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AbstractWhen dealing with timing constraints, the Z.120 standard of Message Se-quence Charts (MSCs) is still evolving along with several proposals. This pa-per �rst reviews proposed extensions of MSCs to describe timing constraints.Secondly, the paper describes an analysis technique for timing consistencyin iterating and branching MSC speci�cations. The analysis extends e�cientcurrent techniques for timing analysis of MSCs with no loops nor branch-ings. Finally, the paper extends our syntactic analysis of process divergenceto MSCs with timing constraints.KeywordsMessage Sequence Charts, timing constraints, timing consistency analysis1 INTRODUCTIONVarious 
avours of Message Sequence Charts (MSCs) have been used in soft-ware engineering of telecommunications systems as well as object-orientedanalysis and design notations, e.g. (Selic, Gullekson & Ward 1994, Algayres,Lejeune, Hugonment & Hantz 1993, Jacobson & et al. 1992, Ichikawa, Itoh,Kato, Takura & Shibasaki 1991). The increasing popularity of MSCs recentlymotivated a standardization e�ort that produced the ITU-T Recommenda-tion Z.120 (ITU-T 1996). The Z.120 standard de�nes two main concepts:basic MSCs (bMSCs) and High-Level MSCs (hMSCs). A bMSC consists of aset of processes that run in parallel and exchange messages in a one-to-one,c
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2 Timing Constraints in Message Sequence Chart Speci�cationsasynchronous fashion. An hMSC combines references to basic MSCs to de-scribe parallel, sequential, iterating, and non-deterministic execution of basicMSCs. In addition, an hMSC can describe a system in a hierarchical fashionby combining hMSCs within an hMSC.To facilitate the speci�cation of real-time systems, a few extensions to MSCshave been proposed to express timing constraints: timers (ITU-T 1996), inter-val delays (Alur, Holzmann & Peled 1996, Meng-Siew 1993) and timing mark-ers (Booch, Jacobson & Rumbaugh 1996). The proposed extensions evolvedindependently and di�er in terms of their expressiveness and support for for-mal analysis. Further, all proposed analysis of MSCs with timing constraintshave been so far limited to basic MSCs (Alur et al. 1996, Meng-Siew 1993).In an e�ort to help consolidate the proposed timing extensions possiblywithin the standard, in this paper we �rst review the various proposed syn-tactic annotations of basic MSCs with timing constraints. For each of theproposed timing extensions, we highlight the syntactic features, expressive-ness and limitations, and we discuss ambiguities that must be addressed whenbMSCs are composed within an hMSC.Another motivation for this paper is to extend the timing consistency anal-ysis for bMSCs to deal with iterating and branching MSC speci�cations.The analysis technique we present has been implemented within our pro-totype toolset for requirements engineering based on MSCs (Ben-Abdallah& Leue 1996). In addition, in this paper we extend our syntactic analysisof the process divergence problem in MSC speci�cations (Ben-Abdallah &Leue 1997b) in the presence of timing constraints. We use the example of anautomatic teller machine system to illustrate our selected timing extensionand the presented timing analysis.2 TIMING CONSTRAINTS IN BASIC MSCSThere are essentially four classes of syntactic constructs to express timingconstraints in MSCs and MSC reminiscent notations: timers (ITU-T 1996,Alur et al. 1996), delay intervals (Alur et al. 1996, Meng-Siew 1993), drawingrules (Booch et al. 1996), and other timing markers (Booch et al. 1996).Timers. Recommendation Z.120 provides timers to express timing con-straints in a basic MSC. Within a single process, a timer can be set to a value,reset to zero, and observed for timeout. A timer cannot be shared among con-current processes in a basic MSC. Figure 1 (a) shows an example of a basicMSC with timing constraints expressed through two timers. In this example,for instance if the timer T3.1 is set to 5, then P3 must exchange its messageswithin at most �ve time units relative to the timer setting event. Process P1,on the other hand, �rst sets the timer T1.1 say to three time units, receivesmessage a, then resets its timer. Since process P1 does not explicitly use atimeout event for the timer T1.1, the implicit assumption here is that the



Timing Constraints in Basic MSCs 3timer T1.1 does not expire before it is reset. As this example illustrates, atimer can be used to express a maximal delay between two or more consecu-tive events in one process. In addition, a timer can be also used to express aminimal delay between two consecutive events in one process.
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[1,3](b)Figure 1 Timing constraints expressed through: (a) Z.120 timers; (b) Z.120timers and delay intervalsDelay Intervals. Depending on how delay intervals annotate a bMSC,they express three types of timing constraints: 1) event-associated timingconstraints (Meng-Siew 1993) which are denoted as an interval that is as-sociated with an event in the basic MSC; 2) message delivery delays (Aluret al. 1996, Meng-Siew 1993) which are expressed as a time interval over amessage arrow; and 3) Processor's speed constraints (Alur et al. 1996, Meng-Siew 1993) which are expressed as time intervals between two consecutiveevents in a process.An event-associated timing constraint is a global constraint on the timedoccurrence of an event: the event must occur within the speci�ed minimal andmaximal time delays with respect to any previous event, whenever it occurs inan execution trace of the bMSC. Figure 2 (a) shows sample event-associatedtiming constraints.In the message delivery and processor's speed constraints, a delay intervalis delimited with respect to the occurrence of the two consecutively, visuallyordered events it constrains. Figure 1 augments the timing constraints in Fig-ure 1 with message delays (i.e., intervals on message arrows) and processor'sspeed constraints (i.e., intervals on vertical lines). In this version, message btakes between two and three time units from the time it is sent by process P1to the time it is received by process P3. In addition, process P3 requires thatmessage b be received between one and two time units from the time it sendsmessage e.In (Meng-Siew 1993), the author generalizes the message delivery and pro-cessor's delay intervals (called trace-associated timing constraints) by using
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(b)Figure 2 (a) Event-associated and (b) trace-associated timing constraintsa semantic notion of consecutive events: two events are consecutive if theycan be executed one after the other. In addition, this work extends the useof trace-associated timing constraints to express timing constraints betweenevents that are not related. For this, the syntax of bMSCs is extended withprecedence edges that connect unrelated events. The user can then annotatethe extended bMSC with timing constraints to impose on unrelated events.Figure 2 (b) shows sample trace-associated timing constraints where the prece-dence edges are drawn with dashed-line, bidirected edges. As this exampleillustrates, while precedence edges allow the expression of more timing con-straints, they may result in a cumbersome graph.Drawing rules and timing markers. Sequence diagrams within the Uni-�ed Modeling Language (Booch et al. 1996) extend the Z.120 MSCs withadditional information, e.g., focus of control to show the time when a processhas a thread of control. Timing constraints are represented in a sequence di-agram in two ways: the drawing rules of message arrows and timing markers.A horizontal message arrow indicates the simultaneous occurrence of the sendand receive events of the message. A downward slanted message arrow, on theother hand, indicates a required delay between the send and receive eventsof the message. In addition, within each object outgoing message arrows canbe drawn at a single point to indicate the simultaneous sending of a message.(Incoming message arrows are not allowed to meet at the same point withinan object.)To describe more quantitative timing constraints, timing markers are at-tached to a sequence diagram. Timing markers are boolean expressions placedin braces and attached to the diagram (Booch et al. 1996). The boolean ex-pressions can constrain particular events or the whole diagram. However, sinceneither the precise syntax of timing markers nor their formal semantics is de-�ned, we cannot completely assess their expressiveness. In addition, no formalanalysis of timing constraints has been proposed within the Uni�ed ModelingLanguage.



Interpreting Timing Constraints in MSC Speci�cations 5Timing Analysis Based on Timers and Delay Intervals. Timing analy-sis consists of validating a timing assignment and verifying timing consistency.A timing assignment is essentially a time-stamp function that associates withthe MSC events occurrence times with respect to a global clock. A timingassignment is valid if it respects the timing constraints in the MSC. A bMSCis timing consistent if there is at least one valid timing assignment that allowsthe MSC to have a behavior where the events occur according to the speci�edtiming constraints.For bMSCs extended with timers and timing delays, one can use the tempo-ral constraint network techniques in (Dechter, Meiri & Pearl 1991) to reducetiming analysis to computing all-pairs-shortest-paths in a labeled directedgraph. In the worst case, this can be computed in O(n3) time where n is thenumber of events in the bMSC. We will discuss timing consistency analysiswith this technique in detail in Section 4.The MSC analyzer tool (Alur et al. 1996) o�ers in addition to the abovetiming analysis for bMSCs, timed analysis based on a semantics that accountsfor the queuing strategies in a bMSC. To analyze MSC speci�cations withinthis tool, the user would have to select the various bMSCs that compose onesequential path in the hMSC and analyze each path separately. However, inthe presence of loops in the hMSC, this tool o�ers no hints on how manytimes the user is supposed to unfold a loop to conclude timing consistencyof the loop. Further, analysis based on path selection should resolve certainissues about the usage of timer events and the interpretation of the timingconstraints in the MSC speci�cation as we discuss in the next section.3 INTERPRETING TIMING CONSTRAINTS IN MSCSPECIFICATIONSThe hMSC in an MSC speci�cation connects basic MSCs to describe sequen-tial, possibly iterating and non-deterministic behavior. The presence of timingconstraints as described in the previous section in MSC speci�cations requiresattention for one essential reason: timing constraints can be spread across se-quentially connected basic MSCs. We next illustrate how the Z.120 standardsyntax (ITU-T 1995) is ill-de�ned when timers are used in hMSCs, and out-line possible choices of interpreting timing consistency in MSC speci�cationswith branchings.Interpreting IterationsCurrent analyses of iterations in an hMSC rely on unfolding loops a �nitenumber of times and analyzing resulting basic MSCs (Alur et al. 1996). Inthe case of timed behavior, this technique raises several questions about: 1)interpreting multiple occurrences of the set event of the same timer, 2) resolv-ing the correspondence between several timers' set and timeout events, and3) the syntactic well-formedness of MSC speci�cations with timers.Consider the MSC speci�cation of Figure 3 (a) where the timer T1.1 is
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Interpreting Timing Constraints in MSC Speci�cations 7The above ambiguity in interpreting timers within loops results from theill-de�ned syntax of hMSCs when timers are involved. The Z.120 syntax ofan hMSC assumes the well-formedness of the bMSCs used in the hMSC. TheZ.120 syntax of bMSCs only restricts the usage of timers such that a resetor timeout event may occur only after a timer is set (ITU-T 1995); that is,this syntax neither forces the reset or timeout event to occur after a timer setevent, nor does it restrict multiple occurrences of a timer set event prior to itsreset or timeout event. As the above example illustrates, this relaxed syntaxof bMSCs can lead to ambiguities when a loop in an hMSC contains bMSCswhere one timer is set but neither its timeout nor reset event occurs in theloop.In a broader context, the above example raises a fundmental question aboutwhat an MSC speci�cation means: does it describe all behaviors of a system,or does it describe a set of sample behaviors of a system? In the �rst case, thestandard syntax must be further restricted to disallow the above example. Inthe second case, the above example should be allowed and interpreted accord-ing to the second alternative; that is, timers may expire without explicitlybeing modeled in the MSC speci�cation. However, this interpretation maycreate practical di�culties since timers' expirations are usually implementedas interrupts and thus can not be ignored in some occasions and handled atother times.Interpreting BranchingsWhen an MSC speci�cation contains branchings, we can determine whetherits timing constraints are satis�able in two ways:�Local semantics: select one path at a time and analyze its timing constraints,independently of other paths that may branch out of the selected path (Aluret al. 1996). This interpretation of timing constraints allows the derivation ofseveral timing assignments, one for each path in the hMSC. In other words,any particular basic MSC that is shared by di�erent paths may have di�erenttimed behavior depending on both the past and future behavior of the system.�Global semantics: all paths must be analyzed simultaneously. This analysistechnique assumes that any timing assignment for the hMSC must be validalong all shared portions of all paths in the hMSC. In this approach, each basicMSC will have the same timed behavior independently of the execution pathon which it resides, hence independently of the future behavior of the system.This approach produces tighter timing constraints than the local semantics.To illustrate the di�erences between the two approaches, consider the timedMSC speci�cation show in Figure 3 (b) and which describes a simple connec-tion establishment. The example is locally timing consistent. However, it isnot globally timing consistent since there is no timing assignment for the com-mon pre�x of its two paths and that allows both paths to be simultaneouslytiming consistent. Timing consistency of the path leading to MSC2 requiresthat receive CR occurs at most 1 time unit after it is sent, whereas timingconsistency of the path leading to MSC 3 requires that receive CR not to occurbefore 2 time units after it is sent.



8 Timing Constraints in Message Sequence Chart Speci�cations4 TIMING ANALYSIS OF MSC SPECIFICATIONSIn this section, we �rst de�ne the syntax of timed MSC speci�cation we willuse. Second, we augment the timing analysis for bMSCs presented in (Meng-Siew 1993, Alur et al. 1996) to handle the possibility that a timer is setin a bMSC but no reset nor timeout event follows the timer setting in thebMSC. We then extend it to analyze MSC speci�cations with branchings anditerations. For the proofs of the lemmas and theorems in this and the followingSections see (Ben-Abdallah & Leue 1997a).Timed MSC Speci�cationsIn remainder of this paper, we assume that the untimed bMSCs contain onlymessage exchanges drawn in accordance to Z.120. To express timing con-straints we use the Z.120 timer events together with (non-standard) timingdelay intervals. A timer can be set to a positive integer value, and rest tozero. In compliance with the Z.120 standard (ITU-T 1995), a reset and time-out event must be preceded by a timer setting event. In addition, a timeris private to a process and thus its events can be used by a single processonly. Further, to distinguish between timers, we assume that each timer hasa unique identi�er associated with it.A timing delay interval is a label over either a message arrow, or a control
ow segment, i.e., a portion in a process's line that is delimited by two con-secutive events. (We use the generic term event to denote one of the followingtypes of events: the start of a process, the end of a process, sending a message,receiving a message, or a timer event.) A delay interval labeling a messagearrow denotes the relative minimal and maximal delays between the events ofsending the message and receiving it. A delay interval labeling a control 
owsegment denotes the relative minimal and maximal delays between the eventsdelimiting the control 
ow segment. Delay intervals can be of the form [a; b],[a; b), or (a; b] where a 2 NN and b 2 NN [ f1g.An MSC speci�cation is a structure S = (B; V; suc; ref) where: B is a �niteset of bMSCs; V is a �nite set of nodes partitioned into the singleton-set ofstart node, the set of intermediate nodes, and the set of end nodes; suc is therelation which re
ects the connectivity of the hMSC of S such that all nodesin V are reachable from the start node; and ref is a function that maps eachintermediate node to a bMSC in B�.A path in an MSC speci�cation S = (B; V; suc; ref) is a sequence of inter-mediate nodes (i.e., bMSCs), b1; b2; � � � ; such that (bi; bi+1) 2 suc for i � 1. Apath is simple if all its nodes are distinct. A loop in S is a path b1; b2; � � � ; bnwith (bn; b1) 2 suc, and a loop is called simple if all its nodes are distinct.In compliance with the Z.120 standard we allow timer events to be split�We assume that an MSC speci�cation contains one level of nesting; however, the de�nitionsand results presented in this paper can be easily extended to deal with MSC speci�cationswhere nodes refer to other hMSCs.



Timing Analysis of MSC Speci�cations 9across bMSCs in an hMSC. The Z.120 standard restriction that each timeoutand timer resetting event must be preceded by a timer setting event in bMSCsis extended to paths in the MSC speci�cations, i.e., in every path timeout andtimer resetting events must be preceded by a timer setting. However, to avoidthe ambiguities described earlier, we require that every simple loop in anMSC speci�cation has matched timer events: 1) every timer setting event inthe loop must be followed by either a timeout or reset event; and 2) everytimeout event must be preceded by a timer setting event in the loop. The �rstrestriction disallows the example in Figure 3 (a). Note that this restriction isfor loops only; that is, it does not force the use of a timeout or reset eventin non-looping paths. As we see in the next section, our timing analysis willensure that the absence of these events does not mean the speci�cation isincomplete. The second restriction disallows the possibility that time ellapesin the loop making the timeout event obsolete.Timing Consistency of bMSCsTo determine the timing consistency of a basic MSC, we adopt an approachsimilar to the ones presented in (Meng-Siew 1993, Alur et al. 1996). Firstthe bMSC is translated into a directed, labeled graph that we call temporalconstraint graph. The vertices and edges in the graph re
ect the control 
owand message exchanges in the bMSC. The edge labels represent the timingconstraints in the bMSC. Once a temporal constraint graph is constructed,to verify that the bMSC is timing consistent, we just check that the temporalconstraint graph has no cycles with a negative cost (Dechter et al. 1991, Meng-Siew 1993, Alur et al. 1996).Since it is unclear whether the informal translation presented in (Alur et al.1996) handles the possibility that a timer is set but no reset nor timeout eventis explicitly included in the bMSC, we next present the translation we assumein our analysis of timing consistency of MSC speci�cations.From a bMSC to a temporal constraint graph. An edge in the temporalconstraint graph is labeled with either the lower or upper bound of the delayinterval imposed on the corresponding \edge" in the bMSC. To extract thebounds of a delay interval I with bounds a; b 2 NN [ f1g (a � b), we usethe functions L(I) and U(I) de�ned as follows: L([a; b]) = L([a; b)) = a,L((a; b]) = L((a; b)) = a�;It is straightforward to represent a bMSC as a directed, labeled graph.A node in the graph represents one of the following events: the start of aprocess, the end of a process, sending a message, receiving a message, orsetting, resetting or timeout a timer. An edge in the graph can have one ofthree types that represent the dependencies between events: 1) a \signal" edge(x; y) represents sending a message from one process to another; 2) a \nextevent" edge (x; y) represents the control 
ow within a process where event xappears before event y on the vertical line of the process; and 3) a \temporal"edge (x; y) connects a timer setting event x with a timer reset or timeout



10 Timing Constraints in Message Sequence Chart Speci�cationsevent y. The label of an edge is the timing delay and for a signal edge themessage type in addition. (For details, the reader is referred to (Ladkin &Leue 1995) where basic MSCs without timing constraints are represented asMessage Flow Graphs. This translation is easily augmented with the temporaledges to represent timing constraints.) Given a bMSC M , its temporal graphTg(M) is obtained as follows:� Each node in M is represented by a node in Tg(M).� Each next event edge, each signal edge and each temporal edge (e; e0) withtiming label I in M is represented by two labeled edges in Tg(M): edge(e; e0) with label �L(I), and edge (e0; e) with label U(I).� For each process Pi in M , for each of its set timer event ei with value t andno matching reset or timeout event, the following two edges are added inTg(M): edge (ei; e0i) with label �t, and edge (e0i; e) with label t, where thenode e0i is the node that corresponds to the end node of process Pi in M .The above translation could di�er from previous translations in the laststep. As mentioned earlier, this additional step allows us to cover the loseZ.120 syntax (ITU-T 1995) which does not force a set timer to have a resetor timeout event in the same bMSC. The analysis of the temporal constraintgraph as constructed above ensures that those timers that were not explicitlyreset or timeout, in fact, did not expire. Hence, the analysis results of theextended temporal constraint graph are coherent with the implicit assumptionthat a missing timeout/reset event in a process is interpreted as the set timernot having expired prior to the process's end of execution.A bMSC is timing consistent if and only if its temporal constraint graphhas no cycles with a negative cost (Dechter et al. 1991, Meng-Siew 1993,Alur et al. 1996)�. Detecting cycles in the temporal constraint graph canbe done through the Floyd-Warshall's algorithm (Papadimitriou & Steiglitz1982) which computes all-pairs-shortest paths in the graph in a worst casetime of O(n3) where n is the number of events in the graph.Timing Consistency of hMSCsOur notion of timing consistency of an MSC speci�cation relies on a localinterpretation of the timing constraints.De�nition 4.1 An MSC speci�cation S is timing consistent if every paththat starts from the start node in S is timing consistent. S is partially timingconsistent if some of its paths are timing consistent. S is timing inconsistentif none of its paths is timing consistent.The above de�nition of timing consistency is impractical since in the pres-ence of iterations in the MSC speci�cation, the number of paths is in�nite. We�Addition over the natural numbers NN is extended over NN [NN� [ f1;�1g in a straight-forward way.



Timing Analysis of MSC Speci�cations 11next present a syntactic approach to determine the consistency of an MSCspeci�cation based on a �nite subset of its paths. In the sequel, we adoptthe following notation to ease readability: given two bMSCS, M1 and M2, wedenote the MSC speci�cation that consists of the sequential composition ofM1 followed by M2 as M1 �M2.Lemma 4.1 If the MSC speci�cation M1 � M2 � M1 is timing consistentwith M1 � M2 having matched timer events, then the MSC speci�cationM1 � M2 � M1 � M2 is also timing consistent.The above Lemma allows us to deduce the timing consistency of a loop fromthe timing consistency of an augmented version of the simple path that theloop contains, without unfolding the loop. Thus, to decide the timing consis-tency of an MSC speci�cation, we can focus on simple paths and augmentedsimple paths that represent loops in the speci�cation. We next de�ne thesepaths.De�nition 4.2 Let S = (B;>[ I [?; suc; ref) be an MSC speci�cation.A sequential component in S is a simple path n1; n2; � � � ; nk in S such that:(s; n1) 2 suc for the start node s 2 >; and either (nk; e) 2 suc for an endnode e 2 ?, or there exists nj 2 fn1; n2; � � � ; nkg such that (nk; nj) 2 suc.Informally, a sequential component is either a simple path from the startnode to an end node, or a path that starts with a simple path and ends witha simple loop. We call the �rst type �nite sequential components, and the sec-ond in�nite sequential components. In addition, we say that a path n1; n2; � � � ;nj ; � � � ; nk; nj in an MSC speci�cation S is a closed in�nite sequential compo-nent if n1; n2; � � � ; nj ; � � � ; nk is an in�nite sequential component in S.Theorem 4.1 An MSC speci�cation S is timing consistent if 1) each�nite and each closed in�nite sequential component in S is timing consistent;and 2) each in�nite sequential component in S has matched timer events.The condition on the in�nite sequential components is stronger because theloop in the component allows time to progress an arbitrary amount, and thuspossibly missing a timeout event. If a set timer is missing a reset or timeoutevent inside the loop, our analysis can not conclude from one iteration that thetimer will never expire. In fact, if a timing consistent, in�nite component hasunmatched timer events, then the speci�cation is partially timing consistentis the best we can predict.Timing consistency algorithm. To examine the timing consistency of anMSC speci�cation, we have implemented within our MSC tool (Ben-Abdallah& Leue 1996) the algorithm shown in Table 1. Step 1 is carried out througha depth-�rst-search algorithm of the the hMSC of S. To construct the tem-poral constraint graph of a sequence of bMSCs, step 3 extends the bMSC totemporal graph translation of Section 4 in a straightforward way based on the



12 Timing Constraints in Message Sequence Chart Speci�cationsTable 1 Timing consistency analysis algorithmInput: an MSC speci�cation SOutput: for each timing inconsistent sequential component in S, theevents involved in a negative cost cycle1. Find the �nite and closed in�nite sequential components in S2. For each sequential component L:3. construct the temporal constraint graph Tg(L)4. compute all-pairs-shortest paths in Tg(L)5. report all events involved in a negative cost cycleEndfollowing fact: the behavior of M1 �M2 is equivalent to the behavior of thebMSCs obtained by gluingM2 afterM1, with the timing delays at the end of aprocess inM1 added to the timing delays of the same process at the beginningof M2. Step 4 uses the Floyd-Warshall's algorithm on a matrix representationof the temporal constraint graph. In step 5 an event is in a cycle with a neg-ative cost if its corresponding diagonal element in the all-pairs-shortest-pathmatrix is negative.Process Divergence in Timed MSC Speci�cationsIn the presence of loops, an MSC speci�cation may su�er from process diver-gence: a system execution where a process sends messages an unboundednumber of times ahead of the messages being received (Ben-Abdallah &Leue 1997b). An MSC speci�cation with a process divergence can be eitherunimplementable as it requires message queues with an in�nite size, or it canbe implementable with discrepancies, e.g., unexpected deadlocks since mes-sage queues are �nite and messages must be dropped or over-written.In (Ben-Abdallah & Leue 1997b), we have syntactically characterized pro-cess divergence in untimed MSC speci�cations by examining the communica-tion patterns of its processes. Informally, we proved that an (untimed) MSCspeci�cation su�ers from process divergence if and only if it has a loop whereat least one of its processes does not depend on, i.e., sends to but never receivesdirectly or indirectly from another concurrent process in the loop.In the presence of timing constraints through timers and/or delay inter-vals, our syntactic characterization of process divergence can be extended asfollows.Theorem 4.2 Given an MSC speci�cation S that has untimed processdivergence through the processes P1; � � � ; Pn in a loop L which can jointly raceahead of the remaining processes. S has timed process divergence i� either 1)the sum of all minimal delays in the processes P1; � � � ; Pn within L is equalto zero; or 2) the minimum of all maximal delays of the processes receivingmessages from P1; � � � ; Pn including delays on the received messages is equalto 1.
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Figure 4 High-level MSC for the ATM example
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Figure 5 Basic MSCs in the ATM example5 ATM EXAMPLETo illustrate our timing analysis, consider the MSC speci�cation of an au-tomatic teller machine (ATM) system shown in Figures 4 and 5. The ATMsystem consists of three components: potential customers (process User), theATM controller (process ATM), and a host computer in a bank (process Bank).Initially, the ATM controller waits to receive the customer's bank card.Then, it either receives a request to cancel the transaction within [0; 4] sec-onds (bMSC EndTrans), or receives the customer's pin number within [5; 60]seconds (bMSC ProcessPin). If the ATM receives a request to cancel thetransaction (bMSC EndTrans), it returns the customer's card and takes be-tween [2; 3) seconds to return to its initial state. The ATM expects a reply



14 Timing Constraints in Message Sequence Chart Speci�cationsfrom the bank within T1 seconds. This timing constraint is expressed throughthe T1 timer as well as the [0; T1] delay interval. In (bMSC TryAgain), whenT1 times out, the card is returned, an appropriate message is then displayed,and the ATM takes again between [2; 3) seconds to return to its initial state.Our speci�cation also describes the following constraints: a customer expects awithdraw request to be processed within [W1;W2] seconds relative to the timeof entering an amount; a customer takes [Q1; Q2] seconds to decide whetherto make another transaction while the ATM has the card; the ATM takes[B1; B2] seconds for book-keeping after dispensing cash; the ATM takes [3; 5)seconds to print a receipt after receiving the balance information from thebank. Each ATM-customer communication has a delay of [0; 2) seconds andeach vertical line without a time delay has a default delay of [0;1), which wedo not explicitly represent in the chart. Note that when timing constraintsextend over more than just one bMSC it is necessary to use auxiliary [0; 0]constraints.Table 2 Sample results of timing consistency analysisCase # (1) (2) (3) (4) (5) (6)[W1;W2] [0;1) [0; 3] [0; 4] [0; 4] [0; 4] [0; 4][Q1; Q2] [0;1) [0;1) [0;1) [0; 2] [0; 2] [0; 1][B1; B2] [0;1) [0;1) [0;1) [5; 6] [4; 6] [4; 6]Consistent? yes no yes no yes noTiming Analysis. It is easy to check that our MSC speci�cation of theATM satis�es the syntactic conditions of Theorem 4.1. We used our analysistool (Ben-Abdallah & Leue 1996) to verify automatically the timing consis-tency of the speci�cation for T1 = 10 and various values ofW1;W2; Q1; Q2; B1;and B2. Table 2 shows sample results. The tool generated 43 in�nite closedsequential components whose temporal graphs were then examined for cycleswith a negative cost. For the case (1) in Table 2, the user does not imposeany timing constraints on the system, which in fact makes any value accept-able for the remaining variables. In the case (2), the user expects the ATM toprocess their withdraw request within [0; 3] seconds which leads to a timinginconsistency. The tool detects the event send ENT AMOUNT as being in a cyclewith a negative cost of �1. This gave us the hint to increase the upper-boundof the delay to 4 which gave us timing consistency (case (3)). In the cases(4) and (5), we examine the e�ects of the book-keeping time [B1; B2]. Dueto the implicit [0;1) bounds we only needed to vary the lower bound. Case(6) proves the dependency between the minimum book-keeping delay B1 andthe delays between consecutive customer requests while the ATM holds thecustomer's card, interval [Q1; Q2]. In the above cases, when a timing incon-sistency is detected, the cost of the cycle and the involved events reported bythe tool helped us to focus on which variables to adjust by which amount.



Conclusion 156 CONCLUSIONWe have reviewed four proposed extensions of MSCs to express timing con-straints and available analysis techniques for timing consistency of basic MSCs.The Z.120 standard timers together with delay intervals as suggested in (Meng-Siew 1993, Alur et al. 1996) can describe timing constraints for events withina process and events that are directly related, i.e., via the control edge or mes-sage arrow. To express more general timing constraints, e.g., to relate eventswithin di�erent basic MSCs or processes, these extensions must be furtheraugmented with temporal predicates (Booch et al. 1996).Following the analysis techniques of temporal constraint networks (Dechteret al. 1991), timing consistency of a basic MSC is reduced to checking cycleswith negative cost in a directed graph (Meng-Siew 1993, Alur et al. 1996).To extend this analysis to MSC speci�cations with iterations and branchings,we highlighted syntactic issues that the Z.120 standard syntax must address.Based on speci�c syntactic recommendations, we have extended the analy-sis of timing consistency of bMSCs with timers and delays to the analysis ofMSC speci�cations with branchings and iterations. To deal with branchings,we adopted a local interpretation of the timing constraints. To handle iter-ations, we showed that, under a reasonable assumption, a loop in the MSCspeci�cation can be analyzed by analyzing a simple extension of it, henceeliminating the need to unfold the loop to examine its timing consistency.Furthermore, we have extended in this paper our syntactic analysis of processdivergence in iterating MSCs in the presence of timing constraints.Acknowledgements. This work was supported by ObjecTime Limited andthe Information Technology Research Centre of the Province of Ontario.REFERENCESAlgayres, B., Lejeune, Y., Hugonment, F. & Hantz, F. (1993), The AVALONproject: a validation environment for SDL/MSC descriptions, inO. Faergemand & A. Sarma, eds, `Proceedings of the 6th SDL Forum,SDL'93: Using Objects'.Alur, R., Holzmann, G. J. & Peled, D. (1996), An analyzer for message se-quence charts, in T. Margaria & B. Ste�en, eds, `Tools and Algorithmsfor the Construction and Analysis of Systems, Lecture Notes in Com-puter Science, Vol. 1055', Springer Verlag, pp. 35{48.Ben-Abdallah, H. & Leue, S. (1996), Architecture of a requirements and de-sign tool based on message sequence charts, Technical Report 96-13,Department of Electrical & Computer Engineering, University of Wa-terloo. 18 p.Ben-Abdallah, H. & Leue, S. (1997a), Expressing and analyzing timing con-straints in message sequence chart speci�cations, Technical Report 97-
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