuse X i� there exist (s; XP ) 2 failures(P ) and (�s; XQ) 2 failures(Q) such thatX � (XP \XQ) and 8� 2 L � (� 2 XP _ �� 2 XQ) 2Theorem 3.9 (� -transition implies failures re�nement)If P �! P 0, then P 0 is a failures re�nement of P . 2The traces and failures of a summation can be calculated as follows.Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Failures re�nement 5Theorem 3.10(1) traces(�i2I�i:Pi) = Si2I traces(�i:Pi)(2) failures(�i2I�i:Pi) = S�i=� failures(Pi) [S�j 6=� < �j > �failures(Pj) [ f(<>; X) j �X� \ f�i j i 2 Ig = ;g 2Let P be a process and � 2 L. From Lemma 2.3 we can obtain the following �nite sets:fQ1; ::; Qng def= fQ j P �! QgfR1; :::; Rmg def= fR j P �! R ^ R �)gWhen P �), we have n+m > 0.De�nition 3.11 (Derivative)Let P be a process and � 2 L. Then the process P� is called the �-derivative of P , whosede�ning equation can be presented syntactically as followsP� def= 8>>>><>>>>: �:Q1 + :::+ �:Qn + �:R1� + :::+ �:Rm� m > 0 ^ n > 0�:Q1 + :::+ �:Qn m = 0 ^ n > 0�:R1� + :::+ �:Rm� n = 0 ^ m > 0�:top m = 0 ^ n = 0where P�, R1�,..., and Rm� are process identi�ers, and the notations used in the above de�ningequation is similar to those of the Boolean bu�er given in [11]. 2Theorem 3.12If P �) P 0, then P 0 is a failures re�nement of P�Proof Let P �!n � �! P 0. We proceed by induction on n.(1) Base case n = 0: In this case we conclude that P 0 2 fQ1; ::; Qng. The conclusion followsfrom Theorems 3.10.(2) Inductive step n = k + 1: It is clear that there is a process R 2 fR1; ::; Rmg such thatP �! R ( �!k � �!)P 0From the induction hypothesis and Theorem 3.10 it follows the conclusion.
Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Simulation 64 SimulationThe two-thirds simulation de�ned by Larsen and Skou [9] is adopted here.De�nition 4.1 (Two-thirds simulation)Let S be a binary relation over the set P of process expressions. Then S is called a two-thirdsimulation over (P; T ) if, whenever P S Q1. if P �) P 0 then there exists Q 2 P such that Q �) Q0 and P 0 S Q0.2. if P can refuse X, so can QWe say Q simulates P , denoted by P �2=3 Q, if there exists a two-third simulation S such thatP S Q. 2Remarktop �2=3 Q for all Q. 2Lemma 4.2 (�-transition implies two thirds simulation)If P �! P 0 then P 0 �2=3 P . 2Lemma 4.3�2=3 is re
exive and transitive. 2Theorem 4.4 (Two-thirds simulation is a pre-congruence)Two thirds simulation is a pre-congruence, in other words, P �2=3 Q implies for all � 2 Act(1) �:P + M �2=3 �:Q + M(2) newaP �2=3 newaQ(3) P jR �2=3 QjR(4) RjP �2=3 RjQProof Here we shall prove the conclusion (3).Let S def= f(P jR; QjR) j P �2=3 Qg.Condition 1 of the two-thirds simulation: Assume that (P jR) �) U .From the rules L�PARt, REACTt and R�PARt we can �nd P 0 and R0 such that U = P 0jR0,where there are following four cases:(1) P �) P 0 and R �!� R0(2) R �) R0 and P �!� P 0
Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Simulation 7(3) There is a sequence < �1; ::; �n > of visible actions such thatP <�1;::;�n;�>) P 0 and R (<��1;::;��n>) � �!�)R0(4) There is a sequence < �1; ::; �n > of visible actions such thatR <�1;::;�n;�>) R0 and P (<��1;::;��n>) � �!�)P 0Case (1). Since P �2=3 Q we can �nd Q0 such that Q �) Q0 and P 0 �2=3 Q0. From the rulesL� PARt and R� PARt and the de�nition S it follows that(QjR) �) (Q0jR0) and (P 0jR0)S (Q0jR0)Case (2). From Lemma 4.2 and the assumption P �2=3 Q we conclude P 0 �2=3 Q. From therule R� PARt and the de�nition S, it follows that(QjR) �) (QjR0) and (P 0jR0)S (QjR0)Case (3). Similar to Case (1).Case (4): Similar to Case (2).Condition 2 of the two-thirds simulation: Assume that (P jR) can refuse X, i.e., there is a stableprocess U = (P 0jR0) such that(P jR) �!� U and init(U) \ �X = ;There are two cases:(1) P �!� P 0 and R �!� R0.(2) There is a sequence < �1; ::; �n > of visible actions such thatP (<�1;::;�n>) � �!�)P 0 and R (<��1;::;��n>) � �!�)R0.Case (1) From Lemma 3.1(2) it follows that init(P 0jR0) = init(P 0) [ init(R0) andinit(P 0jR0) \ �X = ;
Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Simulation 8From Lemmas 4.2 and 4.3 we have P 0 �2=3 Q. Because P 0 can refuse Y = Lnf� j �� 2 init(P 0)g,as a result, we can �nd a stable process Q0 such that Q �!� Q0 and it rejects every action of Ywhich indicates thatinit(Q0) � init(P 0)Now from Lemma 3.1(2) it follows that (Q0jR0) is also stable, and init(Q0jR0) = init(Q0) [init(R0) andinit(Q0jR0) \ �X = ;which implies that (QjR) can also refuse X.Case (2). Similar to Case (1). 2Theorem 4.5 (simulation implies re�nement)If P �2=3 Q then P is a failures re�nement of Q.Proof By induction on the length of traces.Base case : (<>; X) 2 failures(P )=) fDe�nition of failuresgP can refuse X=) fCondition 2 of the two-thirds simulationgQ can refuse X=) fDe�nition of failuresg(<>; X) 2 failures(Q)Inductive step : (< � > s; X) 2 failures(P )=) fDe�nition of failuresg9P 0 � P �) P 0 ^ (s; X) 2 failures(P 0)=) fP �2=3 Qg9Q0 � Q �) Q0 ^ P 0 �2=3 Q0 ^ (s; X) 2 failures(P 0)=) fInductive hypothesisg9Q0 � Q �) Q0 ^ (s; X) 2 traces(Q0)=) fDe�nition of failuresg(< � > s; X) 2 failures(Q) 2
Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Equating simulation with re�nement 95 Equating simulation with re�nementThe introduction of failures into the de�nition of simulation and re�nement enables us to dis-tinguish �:M + �:N from M +N . In the labelled transition system presented in Section 2, thesummation (a:b+a:c) cannot simulate the process a:(�:b+ �:c), even though they have the sametrace and failure sets. This is why we need to add some non-standard transitions.RECON � 1 : P �! Pi for all i 2 IP �! �i2I�:Pi I is �nite
RECON � 2 : P �! Q Q �! RP �! RThe rule RECOM � 1 states that if there is a non-deterministic choice between transitionswith the same label, then this choice may be exercised after the transition has taken place.RECON�2 states that if an action can occur after a tau-transition, an implementer is permittedto optimise the execution by omitting the tau-transition, and allowing the visible action to occurimmediately. Actually, in RECON � 2, the � could be replaced by � as in [11], allowing anoptimisation that replaces two internal steps by one.Theorem 5.1 (closure)If P �) Pi for i = 1; 2, then P �! (�:P1 + �:P2).Proof Assume thatP �! Q1 �! ::: �! Qm �! P1P �! R1 �! ::: �! Rn �! P2Case 1: m = 0 and n = 0. Direct from the rule RECON � 1.Case 2: m > 0 and n = 0. Applying the rule RECON � 2 m times it follows that P �! P1.Following the proof of Case 1 we can establish the conclusion.Case 3: m = 0 and n > 0. Similar to Case 2.Case 4: m > 0 and n > 0. Applying the rule RECON � 2 to P �!m � �! P1 and P �!n � �! P2leads to the conclusionP �! P1 and P �! P2which induces the transition P �! (�:P1 + �:P2). 2Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Equating simulation with re�nement 10CorollaryIf P �) then P �! P�. 2Theorem 5.2Adding the rules RECON � 1 and RECON � 2 to the labelled transition system (given byDe�nition 2.2) has no e�ect on traces(P ) and failures(P ).Proof LetP1 def= fP 0 j P �) P 0 in the original LTSgP2 def= fP 0 j P �) P 0 in the presence of new rulesgFrom Theorem 5.1 it follows thatP2 = P1 [ f�i2I�:Qi j 8i 2 I �Qi 2 P2gLet F (W) def= P1 [ f�i2I�:Qi j 8i 2 I � Qi 2 Wg. From the continuity of F it follows that itsleast �xed point P2 can be calculated byP2 = [n�1F n(;)Now we are going to prove that for all n � 1[ftraces(Q) j Q 2 P1g = [ftraces(Q) j Q 2 F n(;)g (1)[ffailures(Q) j Q 2 P1g = [ffailures(Q) j Q 2 F n(;)g (2)Base case n = 1: The conclusion follows from the fact thatF 1(;) = P1Inductive step:
Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Equating simulation with re�nement 11Sftraces(Q) j Q 2 F n+1(;)g= fde�nition of FgSftraces(Q) j Q 2 P1g [ Sftraces(�i2I�:Qi) j 8i 2 I �Qi 2 F n(;)g= fTheorem 5.2.10(1)gSftraces(Q) j Q 2 P1g [ SfSi2I traces(Qi) j 8i 2 I �Qi 2 F n(;)g= fidempotency of [gSftraces(Q) j Q 2 P1g [ Sftraces(Q) j Q 2 F n(;)g= finduction hypothesisgSftraces(Q) j Q 2 P1gIn a similar way we can establish the conclusion (2). 2CorollaryTheorem 3.12 remains valid in presence of the new rules RECON � 1 and RECON � 2. 2Theorem 5.3 (failures re�nement implies simulation)If P is a failures re�nement of Q then P �2=3 Q.Proof In the following proof, the de�nitions of P� and Q� apply only to the original transitionsystem, without the recon rules.De�neS def= f(P; Q) j traces(P ) � traces(Q) ^ failures(P ) � failures(Q)gWe are going to show that S is a two-third simulation.Assume that P S Q(1) If P �) P 0, then one has< � >2 traces(P ) � traces(Q)which implies that Q �). From Corollary of Theorem 5.1 it follows that Q �) Q�, which impliestraces(P 0) � traces(P�) � traces(Q�)and failures(P 0) � failures(P�) � failures(Q�)Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Testing re�nement 12as required.(2) If P can refuse X, then from the de�nition of failures one has (<>; X) 2 failures(P ). Fromthe assumption P S Q one has (<>; X) 2 failures(Q), i.e., Q can also refuse X. 26 Testing re�nementOne of the main problems of design of concurrent communicating systems is the avoidance ofdeadlock. A process is said to be stuck if it is non-deterministically possible for it behave like0, the archetypically deadlocked process.De�nition 6.1P can deadlock if 0 �2=3 P . 2The occurrence of deadlock of a process P may be conditional on the contexts within which P isexecuted. A context may be de�ned by a term F , where F is written solely in the notations ofthe language. Now stuck-free re�nement is de�ned to hold between P and Q if all contexts F ()in which P can deadlock are also contexts in which Q can deadlock. So P is always going to bebetter than Q, if we want to avoid deadlock. Stuck-free re�nement is one of the test preordersde�ned by De Nicola and Hennessy in [13], where P is called a test re�nement of Q if P canpass all the tests which Q satis�es.Theorem 6.2 (simulation implies stuck-free re�nement)If P �2=3 Q then 0 �2=3 F (P ) implies 0 �2=3 F (Q) for all contexts F .Proof 0 �2=3 F (P )=) fTheorem 4.5gfailures(0) � failures(F (P ))=) ffailures(P ) � failures(Q)gfailures(0) � failures(F (Q))=) ftraces(0) = f<>g � traces(F (Q)) and Theorem 5.4.5g0 �2=3 F (Q) 2Theorem 6.3 (stuck-free re�nement implies simulation)If failures(P ) is not a subset of failures(Q), then there exists a context F such that F (P ) candeadlock but F (Q) cannot.Proof Let s =< a1; ::; an > and X = fb1; ::; bmg. Suppose that (s; X) 2 failures(P ) nfailures(Q). De�neTi def= �ai:Ti+1 + succ 1 � i � nReport No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Testing re�nement 13Tn+1 def= �1�i�mbi:succwhere succ is a fresh name not occurring in P nor Q.Let F (X) def= new t (XjT1) where t contains all free names of P . We are going to establish that0 �2=3 F (P ).From the assumption that (s; X) 2 failures(P ), then there exists a family fPi j 0 � i � 2n+1gof processes such that P0 = P andP2k �!� P2k+1 ak+1! P2k+2 for all 0 � k < nand P2n �!� P2n+1and init(P2n+1) \ f�b1; ::;�bmg� = ;new t (P jT1)�!� fP �!� P1; and the rules L� PARt and REStgnew t (P1jT1)�! fP1 a1! P2; T1 �a1! T2; and the rules REACTt and REStgnew t (P2jT2)�!� fsimilar argument as previous onegnew t (P2n�1jTn)�! fP2n�1 an! P2n; Tn �an! Tn+1; and the rules REACTt and REStgnew t (P2njTn+1)�!� fP2n �!� P2n+1 and the rules L� PARt and REStgnew t (P2n+1jTn+1)Notice thatinit(new t (P2n+1jTn))= finit(P ) \ f�b1; ::;�bmg� = ; and Lemma 3.1(2) and (3)g(init(P2n+1) [ fb1; ::; bmg) n fa; �a j a 2 tg= fDe�nition of tg;which states the process new t (P2n+1jTn) is stable and can refuse every visible action. Thisindicates 0 �2=3 new t (P jT1).Now we are going to show that whenever F (Q) �!� R and R is stable then R cannot simulate0. The proof proceeds by induction on the length of trace < a1; ::; an >.Base case n = 0: F (Q) = new t (Qj�1�i�mbi:succ)Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Testing re�nement 14From the rules L� PARt, RESt and REACTt, it follows that F (Q) �!� R i�(1) either there exists Q0 such that Q �!� Q0 and Q0 is stable, andF (Q) �!� F (Q0) �!� R(2) or there exists Q0 such that Q �bi) Q0, andF (Q) �!� (new t (Q0jsucc)) �!� RIn the case (1), we conclude that Q0 cannot refuse fb1; ::; bmg because (<>; fb1; ::; bmg) does notlie in failures(Q). Letf�bk1 ; ::;�bkng = init(Q0) \ f�b1; ::;�bmg and Q0 �bki! Qi for 1 � i � nFrom the rules REACTt and RESt we conclude that that F (Q0) can only perform the following� transitionsF (Q0) �! new t � (Qijsucc) for 1 � i � nFrom Theorem 3.8 it follows that (Qijsucc) cannot refuse f �succg, which together with Theorem3.6(3) implies that(<>; f �succg) =2 failures(new t (Qijsucc))i.e., new t (Qijsucc) cannot simulate 0. This completes the proof for the case (1).Case (2): Similar to Case (1).Inductive step: Assume that the conclusion is true when n = k. Now consider the case n = k+1.From the rules L� PARt, RESt and REACTt, it follows that F (Q) = new t (QjT1) �!� R i�(3) either there exists Q0 such that Q �!� Q0 and Q0 is stable, andF (Q) �!� F (Q0) �!� R(4) or there exists Q0 such that Q a1) Q0, andF (Q) �!� (new t (Q0jT2)) �!� RReport No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau



Conclusion 15Case (3.a) < a1 >=2 traces(Q0): In this case we have R = new t (Q0jT1) and� =2 init(new t (Q0jT1)) and succ 2 init(new t (Q0jT1))which indicates that R cannot simulate 0.Case (3.b) < a1 >2 traces(Q0): let Q0 a1! R0. Obviously(< a2; ::; an >; fb1; ::; bmg) =2 failures(R0)By induction hypothesis we know that new t (R0jT2) cannot simulate 0. Because new t (Q0jT1) �!new t (R0jT2) is the only � transition which new t (Q0jT1) can perform, we conclude that new t (Q0jT1)cannot simulate 0.Case (4): Similar to Case (3b). 27 ConclusionAn explicit goal in the de�nition of bisimulation as the notion of process equivalence in CCS is tomaintain an explicit distinction between processes which resolve there internal non-determinismat di�erent times. The redundant transitions suggested in this paper deliberately obscure thesedistinctions. They give explicit freedom to the implementer of the calculus to resolve non-determinism whenever it is most convenient to do so. They thereby raise the level of abstractionof CCS closer to that of the standard model of CSP [6].But they still di�er in the treatment of divergence, which is de�ned as the possibility of an in�nitesequence of invisible tau-transitions. It is sometimes called live-lock, and is a common goal ofdenial-of-service attackers on a computer system. In CCS, the responsibility for avoidance ofdivergence (wherever possible) is placed upon the implementation of the calculus; it is requiredto make an ultimately fair choice between a possible visible action and an invisible one. Thatis why CCS is so useful in modelling and analysis of distributed scheduling algorithms, wherefairness is needed to break symmetry, and is easily implemented by probabilistic means.CSP, on the other hand, places responsibility for the avoidance of divergence on the designerof a process. It does this by interpreting recursion in the sense of Dijkstra [2] as the greatest�xed point rather than the least �xed point of the de�ning equation. Thus the possibility of anin�nite tau-sequence gives rise to the universal set of failures. As a result, a divergent processcannot re�ne any speci�cation, except one that is also divergent. For example, the equationde�ning top makes it denote the bottom of the simulation ordering rather than the top. CSP istherefore an appropriate calculus where avoidance of live-lock is an important concern of systemdesign.Report No. 282, August, 2003 UNU/IIST, P.O. Box 3058, Macau
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