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AbstractStatecharts are well accepted in industrial applications for specifying reactive,embedded systems. Unfortunately, a reference semantics has not been developeduntil now. Therefore, the semantics of Statecharts is still of interest in the sci-ence community. This paper presents a compositional, denotational semantics fora special subclass of Statecharts based on stream processing functions. The basiccomponent of Mini-Statecharts is a deterministic, reactive, signal-triggered sequen-tial automaton which can be composed in multiple ways. The composition operatorsare: parallel composition, local signal-scoping, semantic feedback of signals, and de-composition of states. The main issues are the compositionality of the semantics,the de�nition of the semantic behavior for a kind of history mechanism, and thedi�erent views of the feedback operator.
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1 IntroductionStatecharts [Har87] are a visual speci�cation language proposed for specifying reactivesystems. They extend conventional state transition diagrams with structuring and com-munication mechanisms. These mechanisms enable the description of large and complexsystems. Due to this fact Statecharts have become quite successful in industry. The fullStatecharts language, however, contains many mechanisms that cause problems concern-ing both syntax and semantics. A good description of these problems can be found in[vdB94].In this paper, we describe a restricted version of Statecharts, called Mini-Statecharts.We have adopted the approach taken by Argos [Mar92]. While Mini-Statecharts are pow-erful enough to describe large and complex reactive systems, nevertheless, we can assigna concise, formal semantics to them. The most important restriction is that we do notallow inter-level transitions. These are transitions between nodes on di�erent levels. Thismeans that they cross the borderline of one or more states. Additionally, we disallow ref-erences to state names, i.e., events like entered(�), entering(�) for any state �. Inter-leveltransitions and state references impede the de�nition of a compositional semantics. Bothmechanisms can be substituted by communicating appropriate signals. As a consequence,Statecharts cannot be developed in a modular way. Mini-Statecharts, however, are clearlydecomposed into Sub-Mini-Statecharts. Thus, they can be constructed by simply stickingthem together.We present a compositional, denotational semantics for Mini-Statecharts. In particular,we concentrate on di�erent semantic views of the feedback operator which is responsiblefor signal communication. These views are in particular instantaneous, macro-/micro-step, and delayed feedback. These feedback operators are simultaneously available in ourlanguage. Furthermore, unlike [Mar92, HRdR92, HL95], we have formalized the behaviourof history re�ned states, but we prohibit history entrances for special transitions into asub-chart. History functionality is considered as an attribute of an entire chart, not of asingle transition. Either all transitions into a sub-chart are history transitions or none ofthem.The semantics of Mini-Statecharts is given in a fully functional way. It can be immediatelyexecuted by a suitable interpreter. Thus, we do not only de�ne a theoretical semantics, butin addition provide a simple program for simulating and prototyping Mini-Statecharts.This is in contrast to existing tools like Statemate [Har90, Inc90], where the semanticbehavior of the prototyping tool sometimes di�ers from published Statecharts semantics.In our approach there exists exactly one semantics. It can be used to prototype reactivesystems as well as to reason about systems in a suitable theorem prover, like Isabelle[Pau94].The rest of the paper is structured as follows. In Section 2 we informally introduce Mini-Statecharts and present a formal, abstract syntax for them. Section 3 starts with a briefintroduction to streams and stream processing functions. We develop a denotational,compositional step semantics for Mini-Statecharts and lift it to a semantics based onstream processing functions. Then we add the delayed feedback operator. The sectionconcludes with a comparison of the di�erent feedback operators. Finally, in Section 4 wegive a brief conclusion and discuss future extensions.4



2 Abstract SyntaxIn this section we propose a textual syntax for Mini-Statecharts. We give an abstract,inductively de�ned syntax for the set of all Mini-Statecharts S. Let M denote a (poten-tially in�nite) set of signal-names, States a (potentially in�nite) set of state-names andB(M) the Boolean terms [Bro93] over M . }fin(X) denotes the set of �nite subsets ofsome set X. Now we can formally describe our abstract syntax.2.1 Sequential AutomataSequential automata are the basic elements of Mini-Statecharts. The construct(�; �d; �; �)is an element of S i� the following syntactic constraints hold:1. � 2 }fin(States) denotes the nonempty �nite set of all states of the automaton.2. �d; � 2 � represent the default state and the actual state, respectively. In contrastto conventional sequential automata we do actually need the state �d to initializeMini-Statecharts for reentering non-history decomposed states (see Section 3.2).3. � : ��B(M)! ��}fin(M) is the �nite, partial state transition function that takesa state and a Boolean term and yields the subsequent state together with a �niteset of output signals. For every Boolean variable a 2 M in the term t 2 B(M) theoccurrence of a means that signal a has to be present and :a means that this signalhas to be absent to enable the trigger condition. Of course, we also allow Booleanterms like :(a ^ b). In this case, both signals must not be present to enable thecondition. Trigger conditions formulated over Boolean terms allow any combinationof absent or present signals as guard.Obviously, we have chosen a very abstract syntactic notation for automata. This choicewas made to keep the semantic de�nitions easily understandable. In a more concretesyntax the �nite transition function could be represented by a tabular-like or graphicnotation. As the reader may already have detected, we do not explicitly denote the setof signals that the automaton A = (�; �d; �; �) can react on. This set is implicitly givenby the transition function �. � is exactly de�ned for these signals that A can react on.Example 1 (Sequential Automaton) We want to introduce our syntax by the aid ofan example which is borrowed and adapted from [HdR91]. It is a television set withremote control. Only two programs (1 and 2) can be received. Input events are providedby pressing the buttons \on", \o�", \txt", \sound", \mute", "1", and \2" on the remotecontrol unit. The Mini-Statechart that describes switching the TV on and o� is graphiclydescribed in Fig. 1. The graphic notation is borrowed from [Har87]: the default state ischaracterized by an extra arrow and every transition between states � and �0 is labeledwith \t/x", i� �(�; t) = (�0; x). The textual version of Fig. 1 is de�ned as follows:5



STV = (fON;STANDBYg;ON;ON; �TV )where the partial function �TV is given by:�TV (ON; o�) = (STANDBY; fg)�TV (STANDBY; on) = (ON; fg).fg means that no signals are generated at all.
ON

off / {}

on / {}
STANDBYFigure 1: Sequential Automaton2.2 Parallel CompositionIn this section we introduce parallel composition, capturing the property that, stayingin a state, the system has to stay in all of its parallel components [Har87]. Parallelcomponents may be considered to be orthogonal. Suppose S1 and S2 are elements of theset S of Mini-Statecharts. Then their parallel composition denoted by the syntaxAnd (S1; S2)is in S, too. There are no syntactic restrictions on this composition. This leads to aMini-Statechart that behaves like S1 and S2 simultaneously. In the graphic notationparallel components are separated by splitting a box into components using dashed lines[Har87]. Being in a parallel component means being in all of its substates at the same time,independently and concurrently. Note that the pure parallel composition does not containany broadcast communication mechanism as in the original literature. Communicationis carried out explicitly by the aid of our feedback operators which will be introduced inSection 3.2.2.Example 2 (Parallel Composition) In a TV, the operations of sound and image areindependent from each other, i.e., switching with the \txt" button from normal mode tovideotext mode does not a�ect the sound, et vice versa. For simplicity, we have only twosound levels, \MUTE" and \ON". The parallel Mini-Statechart that formally describesthis behavior is denoted in the following and graphicly represented in Fig. 2.And (SIMAGE; SSOUND)where the abbreviations SIMAGE and SSOUND are denoted as follows:SIMAGE = (fNORMAL;VIDEOTEXTg;NORMAL;NORMAL; �IMAGE)where �IMAGE(NORMAL; txt) = (VIDEOTEXT; fg)�IMAGE(VIDEOTEXT; txt) = (NORMAL; fg)6



SSOUND = (fMUTE;SOUNDONg;MUTE;MUTE; �SOUND)where �SOUND(MUTE; sound) = (SOUNDON; fg)�SOUND(SOUNDON;mute) = (MUTE; fg).
IMAGE SOUND

NORMAL MUTE

txt / {} txt / {} sound / {} mute / {}

VIDEOTEXT SOUNDONFigure 2: Parallel Composition2.3 Hierarchical DecompositionBesides orthogonality, depth is another important feature of Statecharts. The conceptof hierarchically structuring the state space is essential for Statecharts. Hence, we haveadapted the possibility of specifying hierarchically decomposed charts in our approach.Hierarchical decomposition is applied to express the re�nement of the decomposed state.Suppose that (�; �d; �; �) 2 S is a sequential automaton. ThenDec (�; �d; �; �) by %is in S, too, i�: % : �! (S � fHistory;NoHistoryg) [ fNoDecgis a total, �nite function. With respect to the construct Dec (�; �d; �; �) by % the se-quential automaton (�; �d; �; �) is called the master. A state � 2 � with %(�) 6= NoDec(where NoDec stands for no decomposition) is called a re�ned state of the master whereasS := �1(%(�)) is called the slave of the master which is controlled by state �. �i denotesthe i-th projection.The e�ect of this decomposition can be described by the following rules. Whenever thecurrent state of the master is � and %(�) = NoDec, then Dec (�; �d; �; �) by % has abehavior according to (�; �d; �; �). Otherwise, when � is entered, Dec (�; �d; �; �) by %starts behaving like master and slave simultaneously. When � is left, we distinguishbetween preemptive and non-preemptive exit/interrupt.With a non-preemptive interrupt, the slave �rst terminates its action concerning thecurrent input signals and then is left. The preemptive interrupt immediately interrupts theslave and abruptly terminates its action. Due to this behavior, we say that the transitionon the higher level of hierarchy has also a higher level of priority. Unlike [Mar92], allinformation about the current state(s) of the slave can be stored, i� �2(%(�)) = History.In the case that �2(%(�)) = NoHistory, S is reinitialized.7



In contrast to many other approaches, for example [Mar92, HRdR92], this paper providesa formal semantics for history decomposed states. In our approach, we consider a state �to be history decomposed, i� �2(%(�)) = History. When entering a \normal", i.e., non-history decomposed state � (�2(%(�)) = NoHistory), all sequential automata of the slaveare entered by their default states. However, if � is a history decomposed state, we haveto distinguish two di�erent cases. If � was never entered before, all sequential automataof the slave are entered by their default states as is in the non-history case. Otherwise,the sequential automata of the slave are entered by the states most recently visited, i.e.,by their actual states. Generally, history is applied only on the level in which it appears.If the history mechanism is made to apply all the way down to the lowest level of states,this is called deep history in [Har87]. In this paper we only explain a formal semantics fordeep history decomposed states.Mini-Statecharts conclude a clear and e�ective way to express hierarchical structures. Incontrast to Statecharts, this decomposition is fully modular because we prohibit inter-level transitions. Inter-level transitions are transitions between states of di�erent levels ofhierarchy. An example is pictured in Fig. 3. Prohibition of inter-level transitions impliesthat it is impossible to leave a master in dependence on the current state(s) of its slave.In Section 3.2.2 we will show how to bypass this problem.C A a=fg BFigure 3: Inter-level TransitionExample 3 (Hierarchical Decomposition) If we take a closer look at Fig. 1 and Fig.2 we �nd out that the latter one is a decomposition of the state \ON". When the TV is instate \ON", it can be either in normal mode or in videotext mode and the sound can be onor o�. The overall diagram is shown if Fig. 4. Staying in state \ON", the outer transitionwhich is triggered by \o�" has a higher priority than the inner ones, for example, theones labeled with \txt". If we assume that both signals \o�" and \txt" are simultaneouslypresent | this means that both buttons have been pressed | the system �rst changesthe internal state of \ON" and then leaves it. This semantic property, which is a kindof non-preemptive or weak interrupt, is formally denoted in the subsequent section. Theformal syntax for the decomposition of the state \ON" reads:Dec STV by %TVwhere the partial function %TV is de�ned in the sequel:%TV (ON) = (SON ;NoHistory) whereSON = And (SIMAGE; SSOUND)%TV (STANDBY) = NoDec. 8



IMAGE SOUND

NORMAL MUTE

txt / {} txt / {} sound / {} mute / {}

SOUNDONVIDEOTEXT

off / {}

on / {}
STANDBY

ON - NoHistory
Figure 4: Hierarchical Decomposition2.4 Feedback of Certain SignalsParallel composition is used to denote orthogonal components. However, mostly, parallelcomponents are not fully orthogonal. Therefore, Statecharts provide a broadcast commu-nication mechanism to pass messages between components working in parallel. In [Har87]this behavior already is integrated in the orthogonal composition of Statecharts. Broad-casting is achieved by feeding back all generated signals to all components. This meansthat there exists an implicit feedback mechanism at the outermost level of a Statechart.Unfortunately, this implicit signal broadcasting leads to a non-compositional semantics.We avoid this problem by adding an explicit feedback operator. In the literature di�er-ent semantic views of the feedback mechanism can be found [vdB94]. Hence, we providethree di�erent feedback operators to explore the practical usefulness of the most interest-ing views. Suppose that S is in S and L 2 }fin(M) is the set of signals which should befed back, then the constructsI-Feedback (S;L); M-Feedback (S;L); and D-Feedback (S;L)are also in S. They denote the instantaneous, the macro-/micro-step, and the delayedfeedback, respectively. These operators di�er in their signal propagation mechanisms:I-Feedback and D-Feedback feed the signals back at the same instant of time and atthe next instant of time, respectively. M-Feedback is more complicated and thereforewill be explained in detail in Section 3.2.2. There are no syntactic restrictions on thesecompositions.Note that the feedback compositions can be combined with signal scoping, which willbe presented in the subsequent section. Using feedback and hiding together makes thecommunication invisible for the environment of the components. Signals in L are calledinternal signals (relative to S). All other signals are called external signals (relative toS).Example 4 (Feedback) This example illustrates the feedback operator as well as the hie-rarchical history decomposition. We concentrate on the instantaneous feedback I-Feedbackhere. We assume that our TV has a really poor program o�er which only consists of twochannels. The state \NORMAL" (see Fig. 4) is decomposed as shown in Fig. 5. We needa two step decomposition to denote that only the \left" chart of the parallel component ishistory decomposed. The feedback operator is pictured in Fig. 5 as an extra box, sticked9



on the bottom of the Mini-Statechart.When we change from one channel to another, usually the sound is turned o� for a mo-ment, probably to avoid unwanted noises. To model this, we add two parallel componentsSCHANNELS and SSM (for switching mode). Pressing a channel button \1", \2" on theremote control, the internal signal \sm" is simultaneously generated and the TV switchesto the corresponding channel. At the moment, the reader must be content with this in-formal explanation. We will give a precise de�nition of our time hypothesis in Section 3.\sm" is instantaneously fed back by the aid of I-Feedback. Therefore, the parallel automa-ton SSM also is immediately triggered, i.e., reacts on the signal \sm" and simultaneouslygenerates the signal \mute". If \mute" is fed back in Mini-Statechart SON , pictured inFig. 4, SSOUND now reacts on \mute". Finally, the sound will be turned o�. After onetime tick, the event \sound" is generated to turn it on again. Therefore, besides \mute"also \sound" has to be fed back in SON .Dec SIMAGE by %IMAGE where%IMAGE(VIDEOTEXT) = NoDec%IMAGE(NORMAL) = (SFNORMAL;NoHistory) whereSFNORMAL = I-Feedback (SNORMAL; fsmg) whereSNORMAL = And (Dec SC by %C ; SSM) whereSC = (fCHg;CH;CH; "1)%C(CH) = (SCHANNELS;History) whereSCHANNELS = (fCH1;CH2g;CH1;CH1; �CHANNELS) where�CHANNELS(CH1; 1) = (CH1; fsmg)�CHANNELS(CH1; 2) = (CH2; fsmg)�CHANNELS(CH2; 1) = (CH1; fsmg)�CHANNELS(CH2; 2) = (CH2; fsmg)SSM = (fSILENT;LOUDg;SILENT;SILENT; �SM) where�SM (LOUD; sm) = (SILENT; fmuteg)�SM (SILENT;:sm) = (LOUD; fsoundg).As we can see now, \mute" and \sound" are as well as \sm" internal signals. Thesesignals have to be fed back relative to SON . Therefore, we have to modify %TV :%TV (ON) = (SFON ;NoHistory) whereSFON = I-Feedback (SON ; fsound;muteg).Note that \sound" and \mute" can occur as internal and as external signals, respectively.Thus, we do not hide these signals and therefore do not use the scoping mechanism.Nevertheless, \sm" has to be hidden, because it is a pure internal signal which can neverbe generated by pressing a button on the remote control. Local hiding of signals will bepresented in the following.2.5 Local Hiding of SignalsSpecifying large reactive systems possibly leads to large charts with many signal names.This may promote name clashes which could be avoided by the utilization of local hiding1" denotes the empty, i.e., totally unde�ned function.10
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CHANNELS
1 / {sm}

CH1 SILENT

1 / {sm} 2 / {sm} sm / {mute}

2 / {sm}

LOUD

sm / {sound}

NORMAL - NoHistoryCH - History
sm: I-Feedback :

Figure 5: Feedback and Hierarchical Decompositionof signals. It can be compared with the declaration of local procedure variables in a high-level programming language. Thus, to achieve modularity incoming and outgoing signalsof a chart may be hidden. Suppose that S is in S and L 2 }fin(M), then the constructLocal (S;L)is in S, too. There are no syntactic restrictions on this composition. Local (S;L) hidesany generation of any l 2 L by S and makes S insensitive to any l generated by the envi-ronment. Note that this operator is not available in conventional Statecharts. However,in our opinion it is essential to describe large reactive systems. It can be used to restrictsignals to certain components of the system. In the graphic notation signal hiding is {like feedback { represented by an extra box at the bottom of the original chart.Example 5 (Signal Hiding) In Example 4 we pointed out that we have to hide signal\sm". Thus, we must modify SFNORMAL:SFNORMAL = Local (I-Feedback (SNORMAL; fsmg); fsmg)Fig. 6 depicts the situation.3 Semantics3.1 Semantic Model: Streams and Stream Processing FunctionsIn this section we briey discuss the notion of streams and stream processing functionswhich we will use throughout this paper. First of all there is no unique notion of streamsin the literature. Our approach derives from domain theory and exploits the techniques11



CH2

SM

CHANNELS
1 / {sm}

CH1 SILENT

1 / {sm} 2 / {sm} sm / {mute}

2 / {sm}

LOUD

sm / {sound}

NORMAL - NoHistoryCH - History
sm: I-Feedback, Local :

Figure 6: Signal Hidingfrom [Pau87, Fre90, Gun92]. In our setting streams over the pcpo (pointed completepartial order) M are the initial solution to the domain equationX 'M 
 (X?)where 
 denotes the strict product of pcpo's and X? denotes the lifting of pcpo X. A briefintroduction to the speci�cation of distributed systems using the Focusmethodology canbe found in [SS95]. For a detailed description of Focus we refer to [BDD+93]. However,in this section we will give a more operational and informal explanation of the type ofstreams.The type of streams we use throughout this paper is a list-like type. Lists are wellknown from functional programming. In the literature three di�erent kinds of lists aredistinguished: �nite or strict lists, sequences and lazy lists. Our streams would be calledsequences in [Pau92].When we compute values in a programming language there is the possibility that thecomputation does not terminate. In our logical theory, there is a special denotation forthis case. We use the symbol ? to indicate that a computation did not (yet) terminate2.Of course our logic, which is closely related to LCF [Pau87], has to respect this specialconstant. If we apply an operation f to ?, which means to the result of a computationwhich did not (yet) terminate, we have do decide how much output f can produce from thislack of information. In a setting where operations have to evaluate all of their argumentsbefore they start to compute, the result of applying f to ? would again yield ?. However,in every reasonable programming language there is at least one operation which does notevaluate all of its arguments. This operation is the conditional. The conditional is calledstrict in its �rst and non-strict in its second and third argument.2For a background discussion, the interested reader is referred to [Sto77] and several references thereinto work by Dana Scott. 12



In most functional programming languages there are further non-strict operations. Thebasis for these non-strict operations are the constructors introduced in the de�nition ofthe types they operate on. In the special case of list-like types the central constructor isthe so-called `cons operator' for lists.Throughout this paper we use M! as a notation for the type of streams over M . Ournotation for the cons operator is &. Given an element m of type M and a stream s overM , the term m&s denotes the stream which starts with the element m followed by thestream s. When constructing the new stream with & we only insist in the de�nednessof m. De�nedness means here, that m must be di�erent from ?. However, we are notinterested in the de�nedness of s. This means that the cons operator & is strict in its �rstand non-strict in its second argument. Operationally, only the �rst argument is evaluatedfor the process of construction. More precisely, every stream s 2 M! is either ? or isconstructed by & from unique m 2M and s0 2M! where m is di�erent from ?.The destructor ft selects the �rst element of a stream. When applied to m&s, where mis di�erent from ?, it yields m. Otherwise the result is ?. The destructor rt selects therest of a stream. When applied to m&s it yields s regardless of the de�nedness of s.Otherwise the result is ?.The constructor & and the destructors ft and rt together with a �xed point operator arebasically all the operations we need to formulate other operations on streams includingstream processing functions. However, throughout this paper we use equational systemstogether with local de�nitions (let terms) to formulate recursive operations on streams.Besides the constructor and the destructors we use an auxiliary function s # i whichyields for a positive natural number i the i-th element of stream s. The function #:M! � PNat!M is strict in both arguments and has the following logical properties onde�ned arguments: m&s#1 = mm&s# (i+ 1) = s# i:By the aid of this technical background we should be able to understand the streamsemantics for Mini-Statecharts presented in Section 3.3. This stream semantics is derivedfrom a stepwise denotation which is going to be developed in the following section.3.2 The Step SemanticsThe underlying time hypothesis of our semantics is a global time measure. We assumethat every Mini-Statechart can make a step | at least an idle loop | at every singletime tick. This assures time progress because every single transition takes place in exactlyone time unit [GS95]. This behavior is guaranteed by reactive automata. In this sectionwe are not able to deal with the delayed feedback operator D-Feedback. The reason forneglecting it is obvious: even without having yet formally explained the delayed feedbackoperator the reader can easily imagine that when only talking about one single, namelythe actual step it is impossible to make conclusions about the next step. The functionalityof the strict step function is:stJ:K : SD ! }fin(M)! }fin(M)� SD13



where SD is de�ned by S without the D-Feedback operator. The step semantics yieldsa �nite set of output signals together with the subsequent Mini-Statechart which is nec-essary for de�ning the step semantics of the history operator as well as for the overallstream semantics. The rest of this section de�nes the step semantics for each element ofthe syntactic category of SD.3.2.1 CompositionSequential AutomatonInformally, a sequential, deterministic and reactive automaton (�; �d; �; �) takes a setof input signals, the so-called stimuli, produces a set of signals as output and then be-haves like an automaton with modi�ed actual state. Before we formally describe the stepsemantics of this kind of automaton, we have to do some observations �rst.The transition function � is worth of a more detailed consideration. � is de�ned on Booleanterms. Reactive systems, however, have to react to a set of signals. Thus, we have tode�ne which transition is triggered by a given set of signals. For this reason, we use astrict and total function trigger interpreting a Boolean term over signals with respect tosome given set of signals:trigger : B(M)� }fin(M)! ftt;�;?g:Remember that for every Boolean variable a 2 M in term t 2 B(M) the occurrence ofa means that signal a has to be present and :a means that this signal has to be absentto enable the trigger condition. Because (^;:) is a possible basis for Boolean terms wede�ne trigger for these constructs only. If one wants to deal with _;), ,, etc., triggersimply has to be adapted in a straight forward fashion. Let a 2 M , x 2 }fin(M) andt; t1; t2 2 B(M) then trigger (a; x) := a 2 xtrigger (t1 ^ t2; x) := trigger (t1; x) and trigger (t2; x)trigger (:t; x) := not trigger (t; x):To get a semantics which deals with sets of signals instead of Boolean terms, in the sequel,we consider a total, deterministic state transition function �0 with the functionality�0 : �� }fin(M)! �� }fin(M):For � 2 �A and x 2 }fin(M) we de�ne:�0(�; x) := 8><>: �(�; t) if 9t 2 B(M); �0 2 �; y 2 }fin(M) : �(�; t) = (�0; y)^trigger (t; x) = tt(�; fg) else.Note that the function � is only de�ned for �nitely many t 2 B(M). Therefore, the aboveexistential quanti�er is easily decidable. Obviously, �0 is a total function. Every sequentialautomaton with a total state transition function is reactive which means that it can make14



a step at every single time tick. This represents the characterizing property of reactivesystems. Additionally, we require deterministic automata which is expressed by3:8x 2 }fin(M); � 2 � : 91t 2 B(M); �0 2 �; y 2M :�(�; t) = (�0; y) ^ trigger (t; x) = tt:This property ensures �0 to be a well-de�ned function. Besides simulation, Statemate[Inc90], a Statecharts tool, provides the opportunity to generate executable, deterministicC code. The non-determinism in a Statemate speci�cation is resolved by the aid ofcomplicated rules. Therefore, we have decided to focus upon a deterministic semanticsright from the beginning. However, from a theoretical point of view there is no di�cultyto handle nondeterministic sequential automata.The behavior of a sequential automaton is denoted by:stJ(�; �d; �; �)Kx =let (�0; y) = �0(�; x)in (y; (�; �d; �0; �)).Note that the default state �d is never changed. In the sequel we will picture the �rstprojection of the step semantics, i.e., the signal-ow as (hierarchical) data-ow network.For the sequential automaton this is shown in Fig. 74.�0(�) stJ(�; �d; �; �)KFigure 7: Sequential AutomatonParallel CompositionInformally, the orthogonal composition of Statecharts behaves as S1 and S2 synchronouslytogether. Generated signals of the parallel components are uni�ed. As a consequence,multiple occurrences of one signal are neglected. The semantics of the parallel statecomponent And (S1; S2) is formally de�ned in the following:stJAnd (S1; S2)Kx =let (y1; S01) = stJS1Kx;(y2; S02) = stJS2Kxin (y1 [ y2;And (S01; S02)).The data-ow diagram in Fig. 8 depicts the signal ow of a parallel component.391 means that there exists exactly one.4We use the curried version of �0 in our �gures.15



stJAnd (S1; S2)KstJS2KstJS1K [Figure 8: Parallel CompositionLocal Signal-ScopingAs already mentioned, Local (S;L) for S 2 SD and L 2 }fin(M) hides any generation ofl 2 L by S and makes S insensitive to l generated by the environment, formally denotedby (compare Fig. 9):stJLocal (S;L)Kx =let (y; S0) = stJSK(xnL)in (ynL; Local (S0; L)). stJSKstJLocal (S;L)KnLnLFigure 9: Local Signal-ScopingHierarchical DecompositionDecomposition of a single state occurs when one wants to re�ne the behavior of thisstate. This decomposition for a sequential automaton (�; �d; �; �) is denoted by the total,�nite function %. An informal explanation of the following step semantics can be foundin Section 2.3. As we already explained in Section 2.3, we distinguish between preemp-tive and non-preemptive exit of the re�ned state. The formal semantics of hierarchicaldecomposition with non-preemptive exit is denoted as follows:stJDec (�; �d; �; �) by %Kx =let (�0; ymaster) = �0(�; x)in if %(�) = NoDecthen (ymaster;Dec (�; �d; �0; �) by %)else let (yslave; S0) = stJ�1(%(�))Kxin if ((�0 = �) or �2(%(�)) = History)16



then (ymaster [ yslave;Dec (�; �d; �0; �) by %[(S0; �2(%(�)))=�])else (ymaster [ yslave;Dec (�; �d; �0; �) by %[(init(S0);NoHistory)=�])where init is an auxiliary function which is responsible for initializing every sub-chart in�1(%(�)) if history behavior is undesired:init (�; �d; �; �) = (�; �d; �d; �)init And (S1; S2) = And (init(S1), init(S2))init Local (S;L) = Local (init(S); L)init I-Feedback (S;L) = I-Feedback (init(S); L)init M-Feedback (S;L) = M-Feedback (init(S); L)init Dec (�; �d; �; �) by % = Dec (�; �d; �d; �) by %0for a total, �nite function %0 with8� 2 � : if (%(�) = NoDec) then %0(�) = NoDecelse %0(�) = (init �1(%(�)); �2(%(�)).For every Mini-Statechart S, initS provides a modi�ed Mini-Statechart S0. All sequentialautomata contained in S0 are reseted by the initialization procedure which means thatthe actual state is set to the default state.
fftt

�0(�) %(�) == NoDec [stJDec (�; �d; �; �) by %KstJ�1(%(�))K
Figure 10: Hierarchical DecompositionIt is obvious why we call this kind of interrupt \non-preemptive" | whenever the masterchanges its state (� 6= �0), the generated signals of both master and slave are collected(ymaster [ yslave) and the slave changes its state for the last time. If we have a historydecomposed state, this change is stored in % by substituting �1(%(�)) by S0. Formally,this substitution is denoted by [(S0; �2(%(�)))=�].The reader may wonder why we have not de�ned a step semantics for preemptive inter-rupts. Of course, we could straight forwardly slightly modify the above de�nition. Wewould get a step semantics where the output of the slave yslave was neglected. If the master17



stJSK [x\L fxzFigure 11: Instantaneous Feedback | Preparationhad been history decomposed we would not initialize the slave as in the non-preemptivecase, but in contrast also would not substitute �1(%(�)) by S0. However, using preemptiveinterrupts in combination with signal feedback a problem occurs. This problem will beexplained in the next section.3.2.2 Signal Feedback | Di�erent Semantic ViewsSemantic feedback arises out of the signal propagation mechanisms provided by State-charts. A transition triggered by a signal set x1 may generate signals x2 as an action,i.e., if x1 occurs, the transition is taken and x2 occurs as next output set. A subset x02 ofthis set may now trigger other transitions. Again, signals x3 may be generated as actionwhich could trigger further transitions and so on. Obviously, we get a chain reaction. Inthe sequel, we formalize this explanation and present two di�erent semantic views for thefeedback operator.Instantaneous FeedbackThe synchrony hypothesis [Ber89] demands that action and the event causing this actionoccur at the same instant of time. As a consequence, the above mentioned chain reactioninstantaneously takes place. Fig. 11 depicts the situation.The signals in z generated by Mini-Statechart S are intersected with the signals L to befed back and then uni�ed with the external signals in x. This signal set is passed to Sat the same instant of time. Hence, to de�ne the semantics of stJI-Feedback (S;L)Kx wehave to �nd a solution for the following equation:z = �1(stJSK(x [ (z \ L))):This can be achieved by computing a �xed point for the subsequent function:�z:�1(stJSK(x [ (z \ L))):We abbreviate this function by fx. This computation may lead to the following two kindsof problems. 18



�01�02�1fa; bg : I-Feedback�2 :b=fag(c)a=fbg(a) �01�1�2fa; bg : I-Feedbacka=fbgb=fag �02 �01�02(b)�1fa; bg : I-Feedback�2 :b=fag:a=fbg
Figure 12: Problems with Fixed Points1. Existence of Several Fixed PointsLet us consider two sequential automataS1 = (f�1; �01g; �1; �1; �1)S2 = (f�2; �02g; �2; �2; �2)where �1(�1; a) = (�01; fbg) and �2(�2; b) = (�02; fag). Furthermore, let S = And (S1; S2),S0 = I-Feedback (S;L) where L = fa; bg (see Fig. 12(a)). Tab. 1 shows the input/outputbehavior of fx. z ffg(z) ffag(z) ffbg(z) ffa;bg(z)fg fg fbg fag fa; bgfag fbg fbg fa; bg fa; bgfbg fag fa; bg fag fa; bgfa; bg fa; bg fa; bg fa; bg fa; bgTable 1: Example: Several Fixed PointsObviously, for ffg two �xed points, namely fg and fa; bg exist. For this reason, [Mar92]would reject this Statechart as not being well-formed. Our approach di�ers in this point:we choose the least one of them, with respect to the subset ordering � on signal sets.This choice seems to be reasonable, because it coincides with the result we get whenoperationally computing the �xed point starting with the empty stimuli set. Moreover,Statecharts should not be able to generate signals without stimulus. This property iscalled causality and is fundamental in the framework of reactive systems.It is, however, possible to have several �xed points without having a least one. Todemonstrate this, we modify �1 and �2 of the above example in the following way:�1(�1;:a) = (�01; fbg) and �2(�2;:b) = (�02; fag). Fig. 12(b) shows the resulting Mini-Statechart and Tab. 2 the input/output behavior of fx. This Statechart has both fagand fbg as �xed points for the empty input set. These �xed points are not comparablewith respect to the subset ordering �. Furthermore, fg is not a �xed point. Hence, aleast �xed point does not exist.The reason for this result is that fg � fbg but ffg(fg) 6� ffg(fbg), i.e., ffg is not mono-tonic with respect to the subset ordering � on signal sets. An equivalent observation19



z ffg(z) ffag(z) ffbg(z) ffa;bg(z)fg fa; bg fag fbg fgfag fag fag fg fgfbg fbg fg fbg fgfa; bg fg fg fg fgTable 2: Example: No Least Fixed Pointcan be made for ffag and ffbg. Generally, fx may be non-monotonic if a signal occurs\negatively" in a trigger condition. However, negative signals are necessary to get deter-ministic automata. Whenever fx is non-monotonic, a least �xed point possibly does notexist. This may lead to an unde�ned semantics. Therefore, we have to reject this kind ofMini-Statecharts. They can be detected by static analysis.2. Nonexistence of Fixed PointsA further problem is the nonexistence of �xed points. We continue the example picturedin Fig. 12(a) by slightly modifying �2 to �2(�2;:b) = (�02; fag) (Fig. 12(c)). Again, theinput/output behavior of fx is shown in Tab. 3.z ffg(z) ffag(z) ffbg(z) ffa;bg(z)fg fag fa; bg fg fbgfag fa; bg fa; bg fbg fbgfbg fg fbg fg fbgfa; bg fbg fbg fbg fbgTable 3: Example: Nonexistence of Fixed PointNote that ffg does not have any �xed point. Whenever a �xed point for any possible setof input signals x for a Mini-Statechart does not exist, its semantics is also unde�ned.Again, this is caused by the non-monotonic behaviour of fx and we reject it as not beingwell-formed. Formally, the semantics of the instantaneous feedback (see Figs. 11 and 13)is de�ned by:stJI-Feedback (S;L)Kx =let fx = �z:�1(stJSK(x [ (z \ L)));(y; S0) = stJSK(x [ (lfp(fx) \ L))in (y, I-Feedback (S0; L)):lfp computes the least �xed point of a monotonic function and is de�ned as follows:lfp : (}fin(M)! }fin(M))! }fin(M)where lfp(fx) = ilfp(fx; fg) andilfp(fx;M) = if fx(M) = M then M else ilfp(fx; fx(M)):20



stJSK[(lfp(fx) \ L)stJI-Feedback (S;L)Kx Figure 13: Instantaneous FeedbackIf lfp is applied to a monotonic function fx : }fin(M) ! }fin(M) over the �nite type}fin(M) then lfp obviously terminates. The application lfp(fx) either immediately termi-nates or generates a subset of a strictly higher cardinality. }fin(M) only contains subsetswith �nite cardinality. Let n 2 IN be an upper bound for the cardinalities of the sets in}fin(M) then n is an upper bound for the cardinalities of the sets generated by fx, too.Thus, the function lfp does terminate after at most n+ 1 steps [CE81].The instantaneous feedback operator provides a possibility to simulate inter-level transi-tions. This is done by self termination. Self termination is carried out by inserting bothan additional auxiliary state and an additional auxiliary transition. The self terminationvariant of Fig. 3 is pictured in Fig. 14. Instead of using one inter-level transition weutilize one internal plus one external transition (relative to C). If signal a occurs andchart C is in state A, it reacts on this signal. Simultaneously, the signal b is generated.The transition between C and B is also labeled with a b which is instantaneously fed back.Therefore, C is left after having changed its internal state from A to B. Mathematically,we have ffag(fg) = fbgffag(fag) = fbgffag(fbg) = fbgffag(fa; bg) = fbgand get lfp(ffag) = fbg as unique �xed point. This kind of interrupt was called non-preemptive interrupt in the last section. Remember that we did not formally de�ne astep semantics for preemptive interrupts. The reason for this proceeding can be easily ex-plained with self termination. For the moment, let us assume that we would have de�neda preemptive version of the hierarchical decomposition. Preemptive interrupt means thatthe signal b would not be generated. Thus, the outermost transition could never react onb with only a as external signal, and self termination would not be possible. A �xed pointdoes not exist. Therefore, we would have to reject this chart. Hence, we cannot achieveself-termination with preemptive interrupts.Macro-/Micro-Step FeedbackIn this section we describe a further semantic view of the feedback operator. The basisof the macro-/micro-step feedback M-Feedback (S;L) is to distinguish between signalswhich are generated by the environment, or stimuli in short, and internal signals whichare generated by the system S itself.We assume that a reactive system gets a set of stimuli and starts reacting on it while the21



C b: I-FeedbackA a=fbg D Bb=fgFigure 14: Self Terminationstream of external stimuli is interrupted. Internal signals are fed back, the system reactson these signals, and proceeds until \useful" signals cannot be produced any longer. How-ever, in contrast to the instantaneous feedback the generated signals are fed back at thenext instant of time. Hence, the feedback mechanism results in a stream of signal sets.If this stream contains no \useful" signals anymore we say that the feedback operatorterminates (see below). If the feedback terminates, the generated signals are transmittedto the environment and the next stimulus set is reacted on. Every single step of this chainreaction is called a micro-step, whereas a series of micro-steps, starting with the �rst stepafter the input stream was interrupted and ending with the last step before the feedbackoperator terminates, is called a micro-cycle or macro-step.Di�erent Views of the Micro-CycleIn this section we present di�erent views of one micro-cycle. We distinguish betweenlifetime of stimuli and internal signals. Lifetime of both kinds of signals can be onemicro-step as well as one micro-cycle. Thus, in the sequel, four micro-step functionsrepresenting these views are de�ned:�stepsn : (SD � }fin(M))! }fin(M)! (}fin(M)� SD)!�stepsm : (SD � }fin(M)� }fin(M))! }fin(M)! (}fin(M)� SD)!for n 2 f1; 4g and m 2 f2; 3g, respectively. In the sequel, let (y; S0) = stJSKx for someset of signals x 2 }fin(M). Now, we distinguish four di�erent cases.1. Lifetime of both stimuli and internal signals is one micro-step:�steps1(S;L)x = (y; S0)&�steps1(S0; L)(y \ L):2. Lifetime of stimuli is one micro-step and lifetime of internal signals is the wholemicro-cycle:�steps2(S;L;K)x = (y; S0)&�steps2(S0; L;K [ (y \ L))(K [ (y \ L)):3. Lifetime of stimuli is the whole micro-cycle and lifetime of internal signals is onemicro-step: �steps3(S;L;K)x = (y; S0)&�steps3(S0; L;K)(K [ (y \ L)):22



� �a=fg :a=fbgFigure 15: Restart after \Termination"4. Lifetime of both stimuli and internal signals is the whole micro-cycle:�steps4(S;L)x = (y; S0)&�steps4(S0; L)(x [ (y \ L)):To de�ne the step semantics of the macro-/micro-step feedback operator, we have todiscuss the notion of termination �rst. According to [HPSS87] a macro-step terminatesif no transition is possible anymore. At �rst glance, this notion of termination seems tobe sensible. At second glance, however, the following two problems arise. First of all,reactive systems never terminate in a classical sense. This is assured by our total transitionfunction �. To achieve a similar behavior as proposed in [HPSS87] we could de�ne a macro-step to terminate if no actual state is changed and no signals are generated. However,this solution is not adequate. Because of the existence of negative trigger conditions theMini-Statechart is able to restart if no signals are generated.Example 6 The automaton A in Fig. 15 shows an example for this phenomenon. Letus assume that state � has been reached. Now, let signal a be sent by the environment.Thus, A generates the empty set of signals and stays in state �, i.e., the actual state doesnot change and no signals are generated. However, the empty set of signals triggers thecondition :a. Hence, A \restarts" and produces fbg as new output.As a consequence, we have to de�ne another notion of termination:Termination of a Micro-CycleLet S 2 SD and L 2 }fin(M), then we say that M-Feedback (S;L) terminates for stim-ulus x 2 }fin(M) relative to f 2 f�stepsn(S;L) : n = 1; 4g [ f�steps2(S;L; fg)g [f�steps3(S;L; x)g in step i 2 IN i� there exists a set of signals y 2 }fin(M) such that:8j 2 IN : j � i) �1(f(x)#j) = y ^ (�2(f(x)#j) = �2(f(x)# (j + 1))):This means that | beginning with step i | the feedback operation produces the samesignal set y in every single successor-step and the corresponding Mini-Statechart does notchange its internal structure forever. We say it has reached a stable state. In the sequelwe will abbreviate this termination predicate to term (S;L; f; i; x).The Step Semantics of the Macro-/Micro-Step FeedbackThe behavior of the step semantics according to the di�erent views mentioned above isnow formally denoted by:1. stJM-Feedback (S;L)Kx = (�steps1(S;L)x)#k if term (S;L; �steps1(S;L); k; x) andstJM-Feedback (S;L)Kx = (?;?) else.23



2. stJM-Feedback (S;L)Kx = (�steps2(S;L; fg)x)#k if term (S;L; �steps2(S;L; fg); k; x)and stJM-Feedback (S;L)Kx = (?;?) else.3. stJM-Feedback (S;L)Kx = (�steps3(S;L; x)x) # k if term (S;L; �steps3(S;L; x); k; x)and stJM-Feedback (S;L)Kx = (?;?) else.4. stJM-Feedback (S;L)Kx = (�steps4(S;L)x)#k if term (S;L; �steps4(S;L); k; x) andstJM-Feedback (S;L)Kx = (?;?) else.Note that only internal signals of the very last micro-step are transmitted to the envi-ronment. But it would not be hard to rede�ne this step semantics in such a way that allinternal signals are collected and transmitted to the environment after termination. Thisis left to the reader. Theoretically, we only require the semidecideability of the predicateterm. Of course the termination of each macro-step is in practice even (fully) decidableby static analysis because our Mini-Statecharts only deal with a �nite state and signalspace. Hence, we also could have de�ned a total step semantics as for the instantaneousfeedback. If the micro cycle does not terminate we assign (?;?) as semantics which coin-cides with the e�ect of testing termination of the micro cycle. Testing may not terminateitself which would yield a ? result.3.3 The Stream SemanticsAs mentioned in the introduction, the semanticmodel associates with everyMini-Statecharta stream processing function with typeDJ:K : SD ! }fin(M)! ! }fin(M)!:The input as well as the output of our semantics is a stream of signal sets. In contrastto the step semantics, the stream semantics does not yield a subsequent Mini-Statechart.More precisely, the stream semantics of Mini-Statecharts is the iteration of the step se-mantics: DJSKx&xs =let (y; S0) = stJSKxin y&DJS 0Kxs.The stream semantics models the complete input/output history of a Mini-Statechart in afunctional way. Hence, it can be used immediately to prototype Mini-Statecharts withoutany further modi�cation.3.4 Adding the Delayed Feedback OperatorCausality problems which can occur when dealing with instantaneous feedback can beavoided by the aid of a delayed feedback. The di�erence between the instantaneous andthe delayed feedback is that every action of an event is considered to occur at the nextinstant of time as additional input. The delayed feedback is more intuitive than theinstantaneous and therefore suitable for the layman. However, a stepwise semantics forthis operator cannot be speci�ed because we need access to the \next" step.24



In the last section we demonstrated how to derive a stream semantics from a step seman-tics. This straight forward development was possible because we did not allow the use ofthe delayed feedback operator. If we additionally integrate the delayed feedback operator,we cannot design a step semantics. The reason is that we have not only to think about\what is in a step" [PS91], but what is in a step and the very next step, too.Thus, we have to go without a step semantics. We immediately start with the streamsemantics which now contains all syntactic categories of S. The functionality of the strictstream semantics is: J:K : S ! }fin(M)! ! (}fin(M)� S)!:In contrast to the interpretation function DJ:K each output stream element not only con-sists of a set of signals but in addition of the subsequent Mini-Statechart. For DJ:K thiswas the task of the step function. In the sequel, we de�ne the stream semantics for eachelement of the syntactic category. Note that we also have to rede�ne the stream semanticsfor all syntactic categories in SD because we cannot utilize the step semantics any longerby reason of its mutually recursive de�nition.Sequential AutomatonJ(�; �d; �; �)Kx&xs =let (�0; y) = �0(�; x)in (y; (�; �d; �0; �))&J(�; �d; �0; �)Kxs.Parallel CompositionJAnd (S1; S2)Kx&xs =let (y1; S01) = ft(JS1Kx&xs);(y2; S02) = ft(JS2Kx&xs)in (y1 [ y2;And (S01; S02))&JAnd (S01; S02)Kxs.Local Signal-ScopingJLocal (S;L)Kx&xs =let (y; S0) = ft(JSK(xnL)&xs)in (ynL; Local (S0; L))&JLocal (S0; L)Kxs.Hierarchical DecompositionJDec (�; �d; �; �) by %Kx&xs =let (�0; ymaster) = �0(�; x)in if %(�) = NoDecthen (ymaster;Dec (�; �d; �0; �) by %)&JDec (�; �d; �0; �) by %Kxselse let (yslave; S0) = ft(J�1(%(�))Kx&xs)in if ((�0 = �) or �2(%(�)) = History)then let S 00 = Dec (�; �d; �0; �) by %[(S0; �2(%(�)))=�]in (ymaster [ yslave; S00)&JS00Kxselse let S00 = Dec (�; �d; �0; �) by %[(init(S0);NoHistory)=�]in (ymaster [ yslave; S00)&JS00Kxs.25



Delayed FeedbackJD-Feedback (S;L)Kx1&x2&xs =let (y; S0) = ft(JSKx1&x2&xs)in (y;D-Feedback (S0; L))&JD-Feedback (S 0; L)K(x2 [ (y \ L))&xs.Instantaneous FeedbackJI-Feedback (S;L)Kx&xs =let fx = �z:�1(ft(JSK(x [ (z \ L))&xs));(y; S0) = ft(JSK(x [ (lfp(fx) \ L))&xs)in (y; I-Feedback (S0; L))&JI-Feedback(S 0; L)Kxs:Macro-/Micro-Step FeedbackAs we showed in the last section, there is a need to distinguish four di�erent cases ofmicro-step functions. These functions were de�ned on the lines of the step semanticsfor some stimulus x 2 }fin(M). Now, we cannot any longer apply the step semantics.Thus, we have to rede�ne the micro-step functions. Fortunately, there are only someslight modi�cations to do. Instead of using the de�nition (y; S0) = stJSKx, we now denote(y; S0) by ft(JSKx&xs) for some arbitrary stream of sets xs 2 }fin(M)!. The rest of thede�nition does not change:�steps1(S;L)x = (y; S0)&�steps1(S0; L)(y \ L)�steps2(S;L;K)x = (y; S0)&�steps2(S0; L;K [ (y \ L))(K [ (y \ L))�steps3(S;L;K)x = (y; S0)&�steps3(S0; L;K)(K [ (y \ L))�steps4(S;L)x = (y; S0)&�steps4(S0; L)(x [ (y \ L)):Note that xs can be arbitrary chosen because we only talk about one micro-cycle, i.e.,the reaction on one stimulus. Hence, there is no need at all to consider the subsequentstimuli. However, we have to utilize an in�nite stream to be able to de�ne the streamsemantics which is used to denote the micro-step functions.Having carried through this simple modi�cation, the micro-step functions keep their func-tionalities. Therefore, it is not necessary to rede�ne the notion of termination of a micro-cycle. Altogether, the stream semantics of the four di�erent views of the macro-/micro-step feedback is formally denoted by:1. JM-Feedback (S;L)Kx&xs = ((�steps1(S;L)x)#k)&JM-Feedback(S0; L)Kxsif term (S;L; �steps1(S;L); k; x) andJM-Feedback (S;L)Kx&xs = ? else, where S 0 denotes �2(�steps1(S;L)x)#k.2. JM-Feedback (S;L)Kx&xs = ((�steps2(S;L; fg)x)#k)&JM-Feedback(S0; L)Kxsif term (S;L; �steps2(S;L; fg); k; x) andJM-Feedback (S;L)Kx&xs = ? else where S 0 denotes �2(�steps2(S;L; fg)x)#k.3. JM-Feedback (S;L)Kx&xs = ((�steps3(S;L; x)x)#k)&JM-Feedback(S0; L)Kxsif term (S;L; �steps3(S;L; x); k; x) andJM-Feedback (S;L)Kx&xs = ? else where S 0 denotes �2(�steps3(S;L; x)x)#k.26



4. JM-Feedback (S;L)Kx&xs = ((�steps4(S;L)x)#k)&JM-Feedback(S0; L)Kxsif term (S;L; �steps4(S;L); k; x) andJM-Feedback (S;L)Kx&xs = ? else where S 0 denotes �2(�steps4(S;L)x)#k.3.5 Comparing the Feedback OperatorsWe have introduced three di�erent kinds of feedback operators. In this section we want todiscuss their advantages and drawbacks. The most important feature of the instantaneousfeedback operator is that action and the event causing this action occur at the same instantof time. As a consequence, messages can be passed between components without any timegoing by. Due to this property, timers can easily be speci�ed by the aid of this operator.However, the usage of the instantaneous feedback operator may cause conicts. Severalor no �xed point may exist. Hence, causality problems may occur. Though such Mini-Statecharts, in principle, can be detected by static analysis the runtime may sometimesbe to high. Furthermore, I-Feedback is not easy to understand for the layman. Therefore,it might not be accepted by users.In contrast, the delayed feedback operator has an easy intuitive semantics and is thereforesuitable for the layman. Mini-Statecharts that would be rejected by I-Feedback would notby D-Feedback. Indeed, we never have to reject a chart when using the delayed feedbackoperator alone. The reason is that we do not have to compute any �xed points. Unfortu-nately, we could not de�ne a step semantics for this operator. Applying D-Feedback therealways is one tick between occurrence of the event and generation of the action. Thus,signal passing takes time. This impedes the correct handling of time signals. In particular,the D-Feedback operator cannot be used for simulating \in state" events [Inc90] whereasI-Feedback can.The macro-/micro-step feedback operator provides a possibility to distinguish betweenexternal and internal signals. This is a feature that is desired by our industrial part-ners. As for the delayed feedback operator causality problems cannot occur. However,we have to concern ourselves with termination problems. This feedback operator enablesus to write Mini-Statecharts that, given a set of external signals, never terminate. Non-terminating charts only have an arti�cial semantics (?). In practice, such charts maycause serious problems because they do not react to external signals anymore. Theoreti-cally, non-terminating charts can be detected by static analysis. But, again, in practice,the complexity will often be to high. Further on, using a cascade of this operator impliesan hierarchical notion of time. This may lead to a confusing and impenetrable semantics.Naturally, it is possible to use all feedback operators together in one speci�cation. How-ever, mixing all operators may lead to a semantics that is by no means intuitively clear. Inour opinion, I-Feedback provides a clean theoretical concept. Determining which feedbackoperator is the most appropriate one is left to future work and is hoped to be found outby the aid of case studies with our industrial partner BMW.27
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