SCED: A TOOL FOR DYNAMICMODELLING OF OBJECT SYSTEMSKai Koskimies, Tatu M�nnist�, TarjaSyst�, and Jyrki TuomiDEPARTMENT OF COMPUTER SCIENCEUNIVERSITY OF TAMPEREREPORT A-1996-4

UNIVERSITY OF TAMPEREDEPARTMENT OF COMPUTER SCIENCESERIES OF PUBLICATIONS AA-1996-4, JULY 1996SCED: A TOOL FOR DYNAMIC MODELLING OF OBJECTSYSTEMSKai Koskimies, Tatu M�nnist�, Tarja Syst�, and Jyrki TuomiUniversity of TampereDepartment of Computer ScienceP.O. Box 607FIN-33101 Tampere, FinlandISBN 951-44-4003-XISSN 0783-6910

SCED: A Tool for DynamicModelling of Object SystemsKai Koskimies1, Tatu M�nnist�2, Tarja Syst�1, and Jyrki Tuomi11Department of Computer Science, University of TampereBox 607, FIN-33101 Tampere, Finland{koskimie@cs.uta.fi}2Laboratory of Software Engineering, Tampere University of TechnologyBox 526, FIN 33101 Tampere, FinlandAbstractDynamic modeling of object-oriented software makes use of scenario diagrams,i.e. descriptions of particular uses of a system in terms of message flow betweenthe objects belonging to the system. Such diagrams help the designer to specifythe general behavior of objects as state machines or as collections of methods.Several techniques are discussed for building automated tool support for thedynamic modeling aspects of object-oriented software development. The dis-cussed techniques include synthesis of state machines and method descriptionson the basis of scenario diagrams, constructing scenario diagrams with thesupport of existing state machines, visualizing the run-time behavior of an objectsystem, extracting state machines of objects from running systems, consistencychecking between scenario diagrams and state machines, automated simplifi-cation of state machines using OMT notation, and automated layout for statemachines.1 IntroductionThe basic problem of any software design is how to derive executable softwarecomponents from the requirements specification, and how this process could besupported by the computer. The object-oriented approach provides a commonparadigm throughout the software development process from analysis toimplementation. This allows smooth shift from one phase to another and makesit possible to use wide-spectrum tools for software development.Current object-oriented CASE tools support drawing various graphical notationsfor modeling the application from different perspectives, consistency checkingbetween the models, storing the models in a repository, and generatingdocuments and code from the models. Although these tools facilitate theconstruction of graphical models and the transformation of these models into

2code, the level of built-in automation is relatively low as far as the actualdevelopment process is concerned.In object-oriented analysis and design, dynamic modeling aims at the descriptionof the dynamic behavior of objects using some variant of a finite state machine.For example, in OMT [Rum91] the dynamic model is one of the three modelsemployed in software development; the other models are the object modeldescribing the static relations of objects and the functional model describing thedata flow between the processes of the system.In this paper we study raising the level of automated support for the dynamicmodeling part of object-oriented software development. We use the OMTmethod as a guideline and notational basis, but in principle our approach is nottied to any particular design methodology. All the facilities discussed here havebeen implemented in a working tool called SCED [MST94a, MST94b]. This systemis running under MS-Windows and implemented in C++.We assume that the requirements concerning the dynamic behavior of a systemare expressed as scenarios, describing how the system responds to a particularsequence of external events (e.g. user interactions). A scenario is close to theconcept of a use case of Jacobson [Jac92]: a use case is a specific way of using asystem to accomplish an identifiable task, consisting of possibly several scenarios.A scenario diagram (event trace diagram, message sequence chart, interactiondiagram) is a graphical formulation of a scenario, specifying how objects commu-nicate with each other and external actors during the scenario. Each objectparticipating in a scenario is represented by a vertical line; an event is shown as ahorizontal arc from the sender object to the receiver(s). Time flows from top tobottom.SCED demonstrates how ideas discussed in this paper can be incorporated in apractical tool. SCED consists of two conventional CASE components, a scenarioeditor and a state machine editor, and of a more intelligent componentintegrating scenarios and state machines with various mechanisms. The mainprinciples of the latter component are the central topic of this paper. The scenarionotation employed in SCED has been extended from that of OMT for reasonsdiscussed in the sequel; the state machine notation is taken from OMT (which isin turn strongly influenced by Harel’s Statecharts [Har87]). The overall logicalstructure of SCED is depicted in Fig. 1.

3We proceed as follows. Section 2 introduces our graphical notation for scenariodiagrams. Next two sections discuss techniques for transforming a set of scenariosinto a state machine, and, reversely, for using existing state machines to generatenew scenarios. Section 5 discusses some implications useful for reverseengineering. In section 6 we briefly study the problem of keeping scenariodiagrams and state machines consistent. In section 7 we discuss simplificationalgorithms for state machines making use of the special graphical notation ofOMT. Finally, in section 8 we discuss automatic layout algorithms for statemachines. Some concluding remarks are presented in section 9.scenario diagramstate machineSCEDintegratorSCEDstate machineeditorSCEDscenario diagrameditordesignerFig. 1. General structure of SCED2 Scenario diagram notationFor practical purposes we have extended the rather rudimentary scenariodiagram notation of OMT in various ways (see figure 2). First, a comment can bedrawn as a rounded box stretching over (and concerning) selected partipants.It is often necessary to present other actions than events: an object may performarbitrary computations without sending messages. For such actions we use anaction box drawn at the vertical line of the object executing the action. Sometechniques dicussed later require that the designer can express conditions that areknown to hold at certain positions in a scenario for a particular object. Normallysuch a condition is given in terms of the attribute values of an object. This kindof a condition is drawn as an assertion box with a form following the CCITTscenario notation standard [CCITT92] (see the symbols in figure 2).

4We introduce also a third type of box associated with a single participant, a statebox. A state box gives a name to a particular situation in a scenario from the pointof view of a certain participant; i.e. the name of the state of an object at thatsituation. Although this is needed primarily for technical reasons rather than as adesign aid, it is sometimes convenient for the designer to express her assumptionthat an object should be in an identifiable state in a particular time position of ascenario. Technically, state boxes are necessary for expanding conditional andrepetition constructs discussed below. Note that a state box is different from anassertion box: a condition may hold in many states.Fig. 2. Elements of SCED scenario notationTo support the presentation of a use case as a single scenario diagram, the sce-nario notation must be extended with algorithmic constructs like conditionalityand repetition. We call a scenario diagram having such constructs an algorithmicscenario diagram. Note, however, that a certain object may be involved inseveral use cases; hence algorithmic scenarios are full specifications for use casesbut (usually) not for objects. In general, algorithmic scenario diagrams can beused as full specifications of multi-object functions, i.e. functions defined in

5terms of several interacting objects. A restricted form (conditional construct) ofalgorithmic scenario notation has been applied e.g. in [Por95]; Jacobson [Jac92]associates textual pseudocode to ordinary scenario diagrams to achieve the sameeffect.SCED supports algorithmic scenario diagrams by providing structured graphicalnotation for conditionality and repetition (see figure 3) with arbitrary nesting.Algorithmic scenarios can be interpreted as sets of ordinary scenarios. Theinterpretation is shown in figure 3. Note that in the case of repetition the numberof iterations (and therefore the number of scenarios) is potentially infinite, butthe repetition construct can nevertheless be represented by two scenarios makinguse of the state box: after evaluating the loop expression and executing the body,the object will be in the same state as before entering the loop; hence the objectwill be able to re-execute the loop infinitely. Fig. 3. Dissolving if- and repeat-constructs into simple scenarios.

6Analogously to subroutines, a scenario may consist of parts that have their ownaims and characterizations. For instance, a scenario for using an ATM mightinclude event sequences like "checking a valid card" or "giving a correctpassword" for which one can give separate scenarios. To make the scenariodiagrams easier to both read and write we have adapted the notion of asubscenario in SCED: a rectangle stretching over all the participants denotes anamed subscenario diagram given elsewhere. To obtain a complete scenariodiagram, all the subscenario boxes are simply considered to be replaced bycorresponding scenario diagrams. The participants of the subscenario can bedifferent of those of the host scenario. Hence a subscenario is especially useful ifthe subscenario requires objects that are not needed for the rest of the scenario:then the host scenario becomes smaller both in vertical (event sequence) and inhorizontal (participants) direction.3 Synthesizing state machines: design-by-exampleSince both scenarios and state machines describe dynamic aspects of a system,they necessarily share common information. However, it should be emphasizedthat a scenario is not an instance of a state machine: it is an instance (trace) of aset of collaborating state machines. A state machine gives the complete behaviorof a single object, while a scenario gives a single behavior (trace) of a complete setof objects. Consequently, a scenario contains information not included in a statemachine, and vice versa. Hence, scenarios and state machines arecomplementary notions, and they should be constructed in concert, rather thanone after the other. In this and the following section we will show how the factthat they share same information can be exploited in developing design tools.In [BiK76], Biermann and Krishnaswamy presented an algorithm forsynthesizing programs from their example traces. The algorithm was used in anactual system that was able to synthesize programs on the basis of examples ofsequences of primitive actions (like assignments) and assertions given by theprogrammer using a partly graphical interface. For example, the programmercould give examples of sequences of actions and assertions for a sortingalgorithm, and the system generated the complete code for the algorithm. Theassertions were employed by the algorithm as conditions for branching theexecution.

7We have applied the Biermann-Krishnaswamy (BK) algorithm for synthesizingstate machines from scenarios. Since both the algorithm and its adaptation havebeen discussed in detail already in an earlier paper [KM94], we will here onlysummarize the main ideas. A trace is extracted from a scenario by selecting anobject (i.e. the object for which the state machine will be synthesized) andtraversing the vertical line of that object from top to bottom. Each received eventis regarded as an assertion ("event e has occurred") and each sent event isregarded as a primitive action ("cause event e") in terms of the BK-algorithm.First, a lower bound N for the number of states of the resulting state machine isrequired. For this we use the number of different actions: since each state canhave at most one action, this is clearly a lower bound. The algorithm mapsactions to states and assertions to transitions, starting from the beginning of thetrace. If a nondeterministic state results, the algorithm backtracks to a previousposition where there was some freedom in associating an action with a state, andtakes another untried choice. If at some point N+1 states are needed, thealgorithm backtracks again. If backtracking is no more possible, a state machinewith N states cannot be achieved. Then the whole process is repeated for theallowed number of states N+1 etc. The algorithm is completed when all actionshave been associated with states. The BK-algorithm works incrementally, too: ascenario can be fused into an existing state machine using the algorithm.It follows directly from a theorem given in [BK76] that the algorithm produces aminimal (with respect to the number of states) state machine capable of acting inthe role of the selected object in the scenarios. Due to potential backtracking, thealgorithm has exponential time complexity in the worst case, but this is not aproblem in practice: real-life state machines seldom require heavy backtracking.In vast majority of the practical examples we have encountered, the synthesistime is less than a second. In fact, the automatic layout algorithm discussed insection 7 is usually more time-consuming although it has linear time complexity.The original BK-algorithm makes use of assertions that are known to holdbetween primitive actions of the trace. When this algorithm is applied toscenario diagrams, some aspect of the diagrams must be interpreted as thoseassertions. Above we viewed the received events (with respect to a selectedobject) as assertions, which is appropriate for active objects using incomingevents as the basis of the control. However, scenarios are useful (and used) alsofor passive objects whose dynamic behavior is characterized by a set of operationsrather than as a state machine. In the sequel we show how operation descriptionscan be automatically synthesized from scenarios.

8First, note that the algorithm of an operation can be presented as a state machine,when transitions are associated with guards (conditions) rather than with events- this is in fact close to a conventional flow chart. In each state, the guardsassociated with leaving transitions must be nonoverlapping and cover allpossible cases (since the algorithm must be able to continue deterministically inall cases). For passive objects, event arcs in a scenario diagram correspond tooperation calls and returns.Consider a particular object in a scenario. An operation call for this object isshown with an arriving call arc. All the leaving arcs between the call arc and thecorresponding leaving return arc are internal calls of operations of other objects,and all the arriving arcs are returns of these calls (for simplicity we ignore thepossibility that the same object is called during the execution of its ownoperation). Hence the trace of the operation call consists of the internal callsshown by the leaving arcs. The arriving (return) arcs within the call areinsignificant (indeed, return arcs are omitted in some scenario diagramvariations, e.g. [Gam95]).Since received events cannot act as assertions when synthesizing operations forpassive objects, the control information must be provided by assertion boxes.Other primitive statements than operation calls are presented as action boxes.Both assertion boxes and action boxes can be incorporated in the synthesisalgorithm described above in a simple way: an assertion is regarded as an eventwithout a sender, an action is regarded as an event without a receiver. Thisresults in the natural representation of an assertion as a label for a transition, andof an action as a state activity.The other extensions to the scenario diagram notation cause no major problemsfor synthesizing state machines, either. A state box is taken into account by usingthe state identifier as a name for the corresponding state in the state machine.Further, the algorithm refuses to join two states that have different names. Asubscenario is simply expanded before synthesis. Condition and repetitionconstructs are likewise dissolved according to the rules in figure 3.In SCED, state machines can be synthesized both for active objects and for theoperations of passive objects. In the former case the designer selects a participantof an open scenario diagram; in the latter case she selects a call arc of theoperation in the scenario diagram. When the synthesis command is given, the

9system generates a state machine either for the object or for the operation,showing it in a separate window. The designer can determine whether the tracesare extracted from the active scenario, from all open scenarios, from all scenariosof the current project, or from selected scenarios (containing the object inquestion).Fig. 4. Scenario diagrams and a synthesized state machine in SCEDThe synthesis algorithm is the cornerstone of the design-by-example approachsupported by SCED. The designer can describe the expected behavior of theapplication in some typical example cases using scenario diagrams, andsynthesize automatically state machines for interesting objects. If these statemachines are not satisfying, the designer can draw a few other scenarios and fusethem (automatically) into the existing state machines, and finally tune the state

10machines by hand using the state machine editor. The same technique can beused for operations of passive objects: with a single command the designer cansee the synthesis of various executions of a particular operation appearing inscenarios in the form of a state machine. This synthesis can be used as a basis forimplementing the operation, for checking purposes, or simply as a summary ofthe operation’s requirements (as expressed by the scenarios) so far.Figure 4 illustrates the synthesis of a state machine. A set of scenarios have beengiven describing the use of an automatic teller machine (ATM), and a statemachine for the control unit has been synthesized. The shown state machine isexactly in a form generated by SCED (including the layout).Fig. 5. Synthesizing operation descriptions from scenarios.The generation of a description of an operation from its traces is demonstrated ina simple case in figure 5: the operation computes the value of a postfix expressionusing a stack in the conventional way, assuming that the operands and operators

11are provided by object Postfix through operation get(). The shown state machineon the right is produced by SCED on the basis of the example call appearing in thescenario on the left. The layout of the state machine is also automaticallyproduced. The scenario is in this case the smallest one that can produce thecorrect state machine; further readings of operands and operators can be added tothe scenario without affecting the resulting state machine. Note that a specialinitial state has been generated whose name is the same as the name of theoperation.Another type of synthesizing information obtained from scenarios is an eventflow diagram [Rum90] in which nodes and arcs represent classes and events,respectively. The fact that an instance of class A sends an event e to an instance ofclass B is represented by an arc from A to B. An event flow diagram gives a usefulglobal view of the possible interactions between classes, without referring toparticular executions of the system. Hence an event flow diagram is a synthesis ofall participants in a set of scenarios, while a state machine is a synthesis of aparticular participant only. SCED produces an event flow diagram automaticallyby request.4 Generating scenario diagrams: design-by-animationIn this section we show how existing state machines can be used to support theconstruction of scenarios, and hence - using the methods of the previous section -the construction of new (or more complete) state machines. We call thisapproach design-by-animation, because it is based on animating a partialspecification of a system consisting of a set of state machines, employing scenariosas the runtime system representation. Using scenario diagrams for visualizingthe behavior of running object systems is an idea proposed recently by severalauthors ([LN95], [EiW96], [KM96]).Assume that there is a set of state machines describing a complete system. Aslong as someone provides the required external stimuli to the system whenneeded, the state machines can simulate the behavior of the system, sendingevents to each other and changing states according to received events. The resultof the execution can be shown as a scenario diagram.However, suppose that one of the state machines of the objects in the system iseither incomplete or missing, and that the objective is to specify this state

12machine. We call the corresponding object Unknown. Consequently, at somepoint the execution of the system is stuck because some state machine is waitingfor the response of the state machine of Unknown. The designer can now act inthe role of Unknown: she can select the object that should react upon the re-sponse of Unknown, and indicate which state transition will be applied for theformer object. After that the execution proceeds normally until Unknown isagain needed. As a result, a complete scenario diagram with Unknown can begenerated, and the designer can ask the system to either synthesize the firstapproximation for the state machine of Unknown, or augment the incompletestate machine of Unknown with the new scenario. The design process cancontinue making use of the resulting state machine, too: only if some newbehavior (i.e. a new path in the state machine) is required for Unknown, thedesigner has to intervene.This method can be generalized to an arbitrary number of unknown objects if thedesigner can specify which object is the receiver of an unidentified message sentby some state machine. Then the designer can start with an empty set of statemachines, construct the first scenario diagram by hand, synthesize the initial statemachines on the basis of this scenario, construct a new scenario with the supportof these state machines, fuse the scenario into the state machines etc. untilsatisfactory state machines are obtained.The significant advantage of this approach is that the designer need not recall thebehavior of the existing state machines: those parts of the scenario concerningknown behavior are produced automatically. Furthermore, it is guaranteed thatthese parts of the scenario are consistent with the existing state machines. Theapproach works well if the design is based on existing components with knownbehavior (say, GUI library components), but also if the design is made fromscratch. The more complete the designed system gets, the less the designer needsto intervene.Note that the external interface (e.g. end-user) is normally represented by an"unknown" participant in a scenario. The design-by-animation approach isparticularly attractive when the interactions concerning such a participant can begiven through a simulated graphical interface (instead of drawing events in ascenario): the software designer can explore all the possibilities of the actualinterface, observe the response of the system in the form of a scenario, and extendthe behavior when necessary.

13In SCED, design-by-animation is supported by so-called tracing mode. In thismode scenario diagrams are constructed with the support of existing statemachines. First, the participating state machines are opened by the designer.Activating the tracing mode creates a scenario with participants bound to thesestate machines. If desired, the designer can add new participants (with unknownbehavior). The designer can enter events normally, but whenever the statemachine bound to the target object is able to respond to the event in its currentstate, a state transition takes place and the action part of the new state is executed,causing possibly a new event to be sent to another object. This may in turn causea state transition in the state machine bound to the new target object etc. As aresult, a cascade of events is created, and these events are immediately shown inthe scenario diagram.The generation of a scenario gets stuck in two situations: either a state machinehas sent an event but there is no unique receiver, or an event appears with atarget object whose (incomplete or missing) state machine is unable to recognizethe event. In the former case the designer can select the receiver simply byclicking on the receiver object in the scenario. Those objects that are able torecognize the event (at least two) are shown with a hollow circle; those objectsthat do not recognize the event but whose behavior can be extended (i.e. they arenot defined to be frozen objects) are shown with a black spot (see figure 6). As aresult of selecting one of these objects, the event is drawn, and the receiver mayrespond to the event, causing new events to appear in the scenario. If the receiveris unable to respond, the latter case applies. In the latter case the designer can seethe events each object is able to receive in its current state by clicking on theobject bar in the scenario. Selecting one of these events from the popup menucreates an event arc from the currently active object to the selected object, labeledwith the event. Consequently, the receiver object can respond to the event,change its state, and execute the possible event sending actions in the new state,thus continuing the scenario.The execution may also get stuck when waiting for external stimuli, e.g. theresponse of the end-user of the animated system. In that case the designer caneither give the end-user’s reaction as a normal event (manually or selected fromthe popup menus giving the currently recognizable events), or use a simulatedinterface. To facilitate the latter, SCED provides an interface for other applicationsto insert events using the Windows clipboard as a buffer: SCED polls this bufferregularly and automatically appends found events to the end of the scenario. Ifthe end-user is the only participant whose behavior is not known (as a state

14machine), applying the tracing mode of SCED essentially means animating andtesting the existing dynamic model of the system.Note that any intervention of the designer in the animated execution of thesystem implies new behavior not exhibited by the current state machines. Forsome participants, a state machine is not even interesting or sensible (e.g. an end-user of the system). For others, the new behavior should be added to the existingstate machines after an appropriate scenario diagram has been produced. This canbe done in SCED simply by selecting the desired object in the diagram and givinga synthesis command. As a result, the new scenario is fused into the statemachine of the object using the BK-algorithm (see section 3).Fig. 6. Design-by-animation: specifying the behavior of ATM with the support ofa simulated ATM interface and existing state machines.In figure 6, SCED is used in concert with a simulated graphical user interface ofan ATM. The latter simply emits user input events (in ascii form) to theclipboard, to be picked up by SCED. The designer has already constructed statemachines for Consortium and Bank, and frozen them (freezing is shown with

15coloring that is not visible in the figure). For ATM only a preliminary statemachine exists, and the designer strives for the specification of its completebehavior. The figure corresponds to a situation in which (1) the designer hasinserted a card through the simulated interface, (2) the (so far incomplete) ATMstate machine has responded by requesting a password, (3) the designer has givena password (through the graphical interface), and (4) the ATM responds bysending "verify account" message. However, since by accident both Consortium(CONS) and Bank are able to recognize this message, the receiver is not unique;hence the designer must select the desired receiver among the potential receiversindicated by blinking circles and spots. In this case only the first and the thirdevent in figure 6 are generated automatically, but in principle generated eventsequences can be arbitrarily long.The session in figure 6 could continue as follows: (1) The designer selectsConsortium (as a result, event "verify account" is drawn from ATM to Consor-tium, and Consortium responds by sending the same event). (2) The designerselects this time Bank as the receiver of the event. The event is drawn, and Bankresponds by sending event "invalid password" to Consortium. Consortiumresponds by sending event "account not ok"). Since event "account not ok" is sofar not recognized by any object, the system again asks for the receiver. (3) Thedesigner selects ATM, and an event is drawn from Consortium to ATM. (4) SinceATM is unable to respond, the designer inserts by hand event "invalid access"from ATM to the User. Note that steps 3 and 4 represent an extension to thebehavior of ATM, and when the resulting scenario is synthesized into ATM’sstate machine, the extension becomes part of ATM’s behavior.5 Reverse engineering with SCEDUsing the interface for externally generated events, it is also possible to employSCED as an animator of any object-oriented system. The system to be animatedmust be instrumented with calls for generating textual event descriptions at thesite of each event sending. Since the events are transmitted via ascii text (in theWindows clipboard), the system to be animated can be written in any language.One can run SCED and the (instrumented) animated system simultaneously andobserve how new events appear as a result of using the animated system. Thiskind of program visualization comes close to Scene [KM96]. However, in contrastto Scene, we have not tried to solve the scaling problem with event compression

16techniques but instead we rely only on vertical and horizontal scrolling of ascenario. In practice this implies that the instrumentation should select arelatively small set of objects which give rise to events; otherwise the resultingscenario becomes too large for sensible examination. The call compressiontechnique used in Scene is not applicable in SCED where events are notnecessarily method calls.When combined with state machine synthesis, the animation capability of SCEDbecomes a powerful reverse engineering tool. Recall that SCED is able tosynthesize the general behavior as a state machine from any scenarios,independently of how the scenarios are produced. If the synthesis algorithm isapplied to scenarios produced by running existing (instrumented) applications,one can - after running the application for a while - see the general behavior ofsome of the objects belonging to the application in the form of a state machine.With additional test runs, the state machines describing the general behaviorbecome more and more complete. Hence, as long as an application can beinstrumented for SCED, it is possible to extract the state machines for selectedobjects from executions of the application - a property which can be highly usefulfor understanding complex legacy systems. It is remarkable that this property isessentially a consequence of other features in SCED, rather than a separate facility.The reverse engineering aspect of SCED can be demonstrated with the ATMexample as follows. Assume that a simulator for the ATM system has beenimplemented from scratch. In addition to the ATM interface simulator (seeabove), the system simulates the behavior of the ATM control unit and thecentral bank computer. The system is instrumented such that each messagesending between the user interface, the control unit and the bank computer isassociated with a call of an operation that inserts the corresponding eventdescriptor to the SCED event buffer (Windows clipboard). This is sufficient forusing SCED as program visualizer. The ATM interface can be used in arbitraryways, and the resulting object interactions can be observed in the scenariodisplayed by SCED. If desired, new scenario windows can be opened, splitting thegenerated event sequence into meaningful parts. After a while the user can askSCED to synthesize a state machine for the control unit. Depending on whichparts of the ATM system have been used, a more or less complete state machinewill be generated.Various tools have been developed for supporting program comprehension;traditionally these tools rely on static or dynamic analysis of the source code.

17Based on the result of such analysis, graphical representations of some relationsof the source entities can be produced. Typical systems of this kind make use ofprogram slicing, data dependencies, call graphs etc. (see e.g. [Oma90]). Theessential difference with such tools and SCED-based reverse engineering is thatSCED produces an abstract description of the behavior of an object (in terms of astate machine): this description is completely independent of the way thisbehavior is implemented in the source code. The drawback is that it is hard to tellwhen this description is complete, that is, when all the possible ways of using thesystem have been exercised. To accomplish this, the target system should beinstrumented with dynamic statement execution counters.6 Consistency between scenario diagrams and state machinesThe fact that both scenarios and state machines can be edited independentlymakes it possible to create inconsistencies. Suppose that a state machine has beensynthesized according to a set of scenarios, and that one of the scenarios ischanged. Clearly the state machine may become invalid in the sense that it is nomore able to execute the scenario. The same holds reversely: if a state machine ischanged, there may be one or more scenarios that are no longer executable by thestate machine. The system should maintain consistency in the sense that the statemachine of an object can always execute all the scenarios in which the objectparticipates.Note that it would be possible to require even stronger consistency, namely that astate machine is always exactly the result of applying the BK-algorithm to the setof scenarios in which the object participates. However, this would have someunnatural consequences: if a state machine is edited e.g. by adding a transition, asmall artificial scenario causing this transition should be generated. Eventuallythere would be a large set of such fragmental scenarios without any sensiblecontext, which would confuse the designer rather than help her.Assume that a scenario is edited after it has been synthesized into a statemachine. We can update the state machine incrementally using the followingtechnique. Each transition is associated with an integer giving the number ofscenarios using this transition; we call this the scenario counter of the transition.When a scenario is changed, it is removed from the state machine: the scenario isrun through the state machine, and each transition it uses is marked. Then thescenario counters of the marked transitions are decremented by one. If some

18scenario counter becomes zero, the corresponding transition is removed. If somestate becomes in this way isolated from the other states, it is removed as well.After the effect of the original scenario is removed from the state machine in thisway, the new version of the scenario can be added to the state machine using the(incremental) BK-algorithm.Assume now that an existing state machine is edited, and that there is a set ofscenarios contributing to this state machine. As long as one adds new states andtransitions to the state machine, no inconsistencies may be created: these changescannot prevent the state machine from executing the scenarios. However, if astate or a transition used by a scenario is removed (modification can be viewed asremoving and adding), a conflict arises: a scenario cannot be run through thestate machine any more. In contrast, transitions whose scenario counter is zero(i.e. they have been added by direct state machine editing) can be removedwithout problems, as well as states which are associated only by such transitions.We call the other transitions and states scenario-sensitive.Editing scenario-sensitive parts of a state machine gives rise to problems that arehard to solve in general. Note that the reverse problem was relatively easy tosolve because there was an incremental algorithm for updating the generaldescription (set of state machines) with the information contained by a newinstance (scenario). However, revising scenarios automatically on the basis ofstate machine editing is much more questionable: scenarios can be viewed asrequirements that should hold after any state machine modifications, rather thanas plain implications of state machines.SCED supports the consistency between scenarios and state machines according tothe principles presented above. The designer can ask the system to remove aparticular scenario from a state machine; after this the scenario can be edited andresynthesized into the state machine. The updating of the state machine could beeasily made fully automatic, but we have preferred an environment in which thedesigner has a selection of useful commands rather than a fixed working modelimposed by various implicit mechanisms. At any time the designer can check thevalidity of current scenarios by running them through the state machines.

197 Synthesizing OMT state diagram notationThe result of the BK-algorithm is a state machine consisting of states associatedwith at most one action and transitions usually associated with a label(unlabelled transitions are called automatic transitions in OMT: they fireautomatically after the action of the state is completed). Such a state machine iscalled a plain state machine. However, OMT provides auxiliary means to make astate machine more compact and readable. These include entry actions, exitactions, internal actions, and transition actions1. Entry actions are executed whenarriving at the state, exit actions are executed when leaving the state, internalactions are executed as a response to an event without changing the state, and atransition action is executed whenever the transition it is associated with fires.These extensions do not increase the expressive power of the formalism, but theyserve to make the state machine simpler and more readable: in many cases onecan reduce the number of states and transitions using these extensions. We willcall state machines making use of these features extended state machines.When state machines are produced automatically in OMT context, it would behighly desirable to generate directly extended state machines; otherwise thedesigner may have to edit the resulting state machine by hand just to improvethe presentation. In the sequel we will discuss automated techniques totransform plain state machines into extended ones with fewer states andtransitions. All the discussed techniques are implemented in SCED.Usually a plain state diagram can be transformed to several mutually differentextended states machines depending on the chosen extensions and the order theyare introduced. The ones with minimal number of states and transitions arecalled optimized state machines. We consider here transformations aiming atoptimized state machines. In practice it is often sensible to apply these trans-formations only locally, without the goal of global optimization; this is possiblein SCED but not discussed here.We require that the transformation of a plain state machine into an extended oneis behavior-preserving, i.e. the transformed state machine responds in the sameway to a particular sequence of events as the original one. Further, we do notallow the association of an action of a state to several states or transitions if the1In addition, OMT allows nested states in the style of [Har87]. Since nested states are currently notfully supported by SCED, we ignore them in this discussion.

20state is removed: an action may be moved but not copied. This rule guaranteesthat the state machine is not optimized at the cost of increased actions. Hence wehave the following basic rules for the transformation:Rule 1: The external behavior of the state machine is preserved.Rule 2: No action is duplicated.We say a state machine is minimally deterministic when there are no two stateswith the same action that could be joined without making the state machinenon-deterministic. The characteristic property of the BK-algorithm is that theresulting state machine is minimally deterministic. In the following we assumethat a state machine is minimally deterministic. We also assume that every statein a state machine is reachable from the initial state.To prevent automatic transitions from causing nondeterminism we require thata state cannot have both automatic and labeled leaving transitions. Further, weexclude the possibility that the state machine contains a loop with automatictransitions only. Both of these situations are prevented in our adaptation of theBK-algorithm.The only way to reduce the number of states using special OMT actions in a plainstate machine is to remove an automatic transition. Assume that the source stateof an automatic transition is state 1 with action a1 and the target state is state 2with action a22. Further, assume that there is a transition e entering state 1.Under certain circumstances it is then possible to simplify the state machine byremoving state 1 and (1) making a1 an entry action of state 2, (2) making a1 anexit action of the source state of e, (3) making a1 an internal action of state 2, (4)associating a1 with a new transition from the source state of e to state 2, or (5)merging state 1 and state 2 with action a1; a2.The order in which the transformations (1) - (5) are applied in a plain statemachine affects the result. Since the different transformations compete for thesame automatic transitions, the various action types should be applied in theorder of preference of these actions. Since we wish to emphasize the role of statesrather than transitions, we attach as much information to states as possible.2state 1 and state 2 are regarded as identifiers of states, rather than state names. Actions of stateswith real state names can only be moved to similarly named states.

21Hence we allow transformations introducing transition actions (4) only whenother transformations are not possible. On the other hand, we prefer trans-formations of type (3) to transformations (1) and (2) because the former are morespecific: an internal action deals with a single event, while entry and exit actionsare not directly associated with particular events. It can be shown that the order(3) -> (5) -> (2) -> (1) -> (4) - which satisfies the preferences above - results in anoptimized state machine [Sys96].For each type of transformation one can determine the conditions that must holdbefore the transformation can be carried out. As an example, consider internalactions. Assume again that there is state 1 with action a1, state 2 with action a2, anautomatic transition from state 1 to state 2, and a transision e entering state 1. Ifstate 1 had any entering transitions leaving a state other than state 2, action a1couldn’t be placed as an internal action to state 2 without violating either rule 2or rule 1. Hence, we require that the source state of e must be state 2. If there wereseveral transitions from state 2 to state 1, internal actions could be formedcorresponding to each of these transitions but only by violating rule 2. Hence, werequire that e is the only transition entering state 1. The fact that state 1 cannothave any other leaving transitions besides the automatic transition follows fromour assumptions above. The synthesis algorithm also ensures that transition emust be labeled, and hence that also all other leaving transitions of state 2 haveto be labeled (recall our restrictions on automatic transitions above). So, it can beconcluded that other leaving or entering transitions of state 2 have no influencein forming an internal action ’e/a1’ for state 2, since they cannot be attached tostate 1 under our assumptions.We can generalize this discussion and infer the smallest patterns (with respect tothe number of states and transitions) which can be optimized by adopting OMT-type actions; this means determining the choices for the source state of e. Asconcluded above in the case of internal actions, the source state of e can be state 2.However, it cannot be state 1 according to the restrictions on automatictransitions. The third possibility is that it is some other state, say state 3. Noticingthat state 1 and state 2 must indeed be different states (otherwise there would be aloop of automatic transitions), we conclude that there are two possible patterns inplain state machines that are potential candidates for simplification using OMTactions; these patterns are shown in figure 7. However, each type of action mayintroduce additional restrictions.

22Fig. 7. Plain state machine patterns for special OMT-actionsThe transformations discussed above are implemented in SCED. The designercan ask the system to optimize a plain state machine, and the system will producean equivalent state machine in OMT extended notation, with (hopefully) lessstates and transitions. For example, when this command is applied to the statemachine of figure 4, three states (and transitions) are removed. Another exampleof the transformation is shown in figure 8. In the upper window, a minimalplain state machine describing the behavior of a vending machine is given. Inthe lower window, the result of the optimization algorithm is shown; this formis roughly the same as the one given in the OMT book [Rum91, p. 96] (actuallythe algorithm has removed one more state (and transition) appearing in[Rum91]).8 Automated layout for state machinesProducing the logical contents of a state machine is not enough: the result mustbe displayed in an aestethically satisfactory form. Even for a state machine ofmodest size, arranging the states and transitions manually into reasonable formis a laborious task - for a large state machine the task can be truly trying. A statemachine should be visualized optimizing the layout with respect to alignment,symmetry, balance, crossing edges, number of bends of transitions etc.

23Fig. 8. Transforming a state machine into OMT notation.

24We have applied an existing linear-time layout algorithm for directed graphs inSCED [Num91]: a state machine is interpreted as a directed graph in which statesare the vertices and transitions are the edges of the graph. The advantage of thisalgorithm is its capability to handle arbitrary sized vertices. Although the states ina state machine are normally of small size, there are no fixed limits to the widthand height of the state box: the actions written inside the box can take an arbitraryamount of space.Unfortunately, the basic layout algorithm is far from sufficient, mostly because ofthe special features of OMT-type state machines. In addition to making somegeneral improvements concerning e.g. horizontal centering of vertices, verticalalignment of vertices and edges, vertical packing of vertices, and bendelimination (for details, see [MST94b]), we had to solve some problems specific tostate machines. These problems are discussed below.When the designer adds manually parts of a state machine with automaticallyproduced layout, or constructs the whole state machine from scratch, automaticlayout should be applied very carefully: the designer would be completely lost ifthe whole state machine were rearranged after some editing actions. Hence thedesigner should be able to specify which parts of the state machine havesatisfactory layout. To accomplish this, SCED allows the designer to select arectangular area from the state machine and freeze it for future layout. Duringthe layout process, the internal states of a frozen rectangular area are invisible: afrozen area is treated as a single state. After layout has been created for the statediagram, the transitions between internal states and the external states are routedproperly.The original layout algorithm accepts only simple graphs, that is graphs that donot contain multiple edges between any two nodes and self-loops. Since these areperfectly valid constructs in state machines, the layout algorithm has beenmodified accordingly. Multiple edges and self-loops are effectively hidden duringthe layout algorithm and added to the diagram while making final completingoperations.Often a practical state diagram has cyclic character: the behavior of an object canbe described as a cycle of states and transitions, possibly augmented with short-cuts and auxiliary paths for exceptional cases. Since such a "main cycle"dominates the object behavior, it should be clearly visible in the state machine

25layout. In the current implementation we try to keep the main cycle relativelyfree of excessive bends. While doing basic layout optimization (horizontal andvertical alignment of vertices) those choices are preferred resulting in bettervisibility of the main cycle.9 Concluding remarksSCED has been in extensive use at Nokia, our industrial research partner, forabout two years. Many of the facilities of SCED and extensions to the OMTscenario diagram notation were motivated by the needs emerging during thispractical evaluation. Consequently, SCED fits nicely with the OMT++ designmethodology [AJ94] developed at Nokia: this methodology relies heavily onscenarios as a basic instrument for extracting design information fromrequirements. However, some of the features discussed here (particularly thedesign-by-animation facility) have been implemented only recently and so farlack proper practical validation.We feel that scenarios are a natural means to present expectations of the dynamiccharacteristics of a system at early stages of design, to be exploited throughout thesoftware development process. As demonstrated by SCED, it is possible to applyexisting machine learning techniques for inferring general dynamic specificationsfrom scenarios; this opens up new directions not only for tool support but alsofor OO design methodologies. The tight coupling of scenarios and state diagramsbecomes even more apparent when animated simulation of the dynamic modelis combined with automatic state machine synthesis: this approach bridges thegap between an easily obtainable example and a full specification.Automatic generation of state machines gives rise to new research problems. It ishighly desirable to display the generated state machine in a form which is reason-ably close to a hand-written one. Improving the representation of a state machineboth in a syntactic and in an aesthetic sense is therefore necessary. We haveshown that plain state machines can be systematically converted into (morecompact) OMT notation, and that existing graph layout algorithms can be appliedwith some modifications for state machine layout.Besides using SCED in real-life applications, our future work concerns relatingthe scenario-directed dynamic modeling technique supported by SCED with thebroader context of object-oriented design. This includes methodological aspects as

26well as tool support. We feel that SCED should not be used as a separate tool, butrather as a part of an integrated OO development environment. We are currentlybuilding the functionality of SCED into a commercial integrated OO CASE tool(Stone AF).SCED is available for free via anonymous ftp from cs.uta.fi, under directory/pub/sced.AcknowledgementsSCED has been developed in a research project financed by the Center forTechnological Development in Finland (TEKES), Nokia Research Center, ValmetAutomation, Stonesoft, Kone and Insoft. Professors Ilkka Haikala and ErkkiM�kinen have significantly supported our work. Some parts of SCED have beenimplemented by Arto Viitanen, Juha Korhonen and Vesa Kauranen.References[AJ94]Aalto J-M., Jaaksi A.: Object-Oriented Development of InteractiveSystems with OMT++. In: Proc. TOOLS 14, Prentice-Hall 1994, 205-218.[BiK76]Biermann A.W. and Krishnaswamy R.: Constructing Programs fromExample Computations, IEEE Trans. Softw. Eng. SE-2 (1976), 141-153.[CCITT92]CCITT: Document COM X-R 33-E, New Recommendation Z.120,Message Sequence Charts, July 1992.[EiW96]Eick S.G., Ward A.: An Interactive Visualization for Message SequenceCharts. In: Proc. 4th Workshop on Program Comprehension, IEEEComputer Society Press, March 1996, 2-8.[Gam95]Gamma E., Helm R., Johnson R., Vlissides J.: Design Patterns:Elements of Object-Oriented Software Architecture. Addison-Wesley1995.[Har87]Harel D.: Statecharts: A Visual Formalism for Complex Systems.Science of Computer Programming 8 (1987), 231-274.

27[Jac92]Jacobson I.: Object-Oriented Software Engineering - A Use Case DriveApproach, Addison-Wesley, 1992.[KM94]Koskimies K., M�kinen E.: Automatic Synthesis of State Machinesfrom Trace Diagrams. Software Practice & Experience 24,7 (July 1994),643-658.[KM96]Koskimies K., M�ssenb�ck H.: Scene: Using Scenario Diagrams andActive Text for Illustrating Object-Oriented Programs. In: Proc.International Conference on Software Engineering (ICSE ’96), Berlin,March 1996, 366-375.[LN95]Lange D.B., Nakamura Y.: Interactive Visualization of Design PatternsCan Help in Framework Understanding. In Proc. OOPSLA ’95, SigplanNotices 30, 10 (Oct 95), 342-357.[MST94a]M�nnist� T., Syst� T., Tuomi J.: SCED Report and User Manual.Report A-1994-5, Department of Computer Science, University ofTampere, February 1994.[MST94b]M�nnist� T., Syst� T., Tuomi J.: Design of State Diagram Facilities inSCED. Report A-1994-11, Department of Computer Science, Universityof Tampere, December 1994.[Num91]Nummenmaa J.: Constructing Compact Rectilinear Planar LayoutsUsing Canonical Representation of Planar Graphs. TheoreticalComputer Science 99 (1992), 213-230.[Oma90]Oman P.: Maintenance Tools. IEEE Software 7, 3 (May 1990), 59-65.[Por95]Portner N.: Flexible Command Interpreter: A Pattern for an Extensibleand Language-Independent Interpreter System. In: Coplien J., SchmidtD. (eds.), Pattern Languages of Program Design, Addison-Wesley 1995,43-50.[Rum91]Rumbaugh J., Blaha M,, Premerlani W., Eddy F., Lorensen W.: Object-Oriented Modelling and Design, Prentice-Hall, 1991.

28[SuM91]Sugiyama K., Misue K.: Visualization of Structural Information:Automatic Drawing of Compound Digraphs. IEEE Transactions onSystems, Man, and Cybernetics, SMC-21, 4 (1991), 876-892.[Sys96]Syst� T.: Synthesis of OMT State Diagrams. Internal Report, Depart-ment of Computer Science, University of Tampere, May 1996.