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AbstractThis technical report provides a theoretical basis for the implementation of a TTCNtest case simulator. In order to base the implementation on existing code, an automatabased model has been chosen, i.e., in the model a TTCN test case shows an automatonlike behavior. The procedure is the following: TTCN test cases are transformed into aninternal structure, which afterwards can be interpreted by using the provided enablingconditions and execution rules. The model covers control and data ow aspects of normaland concurrent TTCN.AcknowledgementsThis work was supported by the KWF-Project No. 2555.1 'Graphical Methods in the TestProcess'.
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1 IntroductionThe aim of this technical report is to provide a theoretical basis for the implementation ofa simulator for TTCN1 test cases. This means a model which allows to interpret TTCNtest cases has to be provided. In order to base our implementation on existing code andexisting tools, in particular the SaMsTaG tool [2, 3, 4, 18], we choose an automatamodel. The model provides an interleaving semantics. Concurrency is described byindeterminism, i.e., the execution of a TTCN test case is described by all interleavedtraces of concurrently executed events.The notations which are used for the de�nition of the entire model are inuenced by[1], [15] (i.e., Petri net theory), [18] (i.e., the SaMsTaG approach), [8], and [17].However, the procedure is the following. At �rst the control ow aspects and then thedata aspects of a TTCN test case are modeled. Finally, control ow and data aspects arecombined in order to treat all aspects of a TTCN test case.The control ow aspects are treated by transforming the dynamic part of a test casedescription into a directed graph with several sorts of edges. The nodes represent testevents and the edges describe the inuence on the control ow by the di�erent sorts oftest events. The graph is called test case control structure. Based on the test case controlstructure control states for TTCN test cases are de�ned. In such a control state severaltest events may be executable. They can be determined by using a control enablingcondition and executed by applying an execution rule. The execution rule describes thetransformation of the actual control state into a new control state when a control enabledtest event is executed. A repeated use of enabling condition and execution rule allows thesimulation of the control ow of a TTCN test case.A similar approach is used for modeling the the inuence of data on the behaviorof a TTCN test case. We de�ne a test case data data structure which relates each testevent to a predicate and a set of expressions. Furthermore, it includes a set of typed statevariables. The predicates are used to specify enabling conditions which depend on datavalues. The expressions de�ne the transformation of state variables when a test event isexecuted. Subsequently, a tuple which includes a value for each state variables forms adata state of a TTCN test case. Based on the knowledge of data structure and data statewe de�ne a data enabling condition and an execution rule for data enabled test events.The models for control ow and data aspects are the basis for the treatment of completeTTCN test cases. Enabling conditions and execution rules of both models are combinedand form enabling condition and execution rule for complete TTCN test cases.The proposed model is able to handle most TTCN constructs including parallel TTCN.Only recursive tree attachments can not be treated. For practical reasons we didn'tmodel the inuence of the language constructs TIMER START, TIMEOUT, CANCEL,and TERMINATE on the control ow, but it is shown how these constructs can beintroduced.This chapter is organized in the following way. Section 2 introduces some basic de�ni-tions. The control ow of a TTCN test case is modeled in Section 3. Section 4 describesthe inuence of data on the behavior of TTCN test cases. Control ow and data aspects1The details concerning TTCN can be found in the language de�nition [11, 12, 13]. Tutorials onTTCN can be found in [2] and [16]. 1



are combined in Section 5. In Section 6 we provide two examples which describe howthe entire model works. A remark concerning complexity (Section 7), a comparison withother approaches (Section 8) and a summary (Section 9) conclude this chapter.2 Basic de�nitionsGenerally, we use the standard notations which need no special explanation. We onlyintroduce some de�nitions for graphs, sequences, queues, and data handling which mayfacilitate the reading of the following sections.2.1 Directed graphsDe�nition 2.1 (Directed Graph) A directed graph is de�ned by a pair (N;E), where:(a) N 6= ; is a �nite set of nodes; and(b) E � N �N is a �nite set of edges.Within a graph there may exist several di�erent relations between its nodes, or the edgesmay be labeled with additional information. The de�nition of such graphs only is moreextensive, but not much more complicated. As an example we present the de�nition of adirected graph with labeled edges.De�nition 2.2 (Directed graph labeled edges) A directed graph with labeled edgesis de�ned by a tuple LG = (N;L; �), where:(a) N 6= ; is a �nite set of nodes;(b) L 6= ; is a �nite set of labels; and(c) � � N � L�N is the set of labeled edges of LG.The relation of two nodes within a directed graph can be described comfortably by usingthe terms successor and predecessor. We de�ne them formally.De�nition 2.3 (Successor and predecessor) Let G = (N;E) be a directed graph anda; b 2 N .1. The set a� is de�ned by a� = fb j (a; b) 2 Eg. An element of a� is called a successorof a.2. The set �a is de�ned by �a = fb j (b; a) 2 Eg. An element of �a is called a predecessorof a.For graphs with more than one relation the sets a�, and �a have to be related to thecorresponding relation. We distinguish the di�erent sets by annotating them with therelation name, e.g. a�E and �aE where E denotes a relation.2



2.2 SequencesIn the following we are often working with sequences. For example, a trace is a sequenceof events or the contents of a message queue is a sequence of messages.De�nition 2.4 (Sets of sequences) Let A be an arbitrary set, then we de�ne the fol-lowing four sets:1. A� are the �nite sequences over A,2. A! are the in�nite sequences over A, and3. A1 = A� [ A! are the �nite and in�nite sequences.De�nition 2.5 (Operations on sequences) Let S � A1, and t; u; v 2 A1, anda; b; c; d; a0; : : : ; an 2 A.1. ? is the empty sequence.2. t�u denotes the concatenation of t and u. In cases where the meaning is unambiguousthis notation may abbreviated by omitting the dot, e.g., t�u may be abbreviated bytu.3. ha0; : : : ; ani is the �nite sequence consisting of the elements a0; : : : ; an.4. tk denotes the k-th element of the sequence t.5. t(k) denotes the sequence consisting of the �rst k elements of t.6. t < u "t is a strict pre�x of u" holds, i� 9v 6= ? : t � v = u.7. t v u "t is a pre�x of u" holds, i� 9v : t � v = u.8. #t denotes the length of t (Note, if t is in�nite then #t =1).9. first(t) denotes the �rst element of t.10. rest(t) denotes the rest of t.11. last(t) denotes the last element of t.12. a ct denotes the �ltered trace of t, i.e., the trace which contains only the elementa, e.g., a cha; b; a; ci = ha; ai. As a generalization of this �lter operation, the �rstoperand may also be a set. 3



2.3 QueuesThe test components in parallel TTCN communicate via in�nite FIFO queues. We intro-duce some basic notations to handle queues.De�nition 2.6 (Queue and the state of a queue) Let X be a set.1. A queue q is a container for a sequence w 2 X�. The sequence can only be alteredand accessed only by applying the operations enqueue, dequeue, and next (cf. De�-nition 2.7).2. The actual state s of the queue q denotes the actual stored sequence in the queue.To handle the state of a queue we de�ne the function qstate. Let QX be a set of queuesover the alphabet X.3. qstate : QX ! X� is a function which returns the actual state of a queue.De�nition 2.7 (enqueue, dequeue, and next) Let q be a queue which may store se-quences over the set X, let x 2 X and w 2 X�n?.1. 'enqueue' is an operation which alters the state of a queue by appending an elementx 2 X. For example, let w be qstate(q) then enqueue(q; x) alters the state of q tow�x.2. 'dequeue' is an operation which alters the state of a queue by removing the �rstelement. For example, let x�w be qstate(q) then dequeue(q) alters the state of q tow. dequeue(q) does not do anything if it is applied to an empty queue.3. 'next' is an operation which returns the �rst element of the actual queue state. Thestate is not altered. For example, let x�w be qstate(q) then next(q) returns theelement x. next returns ? if it is applied to an empty queue.2.4 Data handlingThe following de�nitions do not claim to de�ne the entire meaning of TTCN data typesor ASN.1. They are general in order to describe the inuence of data values on the controlow of TTCN test cases. We assume some intuitive knowledge concerning data types,typed variables, expressions, functions, and predicates.De�nition 2.8 (Data type, variable, assignment, function, predicate)1. A data type de�nes a (possibly in�nite) set of data values, e.g., the data type DAY Smay characterize the elements of the set fMon; Tue;Wed; Thu; Fri; Sat;Sung.2. A typed variable is a container for a value of a speci�c type. A typed variable hasa name, i.e., the identi�er of the container, and a value, i.e., the actual contentsof the container. The value is referred to by using the variable name, e.g., let thevariable y have the value 3 then the expression x+ 2 denotes the integer value 5.4



3. A function is an injective relation from one set of values, called domain of f ordom(f), into another set of values, called range of f or ran(f). Often this isstated by the statement: f : dom(f) ! ran(f), e.g., the integer addition + ischaracterized by: + : integer ! integer.4. A predicate P is a function with the range Boolean, i.e., the values true and false.P is characterized by: P : dom(P ) ! ftrue; falseg. We say that a predicate isvalid if it evaluates to true.We intend to simulate TTCN test cases without knowledge about a corresponding IUT.Sometimes the value of control variables of a test case may depend on parameter valuesof signals received from the IUT. In such a case we are not able to determine a variablevalue precisely. In order to indicate that a variable value is not known we introduce thespecial value unknown (/).De�nition 2.9 (The special value 'unknown' and its handling)1. The special value unknown / denotes that a value value can not be determinedexactly or is not known. We assume that the value / can be used for all possibletypes of values.2. If the evaluation of a function f depends on an unknown value, f evaluates to /.For example, 3+ /=/, but, 0� / +1 = 1.3. If the evaluation of a predicate P depends on an unknown value, P evaluates totrue. For example, false _ / = true, but false ^ / = falseThe special handling of unknown values in predicates may need some explanation. Withinthe simulation process of TTCN test cases we will use predicates to express enablingconditions for test events which depend on the values of test case control variables2.The incomplete knowledge about the corresponding IUT should not lead to the exclusionof simulation paths. Subsequently, all predicate values which depend on variables withunknown values should evaluate to true.3 Modeling the control ow of TTCN test casesIn this section we present a model for the handling of the control ow aspects of a TTCNtest case. We start with the de�nition of a test case control structure, followed by thede�nitions of a test case control state, a control enabling condition and an execution rulefor control enabled events. Based on these de�nitions traces, reachability sets and globalstate graphs for the control ow of a TTCN test case are introduced. The section endswith some remarks concerning character and restrictions of the presented model.2For example, a control variable may be the counter in a counter loop.5



3.1 The control structure of a TTCN test caseIn this section we introduce a directed graph, called test case control structure, with foursorts of edges. This graph is able to describe the control ow aspects of a TTCN test case.The transformation of a TTCN test case description into the graph is given informally byproviding some examples which describe the meaning of nodes and edges of the graph.De�nition 3.1 (Test case control structure) A test case control structure of a testcase TC is de�ned by a directed graph with four sorts of edges. Formally it is given bythe tuple TCCS = (TE; t0; nte; attach; create; cm), where:(a) TE 6= ; is a �nite set of test events.(b) t0 62 TE is the start node of the test case.(c) nte � TE � TE is the next-test-event relation.(d) attach � TE � TE is the attach relation. The attach relation is used to model theattachment of TTCN behavior trees.(e) create � TE�TE is the create relation. It is used to model the creation of paralleltest components by a main test component.(f) cm � TE � TE is the coordination-message relation. The cm relation is used tomodel the exchange of coordination messages between parallel test components.In the following we present some examples which may be helpful to describe the meaningof the test case control structure. We show some behavior descriptions of TTCN testcases and their representation in our graph structure. The formal mapping of a TTCNtest case into a test case control structure will be de�ned later.Example 3.1 (The meaning of test events and start node) Test events are theactions which have to be executed by the test devices in order to run the test case. InTTCN test events are speci�ed within the Behaviour Description column of the dynamicbehavior tables, e.g. Figures 1 (a), 2 (a), or 3 (a). Generally, each test event in a TTCNtest case description is related to one test event in the corresponding test case controlstructure. There are only a few exceptions of this rule. The tree attachment, i.e., theAttach construct, is modeled by two nodes and the UNTIL statement within the Repeatconstruct is modeled by three nodes. The details will be explained later.For technical purposes we introduce top nodes which are annotated with the name ofthe test case or test step description. The top nodes have no corresponding test event inthe TTCN behavior description. These nodes can be considered to be the anchor nodesof TTCN trees. Later on they are used to enable the �rst event of attached trees andparallel test components.The start node is one of these extra nodes. It is the anchor of the whole test case.It is used to identify the �rst test event of the test case. For example, the top node ofthe graph in Figure 1 (b) is given by the node TC1 and in Figure 3 (b) the start node iscalled TC3. 6



Test Case Dynamic BehaviourTest Case Name: TC1Nr Label Behaviour Description1 A!ConReq2 B?ConInd3 B!ConResp4 A?ConConf5 A?DisInd(a) TTCN behavior tree
TC 1

A!ConReq

A?DisInd
B?ConInd

B!ConResp

A?ConConf(b) Test case control structure of (a)Figure 1: Simple TTCN test case and the corresponding test case control structureTest Case Dynamic BehaviourTest Case Name: TC2Nr Label Behaviour Description1 LA A!ConReq2 B?ConInd3 B!ConResp4 A?ConConf5 GOTO LA6 A?DisInd(a) TTCN behavior tree
TC 2

LA  A!ConReq

A?DisInd
B?ConInd

B!ConResp

A?ConConf

G OT O LA(b) Test case control structure of (a)Figure 2: TTCN test case with loops and the corresponding test case control structureExample 3.2 (The meaning of the nte relation) Figure 1 shows the behavior treeof a simple TTCN test case (a) and the corresponding test case control structure (b).The graph in (b) is a simple tree. The tree structure is determined by the TTCN testevents and the possible sequences of test events. These sequences are described by the nterelation. The graph in (b) includes no attach, create and cm edges because the TTCNdescription includes no parallel test components and no tree attachments.The use of GOTO and REPEAT statements within a TTCN test case may lead toloops within the corresponding test case control structure. Figure 2 provides an example.Example 3.3 (The meaning of the attach relation) The TTCN test case descrip-tion in Figure 3 (a) consists of two behavior trees. The main tree TC3 and the local treeTStep1. TStep1 is attached to TC3 by means of the attach statement +TStep1.For technical purposes in the corresponding test case control structure an attach state-ment is represented by two nodes which are related by the attach relation, i.e. +TStep17



Test Case Dynamic BehaviourTest Case Name: TC3Nr Label Behaviour Description1 A!Sig12 B?Sig23 +TStep14 A!Sig45 A?Sig3 Test Step Dynamic BehaviourTest Step Name: TStep1Nr Label Behaviour Description1 A!Sig52 B?Sig63 B?Sig74 A?Sig8(a) Two TTCN behavior trees
A!Sig1

A?Sig3
B?Sig2

A!Sig5

A?Sig8 B?Sig6

B?Sig7

A?Sig4
nte  relation

attach  relation

TC 3

TStep1
+TStep1(1)

+TStep1(2) (b) Test case control structure of (a)Figure 3: Using the attach relation for modeling the TTCN tree attachmentin (a) is represented by +TStep1(1) and +TStep1(2) in (b). The nte edges describe thetransfer of the control ow from the main tree to the test step and back to the main tree.A test step may be called from di�erent places of the main tree. As a consequenceeach �nal test event of the attached test step has nte edges to di�erent statements ofthe main tree. Only from the nte relation it is not clear to which point of the main treethe control should return. Within our state de�nition we will use the attach relation toremember the correct point of return. It is obvious that such a mechanism is not able tohandle recursive tree attachments.Example 3.4 (The meaning of create and cm relation) The TTCN test case inFigure 4 (a) comprises a main test component TC4 which creates the parallel test com-ponent PTC by using the test step de�nition TStep2. The test components synchronizethemselves by exchanging the coordination messages Coord1 and Coord2.8



Test Case Dynamic BehaviourTest Case Name: TC4Comment: This is the MTCNr Label Behaviour Description1 A!Sig12 B?Sig23 CREATE(PTC,TStep2)4 CP!Coord15 CP?Coord26 A?Sig3 Test Step Dynamic BehaviourTest Step Name: TStep2Comment: This is the PTCNr Label Behaviour Description1 C!Sig42 CP?Coord13 C?Sig54 CP!Coord2(a) Main test component MTC and a parallel test component PTC
TC 4

A!Sig1

A?Sig3
B?Sig2

C!Sig4

CP?Coord1

C?Sig5

CREATE(PTC,TStep2)

CP!Coord1

CP?Coord2

CP!Coord2
nte  relation

create  relation

cm  relation

TStep2

(b) Test case control structure of (a)Figure 4: Modeling the creation and synchronization of parallel test componentsAs shown in Figure 4 (b) the create and cm relation are used to describe the orderingof test events in di�erent test components. For example, the �rst test event of TStep2can only be performed after the execution of the corresponding CREATE event by TC4.Analogously, the coordination message Coord2 can only be received by TC4 after itssending by TStep2.A test case may consist of several test components. The test events within the corre-sponding test control structure are related to these test components. For simpli�cation weassume that test steps are local to test components, i.e. within a test case a test step onlycan be attached by one test component. Furthermore, we assume that di�erent createevents refer to di�erent test step de�nitions, i.e. 8te 2 TE : #(�tecreate [ te�create) � 1,9



and that a test step which can be instantiated as test component is not used for treeattachment, i.e. 8te 2 TE : te�create \ te�nte = ;.3.2 The control state of a TTCN test caseIt is our aim to simulate the control structure of a TTCN test case. This is done byde�ning the control state of a TTCN test case and by de�ning the transition from onestate to another when a test event is executed. Before we can de�ne a control state weneed some de�nitions to handle the queues at the coordination points of parallel testcomponents.Parallel test components synchronize themselves and communicate by exchanging co-ordination messages at coordination points. A coordination point can be seen as a gatebetween two test components. Coordination points have to be declared in the declarationspart of the TTCN test suite. According to the TTCN semantics a coordination point ismodeled by two in�nite FIFO queues, i.e. one FIFO queue for each direction.During the simulation of a TTCN test case the execution order of test events is in-uenced by these FIFO queues. In order to preserve the correct order of test events wealso have to model a queue mechanism for test events. Although our queues are usedto bu�er test events and not to bu�er coordination messages we also relate them to thecoordination points of a test case.De�nition 3.2 (Test components, coordination points, and queues) Let TCbe a TTCN test case. Then there exist the sets CP , TECO, and QU , where:1. TECO is the set of test components of TC.2. CP denotes the set of all coordination points of TC.3. QU denotes the set of all queues which correspond to the coordination points of TC.4. QSQU = fqsq j 8q 2 QU : qsq = qstate(q)g is the set of all queue states of QU .Each queue is determined by the coordination point, the sending test component, andthe receiving test component. To identify queues and their states uniquely we annotatethem with the corresponding names. For example q(cp;s;r) 2 QU , s(cp;s;r) = qstate(q(cp;s;r))where cp 2 QU and s; r 2 TECO.A test event may manipulate a queue of QU by sending and receiving coordinationmessages. Based on the kind of an event and the involved coordination point the usedqueue can be determined statically. Therefore we de�ne the tequeue function.De�nition 3.3 (tequeue function) Let TCCS = (TE; t0; nte; attach; create; cm) be thetest case control structure of the TTCN test case TC, and QU the set of all queues whichcorrespond to the coordination points of TC. Thentequeue : fte j te 2 TE ^ �tecm [ te�cm 6= ;g ! QUis a function which returns the queue which is manipulated by a speci�c test event.Now we are able to de�ne the control state of a TTCN test case.10



De�nition 3.4 (Test case control state) Let TC be a TTCN test case, TCCS =(TE; t0; nte; attach; create; cm) the corresponding test case control structure and QU theset of FIFO queues of TC. A control state of the test case TC is de�ned by a tupleCS = (Snte; Sattach; Screate; Scm), where:(a) Snte � TE is a set of test events.(b) Sattach � TE is a set of test events.(c) Screate � TE is a set of test events.(d) Scm = QSQU describe the actual state of all queues q 2 QU .Explanation of De�nition 3.4. A test case control state comprises the four sets Snte,Sattach, Screate, and Scm. Snte is used to remember the last executed test event of each testcomponent. In the case of tree attachment a test step or local tree might be attachedat di�erent places of the behavior tree. Sattach is used to remember the correct pointreturn after the attached behavior tree has been executed. Screate is used to initialize theexecution of a test component after its creation. Scm is used to preserve the order of sendand receive events of coordination messages in di�erent test components.Later on we will generate traces and global state graphs by simulating the test casecontrol structure. For checking the �niteness of the explored traces and state graphs it isnecessary to be able to compare states. Therefore we de�ne equality and < for test casecontrol states.De�nition 3.5 (Equality and order relation for control states) Let TC be aTTCN test case, TCCS = (TE; t0; nte; attach; create; cm) the corresponding test casecontrol structure, QU the set of all queues which correspond to the coordination points ofTC, and let S = (Snte; Sattach; Screate; Scm) and S 0 = (S0nte; S0attach; S0create; S0cm) be controlstates of TC. Let qsq 2 Scm and qs0q 2 S0cm be queue states of q 2 QU .1. S = S 0 i� Snte = S0nte ^ Sattach = S0attach ^ Screate = S0create ^ Scm = S0cm2. S < S 0 i� the following four conditions hold:(a) Snte = S0nte(b) Sattach = S0attach(c) Screate = S0create(d) 8q 2 QU : qsq < qs0q3.3 Control enabling of test eventsSeveral test events may be executable in a control state. They can be determined byusing the following enabling condition. 11



De�nition 3.6 (Control enabling of a test event) Let TC be a TTCN test case,TCCS = (TE; t0; nte; attach; create; cm) the corresponding test case control structure,CS = (Snte; Sattach; Screate; Scm)a control state of TC, and QU the set of FIFO queues ofTC. A test event te 2 TE is control enabled in CS, written CS te�!c, if the followingfour conditions hold:(a) �tente = ; _#(�tente \ Snte) = 1(b) �teattach = ; _#(�teattach \ Sattach) = 1(c) �tecreate = ; _#(�tecreate \ Screate) = 1(d) �tecm = ; _ next(qstate(tequeue(te))) 2 �tecm (qstate(tequeue(te)) 2 Scm)The index c in CS te�!c should indicate that the enabling condition is based on theinformation in a test control structure. Later on we will de�ne an enabling conditionwhich is based on data information. We will use the same notation, but change the indexto d.Explanation of De�nition 3.6. A test event is control enabled, if it can be executed.We explain this by means of the test case control structure shown in Figure 5. The corre-sponding test case comprises two test componentsMTC and PTC. We assume there existone coordination point cp with the corresponding queues q(cp;MTC;PTC) and q(cp;PTC;MTC).In the following queue states di�erent from ? are annotated in order to relate them tothe corresponding queues, e.g. h�i(cp;MTC;PTC) means that qstate(q(cp;MTC;PTC)) = h�i.� In the state S1 = (fMTCg; ;; ;; f?;?g) only the test event a is control enabled,because �ante = fMTCg, �aattach = ;, �acreate = ;, and a 62 dom(tequeue). Eventa is the �rst test event of TC. The example shows how a is control enabled byusing the start node MTC. It should be noted that it is only possible to enabletest events, the start node is not in the set of test events (cf. De�nition 3.1 (b)) andtherefore can never be control enabled.� In the state S2 = (fcg; fbg; ;; f?;?g) the events d and e are control enabled. Theyrequire that c 2 S2nte has been executed before. �dattach, �eattach, �dcreate, and �ecreateare for both the empty set and fd; eg 6� dom(tequeue).� In the state S3 = (fgg; ;; fgg; f?;?g) the two test events h and PTC are controlenabled. The event h requires only the execution of g. Test event PTC is the topnode of the parallel test component. Its control enabling requires the execution ofthe create event g. The creation of PTC by g is indicated by S3create = fgg.� In the state S4 = (fi;mg; ;; ;; fh�i(cp;MTC;PTC);?g) the test events n and p arecontrol enabled. Event n requires the execution of m, i.e. m 2 S4nte, and that thenext element to be dequeued of q(cp;MTC;PTC) (= next(tequeue(n))) is element of�ncm. This is valid because next(h�i(cp;MTC;PTC)) = h.12
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Figure 5: A test case control structureThis example also shows the necessity of using a set of queues of test events insteadof a set of test events for modeling Scm. From a set notation like fh; ig(cp;MTC;PTC)we cannot distinguish whether h or i has been performed �rst. For simulationpurposes the order of send and receive events of coordination messages may verywell be relevant.The control enabling of p requires the execution of m. The state components S4attach,S4create, and S4cm are not relevant.3.4 The execution of control enabled test eventsAfter de�ning the control state of a test case and the control enabling of test events wede�ne the execution of control enabled test events. According to certain rules which arede�ned afterwards during execution the current control state is altered.De�nition 3.7 (Execution of a control enabled test event) Let TC be a TTCNtest case, TCCS = (TE; t0; nte; attach; create; cm) the corresponding test case controlstructure, QU the set of FIFO queues of TC, CS = (Snte; Sattach; Screate; Scm) a controlstate of TC, and te 2 TE be control enabled in CS. Furthermore, if te 2 dom(tequeue)then let qte 2 QU be the queue which is manipulated by te (i.e. qte = tequeue(te)).The execution of te changes the control state CS into the new control state CS0. Wedenote this fact by CS te�!c CS0. The new control state CS0 = (S0nte; S0attach; S0create; S0cm)is de�ned by: 13



(a) S0nte = Snten�tente [ ( ; : te�nte = ;fteg : te�nte 6= ;(b) S0attach = Sattachn�teattach [ ( ; : te�attach = ;fteg : te�attach 6= ;(c) S0create = Screaten�tecreate [ ( ; : te�create = ;fteg : te�create 6= ;(d) S0cm = 8><>: Scm : te 62 dom(tequeue)perform dequeue(qte) in Scm : te 2 dom(tequeue)^ �tecm 6= ;perform enqueue(qte; te) in Scm : te 2 dom(tequeue)^ te�cm 6= ;Explanation of De�nition 3.7. We explain the meaning of the execution of a controlenabled test event by means of the example in Figure 5 and by using the states S1, S2,S3, and S4 which we already examined in the explanation of De�nition 3.6 (cf. Page 12).� In state S1 = (fMTCg; ;; ;; f?;?g) test event a is control enabled. When a isexecuted S1 changes to S11 = (fag; ;; ;; f?;?g). S11 is calculated byS11nte = fMTCgnfMTCg [ fag = fag because �ante = fMTCg and a�nte = fl; bg.S11attach = ;n; [ ; = ; because a�attach = ;.S11create = ;n; [ ; = ; because a�create = ;.S11cm = S1cm = f?;?g because a 62 dom(tequeue).In the new state S11 the test event a is not control enabled anymore, but the eventsb and l are control enabled newly.� In the state S2 = (fcg; fbg; f?;?g) the two events d and e are control enabled.Event d executes to S21 and event e executes to S22. S21 = (fdg; fbg; ;; f?;?g) iscomputed byS21nte = fcgnfcg [ fdg = fdg,S21attach = fbgn; [ ; = fbg,S21create = ;n; [ ; = ;, andS21cm = S2cm = f?;?g (d 62 dom(tequeue)).S22 = (feg; fbg; ;; ;; f?;?g) is computed analogously. It should be noted that afterthe execution of d or e the other event is not control enabled anymore, i.e., theevents are control enabled alternatively and not independently.� In the state S3 = (fgg; ;; fgg; f?;?g) the two test events h and PTC are controlenabled. Event h executes to S31 = (fhg; ;; fgg; fh(cp;MTC;PTC);?g) and PTC ex-ecutes to S32 = (fg; PTCg; ;; ;; f?;?g). The computation of S31 shows how thequeues are manipulated. S31 is calculated by14



S31nte = fggnfgg [ fhg = fhg.S31attach = ;n; [ ; = ;.S31create = fggn; [ ; = fgg.S31cm = fh(cp;MTC;PTC);?g because we perform an enqueue(h; tequeue(h)) operationon an empty queue in S3cm.S32 is computed byS32nte = fggn; [ fPTCg = fg; PTCg,S32attach = ;n; [ ; = ;,S32create = fggnfgg [ ; = ;, andS32cm = S3cm = f?;?g ( l 62 dom(tequeue)).The calculation of S32 shows how the create relation is used to enable the test eventPTC of the created test component. It should be noted that h and PTC are enabledindependently. After the execution of h event PTC is still control enabled and viceversa, i.e. S31 PTC�!c and S32 h�!c.� In the state S4 = (fi;mg; ;; ;; fh�i(cp;MTC;PTC);?g) the events n and p are controlenabled. Event n executes to S41 = (fk; ng; ;; ;; fi(cp;MTC;PTC);?g) and event pexecutes to S42 = (fi; pg; ;; ;; fh�i(cp;MTC;PTC); fp(cp;PTC;MTC)g). S41 is calculatedbyS41nte = fi;mgnfmg [ fngS41attach = ;n; [ ; = ;S41create = ;n; [ ; = ;S41cm = fi(cp;MTC;PTC);?g because we perform a dequeue(tequeue(h)) operation ona queue with the actual state h�i(cp;MTC;PTC).S42 is computed analogously.3.5 Control ow based de�nitions of traces, reachability sets,and global state graphsBased on the de�nitions of test case control structure, control state, control enabling oftest events, and execution of control enabled test events it is possible to de�ne traces,reachability sets, and global state graphs for the control ow of TTCN test cases.De�nition 3.8 (Initial control state of a TTCN test case) Let TC be a TTCNtest case, TCCS = (TE; t0; nte; attach; create; cm) the corresponding test case controlstructure, and QU be the set of all queues which correspond to the coordination points ofTC. A control state S0 = (S0nte; S0attach; S0create; S0cm) is called the initial control state ofTC if the following holds: 15



(a) S0nte = ft0g,(b) S0attach = ;,(c) S0create = ;, and(d) S0cm = fqsq j 8q 2 QU : qsq = qstate(q)^ qsq =?gDe�nition 3.9 (Traces and reachability set) Let TC be a TTCN test case,TCCS = (TE; t0; nte; attach; create; cm) the corresponding test case control structure,w 2 TE� a �nite word over TE, MCS be the set of all control state of TC, S0 the initialcontrol state of TC, and S, S0, S1, S2, ... , Sn control states of TC.1. The notation S w�!c S0 is de�ned by(a) S w�!c S if w =?(b) S w�!c S0 if w = t1�t2�:::�tn (ti 2 TE) and S t1�!c S1 t2�!c ::: tn�!c Sn = S02. R(TC) = fS j 9w 2 TE� : S0 w�!c S ^ S 2 MCSg is the reachability set of TC,i.e. the set of control states which can be reached from the initial state S0 when TCis executed.3. TR(TC) = fw j 9S 2MCS : S0 w�!c S ^ w 2 TE�g is the set of traces of TC.De�nition 3.10 (Global state graph) Let TC be a TTCN test case,TCCS = (TE; t0; nte; attach; create; cm) the corresponding test case control structure, S0the initial control state, and R(TC) be the reachability set of TC. The global state graphof TC is de�ned by Er(TC) = (N;E; S0), where(a) N = R(N) is the set of nodes,(b) E = f(S; t; S0) j S; S0 2 R(N) ^ S t�!c S0g is the set of labeled edges, and(c) S0 is the start node of the graph.According to the TTCN semantics a test run ends in a �nal state in which a test verdictis assigned. We de�ne the �nal states of a TTCN test case formally.De�nition 3.11 (Final control states of a TTCN test case) Let TC be a TTCNtest case, TCCS = (TE; t0; nte; attach; create; cm) the corresponding test case controlstructure, and R(TC) be the reachability set of TC. The �nal states of TC are de�ned bythe set FS(TC) = fSj 69 te 2 TE : S te�!cg.Example 3.5 (Reachability set, global state graph, �nal control states)Some examples may clarify the meaning of the de�nitions.16



Nr. Value Nr. ValueS0 (fMTCg; ;; ;; f?;?g) S18 (fhg; ;; ;; fh(cp;MTC;PTC); p(cp;PTC;MTC)g)S1 (fag; ;; ;; f?;?g) S19 (fh; ng; ;; ;; f?;?g)S2 (;; ;; ;; f?;?g) S20 (fi;mg; ;; ;; fh�i(cp;MTC;PTC);?g)S3 (fbg; fbg; ;; f?;?g) S21 (fig; ;; ;; fh�i(cp;MTC;PTC); p(cp;PTC;MTC)g)S4 (fTStepg; fbg; ;; f?;?g) S22 (fh; og; ;; ;; f?;?g)S5 (fcg; fbg; ;; f?;?g) S23 (fi; ng; ;; ;; fi(cp;MTC;PTC);?g)S6 (fdg; fbg; ;; f?;?g) S24 (;; ;; ;; fh�i(cp;MTC;PTC);?g)S7 (feg; fbg; ;; f?;?g) S25 (fh;mg; ;; ;; f?;?g)S8 (ffg; ;; ;; f?;?g) S26 (fi; og; ;; ;; fi(cp;MTC;PTC);?g)S9 (fgg; ;; fgg; f?;?g) S27 (fhg; ;; ;; f?; p(cp;PTC;MTC)g)S10 (fPTC; gg; ;; ;;f?;?g) S28 (fi;mg; ;; ;; fi(cp;MTC;PTC);?g)S11 (fhg; ;; fgg; fh(cp;MTC;PTC);?g) S29 (fig; ;; ;; fi(cp;MTC;PTC); p(cp;PTC;MTC)g)S12 (fPTChg; ;; ;; fh(cp;MTC;PTC);?g) S30 (fi; ng; ;; ;; f?;?g)S13 (fig; ;; fgg; fh�i(cp;MTC;PTC);?g) S31 (;; ;; ;; fi(cp;MTC;PTC);?g)S14 (fg;mg; ;; ;; f?;?g) S32 (fi; og; ;; ;; f?;?g)S15 (fgg; ;; ;; f?; p(cp;PTC;MTC)g) S33 (fi;mg; ;; ;; f?;?g)S16 (fPTC; ig; ;; ;;fh�i(cp;MTC;PTC);?g) S34 (fig; ;; ;; f?; p(cp;PTC;MTC)g)S17 (fh;mg; ;; ;; fh(cp;MTC;PTC);?g)Table 1: The reachability set of Example 3.5 (a)(a) Figure 5 shows a test case control structure. We assume there is only one coordi-nation point cp with the queues q(cp;MTC;PTC) and q(cp;PTC;MTC). The initial state isgiven by S0 = (fMTCg; ;; ;; f?;?g). By executing the control enabled test eventscontinuously, we gain the reachability set which is shown in Table 1. The completeglobal state graph is shown in Figure 6. The initial state S0 and �nal states S2,S24, and S31 are emphazised.(b) A global state graph may include loops. An example is presented in Figure 7. In(a) a test case control structure with a loop is given. The graph consists only of nteedges. Therefore within a test case control state Si = (Sinte; Siattach; Sicreate; Sicm) onlythe nte part Sinte is relevant. The other parts are always the empty set. By usingthe initial control state S0 = (fMTCg; ;; ;; ;) as start node we gain the global stategraph shown in (b). The initial state is given by (fMTCg; fg; fg; fg; fg). The �nalstate is de�ned by (fg; fg; fg; fg; fg).(c) A reachability set and a global state graph may be in�nite. This is due to thein�nite queues which are used to model the exchange of coordination messagesbetween parallel test components. An example is shown in Figure 8. (a) presents aa part of a test case control structure which causes an in�nite global state graph. Weassume the existens of a master test componentMTC and a parallel test componentPTC. The master test component MTC is able send arbitrary often coordinationmessages to PTC. This causes an in�nite global state graph. The structure of thein�nite part is shown in Figure 8 (b).17
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a TTCN test case onto a test case control structure. The de�nition of this function iscomplicated because for the sake of simplicity we mapped some TTCN events onto morethan one node of the test case control structure and introduce some some extra nodesinto the test case control structure which do not correspond to behavior lines within therepresented TTCN behavior description.However, it is not our aim to de�ne a complete TTCN semantics. Therefore we leavethe mapping informal but explain the exceptional cases, i.e., the additional nodes, anda special case, i.e., the handling of default behavior descriptions. Before doing this wedescribe the principles followed during the development of the model.PrinciplesThe provided model follows some principles which should be mentioned here. The knowl-edge of these principles may also help to motivate the model.The �rst principle was not to de�ne the control enabling condition and executionrule for each type of TTCN event, i.e. the events CREATE, SEND, or RECEIVE aretreated with the same control enabling condition and execution rule. The drawback ofthis modeling is that the inuence on the control ow of the di�erent event types isdescribed by relations.The second principle was to keep the de�nitions as simple as possible in order to allowan e�cient implementation. We think that the result, i.e., the De�nitions 3.4, 3.6, and3.7, is relative simple. Simple set operations are used mainly. Only the treatment of thequeues at the coordination points need some special treatment.The third principle was to keep the mapping of the TTCN behavior description ontothe test case control structure simple. We tried to follow this principle by mapping eachTTCN event, i.e., each behavior line, onto one node of the test case control structure.This is only possible by violating the �rst and/or the second principle, i.e., we eitherde�ne control enabling conditions and execution rules for the di�erent types of TTCNevents, or we provide very complicated de�nitions. We decided not to violate the �rstand second principle, but to map some TTCN events onto more than one node of the testcase control structure and to introduce some some extra nodes which do not correspondto a behavior line within the represented TTCN behavior description.Additional nodes in the test case control structureWe already have seen some additional nodes in the previous examples. Top nodes havebeen introduced and the ATTACH statement is modeled by two nodes. There is a thirdexception, UNTIL statements of REPEAT-UNTIL loops also is modeled by two nodes.Top nodes. The top nodes are necessary to model the creation of test componentscorrectly. Problems occur if the �rst speci�ed TTCN event of a created component ispart of a loop. In this case our control enabling condition in De�nition 3.6 would notwork without the top nodes. An example is shown in Figure 9. The graph in (a) showsour modeling of test component creation. An alternative modeling is shown in (b). Thecreate arrow relates the create event CREATE(PTC) directly the test event B!S2 (LA21
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A!S5 (b)Figure 9: The necessity of top nodesdenotes the label which is used in the GOTO statement). But B!S2 is part of a loopand therefore �B!S2nte 6= ;. According to our control enabling de�nition the executionof the create event CREATE(PTC) is not su�cient to enable B!S2. As shown in (a) anadditional top node PTC is necessary to model the test component creation correctly.Modeling of the ATTACH construct. The reason to model an attach statementby two nodes is the possibility that the statement following the attachment is part ofa loop. Figure 10 presents our representation (a) and an alternative modeling (b). In(b) the attach arrow relates the attachment directly with the following TTCN statementA!S1. According to our enabling condition A!S1 is only control enabled if an elementof �A!S1attach and an element of �A!S1create is part of the actual state. According toDe�nition 3.7 A!S1 can only be control enabled once. Since B?S2 is the predecessor ofA!S1 within the loop and since B?S2�attach = ; it is not possible to control enable A!S1during a second execution of the loop. To avoid such situations we model an attachstatement by means of two nodes.Modeling the Repeat construct. The BNF syntax of the Repeat construct is:Repeat ::= REPEAT TreeReference[ActualParList] UNTIL QualifierThe Repeat construct is modeled by three nodes within a test case control structure.One node represents the beginning of the loop, i.e., the keyword REPEAT. The UNTILstatement is modeled by two nodes. The REPEAT node is related to the UNTIL nodesby means of attach relations (cf. Figure 11 (b)).The reason for the attach relations is the fact that a Repeat may use a normal test stepas body of the loop. The test step may also be referred to by normal attach statements.In this case we need to remember the point from which the test step is called. Analogousto tree attachments therefore we use attach relations.The reason to model the UNTIL statement by two nodes is the following. Depending22
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Test Case Dynamic BehaviourTest Case Name: RepeatExampleNr Label Behaviour Description1 (FLAG:=FALSE)2 !A3 REPEAT STEP1(FLAG) UNTIL[FLAG]4 !DSTEP1(F:BOOLEAN)5 ?B(F:=TRUE)6 ?C(F:=FALSE)(a) TTCN behavior tree
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(b) Test case control structure of (a)Figure 11: Modeling the Repeat construct3.8 RestrictionsThe provided semantical model is able to handle most of the TTCN language constructs.But, there are three exceptions. These are recursive tree attachments, handling of timerand termination of parallel test components.Recursive tree attachmentsFor the sake of simplicity the e�ect of recursive tree attachments has not been modeled.However, one way to model recursive tree attachments is to introduce queues (for each24



test component one) for the treatment of attach relations within test case control states(cf. De�nition 3.4). Queues are necessary to identify the correct origin of an attach-ment, i.e., the point to which the control returns when the attached tree is completed.The introduction of such queues leads to a more complicated control enabling condition(cf. De�nition 3.6) and execution rule (cf. De�nition 3.7).The introduction of additional queues is feasible, but the inuence of recursive treeattachments on data is very complicated. Data states, i.e., variable values, have to beduplicated and stored (in a queue) when the control is given to an attached tree andrestored when the tree is completed. To avoid the de�nition of such a complex procedurewe restrict ourselves to test cases without recursive tree attachments.Timer handlingThe timer handling in TTCN is modeled by the language constructs READTIMER,START, CANCEL, and TIMEOUT. A READTIMER operation has no direct inuenceon the control ow of a TTCN test case. It can be used to read the amount of time thathas passed for a currently running timer.The constructs START, TIMEOUT, and CANCEL have direct inuence on the controlow of a test case. A timeout operation can only be executed if a corresponding timer wasstarted, and a cancel operation may be used prevent the execution of timeout operations.The modeling of the timer handling in our semantical model needs the introductionof two new relations into the test case control structure. A timer relation which is neces-sary to model the dependency between timer start and timeout operations, and a cancelrelation which de�nes the relation between start and cancel operations. The two relationsare necessary because the e�ect of cancel and timeout operations on the control ow ofthe test case are di�erent. A cancel operation can always be executed, whereas a timeoutalways needs a corresponding timer start operation. Figure 12 shows schematically themodeling of the timer handling within test case control structures.Subsequently, the de�nitions of test case control states (cf. De�nition 3.4), controlenabling of test events (cf. De�nition 3.6), and execution of control enabled test events(cf. De�nition 3.7) have to be extended.De�nition 3.4a (Test case control state with timer handling) A test case controlstate is de�ned by a tuple CS = (Snte; Sattach; Screate; Scm; Stimer), where preconditions, (a),(b), (c), and (d) are the same as in De�nition 3.4 and for Stimer the following holds:(e) Stimer � TE is a set of test events.De�nition 3.6a (Control enabling of a test event with timer handling) LetCS = (Snte; Sattach; Screate; Scm; Stimer) be a test case control state according to De�nition3.4a. A test event te 2 TE is control enabled in CS, written CS te�!, if the preconditions,(a), (b), (c), and (d) of De�nition 3.6 and the following condition holds:(e) �tetimer = ; _ �tetimer \ Stimer 6= ; 25
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CANCELFigure 12: Modeling the timer handling within test case control structuresDe�nition 3.7a (Execution of a control enabled test event with timer handling)Let te 2 TE be enabled in CS = (Snte; Sattach; Screate; Scm; Stimer). The execution of techanges the control CS into the new control state CS0. The new control state CS0 =(S0nte; S0attach; S0create; S0cm; S0timer) is de�ned by (a), (b), (c), and (d) of De�nition 3.7 andthe following equation:Let Telement = ( ; : �tetimer = ;ft j t 2 Stimer is one arbitrary element of �tetimerg : �tetimer 6= ;(e) S0timer = StimernfTelement [ �tecancelg [ ( ; : te�timer = ;fteg : te�timer 6= ;The previous de�nitions should give an idea of how the timer handling can be implementedin our semantical model. The proposed modeling seems to be easy, but it should benoted that it includes at least one problematic point. The condition (e) of De�nition3.7 introduces indeterminism on the execution level. Several start timer operations mayenable the same timeout event. In such a case an arbitrary start event is chosen when thetimeout is executed. This means, depending on the chosen start operation the executionof the timeout event may lead to di�erent control states.However, it is our aim to generate traces from TTCN test case descriptions. Themodeling of the TTCN timer constructs will prevent only the generation of traces whichinclude timeout operations without a corresponding running timer. We believe that itis easier and faster to exclude such traces after their generation than to implement theentire timer mechanism within our TTCN simulator.26
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nte  relationFigure 13: Modeling the terminate construct within test case control structuresTermination of parallel test componentsThe second problematic point of our semantical model for the control ow of TTCN testcases is the explicit termination of parallel test components. In TTCN this is done bymeans of the TERMINATE construct.The modeling of the terminate operation needs the introduction of a new terminaterelation into the test case control structure. All test events of parallel test componentwhich may be terminated are related with the possible terminate test events of the maintest component. Figure 13 describes this schematically. For simulation purposes onlyDe�nition 3.7 has to be extended.De�nition 3.7b (Execution of a control enabled test event (including TERMI-NATE event)) Let the preconditions be the same as in De�nition 3.7. The execution ofthe test event te changes the control CS into the new control state CS0. The new controlstate CS0 = (S0nte; S0attach; S0create; S0cm) is de�ned by (b), (c), and (d) of De�nition 3.7 andthe following new equation (a):(a) S0nte = Sntenf�tente [ �teterminateg [ ( ; : te�nte = ;fteg : te�nte 6= ;It is not very complicated to model the e�ect of the terminate construct within our seman-tical model. The problem is that complex test cases with several terminate operationsmay lead to very complicate test case control structures with an enormous number ofterminate relations. In order to avoid the handling of complex graphs we do not modelthe terminate construct in our simulator. It should be noted that the modeling of theterminate construct will prevent the generation of traces which include events of already27



terminated test components. Such traces can also be excluded easily after their genera-tion.4 Modeling data in TTCN test casesIn the previous section we de�ned the inuence of the control structure on the dynamicbehavior of a TTCN test case. In this section we de�ne the inuence of data on thebehavior. The procedure corresponds to the procedure used in the previous section. Wede�ne a 'data structure of a TTCN test case' (Section 4.1), a 'data state of a TTCNtest case' (Section 4.2), a 'data enabling condition for test events' (Section 4.3), and the'execution rules' for data enabled test events (Section 4.4).4.1 The data structure of a TTCN test caseDe�nition 4.1 (Data structure of a TTCN test case) The data structure of atest case TC is de�ned by the tuple TCDS = (TE;SV; IV ;G;V T ;�; ), where:(a) TE 6= ; is a �nite set of test events.(b) SV and IV are �nite sets of typed variables.� The elements in SV = fv1:D1; : : : ; vn:Dng are called 'state variables'. Eachstate variable vi:Di has a name vi and a type Di. We assume that all variablenames in SV are distinct.� The elements in IV = fiv1:Div1 ; : : : ; ivl:Divl g are called 'intermediate vari-ables'. Each intermediate variable ivi:Divi has a name ivi and a type Divi . Weassume that all variable names in IV are distinct.(c) G and V T are �nite sets of expressions.� The elements in G are called 'guards'. A guard g 2 G may contain elements ofSV = fv1:D1; : : : ; vn:Dng and IV = fiv1:Div1 ; : : : ; ivl:Divl g as free variables.We assume that the lambda expression �(v1; : : : ; vn; iv1; : : : ; ivl):g de�nes amapping from D1� : : :�Dn �Div1 � : : :�Divl into ftrue; falseg.� The elements in V T are called variable transitions. A variable transitionvt 2 V T may contain elements of SV = fv1:D1; : : : ; vn:Dng and IV =fiv1:Div1 ; : : : ; ivl:Divl g as free variables. We assume that the lambda expres-sion �(v1; : : : ; vn; iv1; : : : ; ivl):vt de�nes a mapping from D1� : : :�Dn �Div1 � : : :�Divl into fran(v) j v 2 SV g.(d) � and  are functions which relate test events and expressions in G and V T .� � : TE ! G is a function which relates each test event to a guard.28



�  : TE ! V T#(SV ) is a function which relates a tuple (vt1; : : : ; vt#(SV )) ofexpressions in V T to each test event. For each test event te a tuple element vticorresponds to a variable vi:Di 2 SV in such a way that the lambda expression�(v1; : : : ; v#(SV ); iv1; : : : ; iv#(IV )):texpi (ivi:Divi 2 IV ) de�nes a mappingfrom D1� : : :�D#(SV ) � Div1 � : : :�Div#(IV ) into ran(vi). Within the lambdaexpression each state and intermediate variable is referred to exactly onceExplanation of De�nition 4.1. The data structure of a TTCN test case is a tuple(TE;SV; IV ;G;V T ;�; ) which contains several sets and functions. The meaning anduse of these sets and functions may need some explanation.� Test events. The set TE describes the test events of the TTCN test case. This setis identical to the set of test events in the test case control structure (cf. De�nition3.1).� State variables. State variables are the elements in the set SV . They describe allvariables and constants (a constant is meant to be a variable which does not changeits value during the test run) which are declared for the whole test suite or just forthe test case. This also includes variables declared implicitly, e.g., the variable Rwhich during the test run holds preliminary test verdicts, and parameters.� Intermediate variables. Intermediate variables are the elements in the set IV .Their meaning is related to test events describing the reception of PDUs, ASPs,and coordination messages. State variables may depend on parameters of PDUs,ASPs, or coordination messages. In order to describe this inuence in an adequatemanner, we use intermediate variables, i.e., within expressions intermediate variablesrepresent message parameters.� Guards. TTCN test events can be guarded by quali�ers. A quali�er is a booleanexpression. During a test run a test event can only be executed if its quali�erevaluates to true. The guards in our de�nition, i.e., elements of G, are used for thesame purpose. They represent TTCN quali�ers. Since the value of a quali�er maydepend on message parameters our de�nition considers intermediate variables.� Variable transitions. The elements of the set V T are called variable transition.They are used to describe the change of state variables during the test run. Avariable transition is an expression. If it is evaluated during the test run the resultingvalue is assigned to a state variable. Since message parameter values may havean inuence on the value of state variables our de�nition considers intermediatevariables.In a TTCN test case variable transitions are provided within assignment operations,i.e., in the form xi = vti where xi denotes the variable which is changed and vtithe expression which de�nes how the new value of xi will be calculated. In order totreat guards and variable transitions in the same way, in our de�nition we do notrefer to the complete assignment operations, but to their components. For example,let te be a test event which is annotated with the assignment operation xi = vti. In29



Test Case Dynamic BehaviourTest Case Name: DataExampleNr Label Behaviour Description Constraints Ref Verdict1 ?CONind2 !CONresp (Count:=1)3 REPEAT LOCAL UNTIL [Count=3]4 ?DISind [DISind.err="Wrong ACK"]5 !DISresp PASS6 ?DISind7 !DISresp FAILLOCAL8 ?DAT (S:=DAT.SeNr, Count:=Count+1) (PASS)9 !AK (AK.SeNr:=S-1)Figure 14: Behaviour description of a TTCN test casethis case vti de�nes the variable transition and xi refers to the place of vti withinthe tuple  (te).It is obvious that guards and variable transitions will not always use all state and in-termediate variables, although we bind all variables to all expressions. This is only forfacilitating the de�nitions of an data enabling condition (De�nition 4.3) and the executionof data enabled test events (De�nition 4.4). During the evaluation of an expression thevalues of unused variables have to be ignored. It should also be noted, that the expressionsin V T will only be used for the assignment of values to state variables. For the moment,we do not care about how the values of IM will be determined.� The function �. The function � assigns a guard to each test event. However,within a TTCN test case not all test events are guarded by quali�ers. In such acase we assign the guard true, i.e., the execution of test event does not depend onthe data state of the test case.� The function  . The function psi assigns a tuple of expressions to each test event.Each expression describes how one state variable changes its value if the test eventis executed. If a variable does not change its value the expression for this variableis the identity function.Example 4.1 (Example of a test case data structure) We explain the meaning ofDe�nition 4.1 by using a simple TTCN test case. The behavior description of the exampleis shown in Figure 14. The test case has no parallel test components, no tree attachments,but includes one local tree which is used within a REPEAT-UNTIL loop.The test case data structure is given by the tuple TCDS = (TE;SV; IV ;G;V T ;�; ).The set TE includes all test events. These are given by the TTCN statements in the30



behavior lines and some additional nodes which we introduced when we modeled thecontrol ow of a TTCN test case (cf. Section 3). In our case the set TE is:TE = f?CONindNr:1; !CONrespNr:2; ?DISindNr:4; ?DISrespNr:5; REPEATNr:3;UNTIL(1)Nr:3; UNTIL(2)Nr:3; ?DISindNr:6; ?DISrespNr:7; LOCALtop;?DATNr:8; !AKNr:9gThe indices Nr:i describe the line number of the corresponding statements in theTTCN behavior description (cf. Figure 14). The additional nodes in TE are the topnode LOCALtop, and the two nodes UNTIL(1)Nr:3 and UNTIL(2)Nr:3 describing thetwo alternative behaviors of the UNTIL statement within the REPEAT-UNTIL loop. Itshould be noted that the top node of the test case which is introduced in the test casecontrol structure (cf. De�nition 3.1) is not an element of TE. The state variables SV aregiven by:SV = fCount:Integer; S:Integer;R:V erdictsgState variables have to be de�ned explicitly or are de�ned implicitly by the TTCNsemantics. The de�nition of the variables Count and S is shown in Figure 18. Thevariable R is de�ned implicitly. During the execution of a test case R holds the actualtest verdict. Possible values are none, PASS, (PASS), INCONC, (INCONC), FAIL,and (FAIL)3. Intermediate variables IV are:IV = fDISind:err:CharString;DAT:SeNr:IntegergAs indicated by the names they are used to store parameter values of the messagesDISind and DAT . Guards are given by the quali�ers within the test case description.Additionally, we add the expression true. It will be used for test events which are notquali�ed. G is given by:G = ftrue;Count6=3; Count=3;DISind:err="Wrong AK"gAccording to the explanation of De�nition 4.1 variable transitions are expressionswhich have to be extracted from the assignment operations in the behavior lines of thetest case. These operations are Count:=1, S:=DAT:SeNr, and Count:=Count+1. Thevariable transitions within these assignments are 1, DAT:SeNr,and Count+1. Althoughit may look a little bit strange, the constant 1 is a valid expression. Furthermore, the testcase description includes some implicit assignments to R. R is set to none when the testcase starts, to PASS in behavior line Nr 5 (cf. Figure 14), to FAIL in line Nr 7, and to(PASS) in line Nr 8. In order to cope with unknown values (cf. De�nition 2.9) and tofacilitate the handling of variables which are not treated by the assignment operations ina behavior line, we add the value unknown / and identity functions for all state variables.The set V T is given by:V T = f1;DAT:SeNr;Count+1; none; PASS;FAIL; (PASS);/; id(Count); id(S);id(R)gThe functions � and  for our example are de�ned in the table in Figure 15. Thetable shows that for � a lot of true predicates and for  a lot of identity functions have3TTCN allows the abbreviation of PASS, (PASS), INCONC, (INCONC), FAIL, and (FAIL) byP , (P ), I, (I), (F ), and F . 31



test event (te) �(te)  (te)tuples are meant to be assignments for:(Count; S;R) 2 Integer � Integer � V erdicts?CONindNr:1 true (id(Count); id(S); id(R))!CONrespNr:2 true (1; id(S); id(R))REPEATNr:3 true (id(Count); id(S); id(R))UNTIL(1)Nr:3 Count 6=3 (id(Count); id(S); id(R))UNTIL(2)Nr:3 Count=3 (id(Count); id(S); id(R))?DISindNr:4 DISind:err="Wrong AK" (id(Count); id(S); id(R))?DISrespNr:5 true (id(Count); id(S); PASS)?DISindNr:6 true (id(Count); id(S); id(R))?DISrespNr:7 true (id(Count); id(S); FAIL)LOCALtop true (id(Count); id(S); id(R))?DATNr:8 true (Count+1; DAT:SeNr; (PASS))!AKNr:9 true (id(Count); id(S); id(R))Figure 15: The function � and  of Example 4.1to be assigned.The functions � and  also assign expressions to the top node LOCALtop. The guardis true and the variable transitions are identity functions. The variable transitions neednot to be identity functions. Variable transitions associated with top nodes are alsoused to assign values to parameters, e.g., in the case of parameterized test steps or testcomponents.By comparing the table with the TTCN description (cf. Figure 14) we see that theassignment in behavior line Nr 9 (AK:SeNr := S � 1) is not considered by  . This isdue to the fact that this is an assignment to the intermediate variable AK:SeNr. In ourde�nition of  we only take care of state variables.4.2 The data state of a TTCN test caseThe data state of a TTCN test case is a tuple of values. Each element of the tuplecorresponds to the value of a state variable when the test case is in this data state.De�nition 4.2 (Data state of a TTCN test case) Let TC be a TTCN test case andTCDS = (TE;SV; IV ;G;V T ;�; ) be the corresponding data structure where SV =fv1:D1; : : : ; vn:Dng denotes the set of state variables. A data state of TC test case is atuple DS = (x1; : : : ; xn) 2 D1� : : :�Dn. Each element of DS holds the actual value ofa state variable when the test case is in the data state DS.Example 4.2 (Data states for Example 4.1) Some examples of data states for Ex-ample 4.1 may help to understand the meaning of the de�nition. The state variables ofthe example are SV = fCount:Integer;S:Integer;R:V erdictsg. Therefore data stateshave to be elements of Integer� Integer� V erdicts. Some examples:� DS1 = (/;/;/) denotes that the values of all state variables are unknown.32



� DS2 = (1;/; none) states that the value of Count is 1, the value of S is unkown,and the value of R is none.� DS3 = (3; 5; (PASS)) denotes that Count = 3, S = 5, and R = (PASS).4.3 The data enabling of test eventsThe data enabling of a test event is de�ned via the predicates which are associated withthe test events. The guard is evaluated by using the variable values of the actual stateand a tuple containing the values of intermediate variables. If the guard evaluates to truethe test event is data enabled.De�nition 4.3 (Data enabling of a test event) Let TC be a TTCN test case,� TCDS = (TE;SV; IV ;G;V T ;�; ) be the corresponding data structure, where{ SV = fv1:D1; : : : ; vn:Dng denotes the set of state variables,{ IV = fiv1:Div1 ; : : : ; ivl:Divl g denotes the set of intermediate variables;� DS = (x1; : : : ; xn) 2 D1� : : :�Dn be a data state of TC;� IS = (xiv1 ; : : : ; xivl ) 2 Div1 � : : :�Divl be a tuple which includes values for all inter-mediate variables;� DSIS = (x1; : : : ; xn; xiv1 ; : : : ; xivl ) 2 D1� : : :�Dn�Div1 � : : :�Divl be a tuple whichis gained by the concatenation of DS and IS;� te 2 TE be a test event;� g = �(te) 2 G be the guard related to te; and let� fg : D1� : : :�Dn�Div1 � : : :�Divl ! ftrue; falseg be the function which is de�nedby the lambda expression �(v1; : : : ; vn; iv1; : : : ; ivl):g.The test event te is data enabled in DS, written DS te;IS�!D, if fp(DSIS) = true.The indexD inDS te;IS�!D indicates that the enabling condition is based on the informationin the data structure of a test case. For the enabling condition based on the controlstructure we used a similar notation, but used the index c (cf. De�nition 3.6). The ISabove the arrow refers to the tuple of values for intermediate variables. IS describes theinuence of PDU, ASP, and coordination message parameter values on the enabling oftest events. Later on we will determine the values within IS from receive events withintest logs and send events of coordination messages.Example 4.3 (Data enabling) In Example 4.2 we de�ned some data states for datastructure in Example 4.1. Here we describe which test events are data enabled if the testcase is in the data state DS1, DS2, and DS3.33



test event (te) DSi te;IS�!D (IS = (/;/))DS1 = (/;/;/) DS2 = (1;/; none) DS3 = (3; 5; (PASS))?CONindNr:1 enabled enabled enabled!CONrespNr:2 enabled enabled enabledREPEATNr:3 enabled enabled enabledUNTIL(1)Nr:3 enabled enabled not enabledUNTIL(2)Nr:3 enabled not enabled enabled?DISindNr:4 enabled enabled enabled?DISrespNr:5 enabled enabled enabled?DISindNr:6 enabled enabled enabled?DISrespNr:7 enabled enabled enabledLOCALtop enabled enabled enabled?DATNr:8 enabled enabled enabled!AKNr:9 enabled enabled enabledFigure 16: Data enabled events for the states DS1, DS2, and DS3For checking the enabling condition a tuple IS = (xiv1 ; : : : ; xivl ) 2 Div1 � : : :�Divlwhich includes values for all intermediate variables is needed. In our case the intermedi-ate variables DISind:err:CharString and DAT:SeNr:Integer are used to describe theinuence of the parameter values of the messages DISind and DAT on the executionof the test case. We assume that we do not know anything about the parameter valuesDISind:err and DAT:SeNr. This means IS = (/;/) for the states DS1, DS2, and DS3.Which test events are data enabled in which states is shown in the table in Figure16. It is obvious that test events with the guard true, i.e., ?CONindNr:1, !CONrespNr:2,REPEATNr:3, ?DISrespNr:5, ?DISindNr:6, ?DISrespNr:7, LOCALtop, ?DATNr:8, and!AKNr:9, are always enabled. Furthermore ?DISindNr:4 is also data enabled in DS1,DS2, and DS3, because its enabling depends on the value of an intermediate variablewhich is not known. According to De�nition 2.9 predicates which depend on unkownvalues always evaluate to true.In our example only the test events UNTIL(1)Nr:3 and UNTIL(2)Nr:3 need specialattention. Their data enabling depends on the actual value of the state variable Count.Subsequently, UNTIL(1)Nr:3 is not data enabled in DS3 and UNTIL(2)Nr:3 is not dataenabled in DS2.4.4 The execution of data enabled test eventsBased on the knowledge of test case data structures, data states for TTCN test cases,and an data enabling condition for test events we are able to de�ne an execution rule fordata enabled test events. The execution rule de�nes how the data state changes when atest event is executed. Our execution rule makes use of the variable transitions, i.e., theset V T , which are assigned to the test events by means of the function  . The variabletransitions are evaluated by using the values of the actual data state and the values ofintermediate variables. The results of these calculations form the new data state.34



De�nition 4.4 (Execution of data enabled test events) Let TC be a TTCN testcase,� TCDS = (TE;SV; IV ;G;V T ;�; ) be the corresponding data structure, where{ SV = fv1:D1; : : : ; vn:Dng denotes the set of state variables,{ IV = fiv1:Div1 ; : : : ; ivl:Divl g denotes the set of intermediate variables;� DS = (x1; : : : ; xn) 2 D1� : : :�Dn be a data state of TC;� IS = (xiv1 ; : : : ; xivl ) 2 Div1 � : : :�Divl be a tuple which includes values for all inter-mediate variables;� DSIS = (x1; : : : ; xn; xiv1 ; : : : ; xivl ) 2 D1� : : :�Dn�Div1 � : : :�Divl be a tuple whichis gained by the concatenation of DS and IS;� te 2 TE be a test event which is data enabled in DS, i.e., DS te;IS�!D;�  (te) be the tuple (vt1; : : : ; vtn);� vti 2 V T (1 � i � n) be the i:th expression in  (te); and let� fvti : D1� : : :�Dn�Div1 � : : :�Divl ! Sv2SV ran(v) be the function which is de�nedby the lambda expression �(v1; : : : ; vn; iv1; : : : ; ivl):vti.The execution of te changes the data state DS = (x1; : : : ; xn) into the new data stateDS0 = (x01; : : : ; x0n) 2 D1� : : :�Dn. We denote this fact by DS te;IS�!D DS0. The valuesx0i of the elements of new data state DS 0 are calculated by: x0i = fti(DSIS).Example 4.4 (Execution of data enabled test events) The idea of De�nition4.4 should be clear intuitively. The actual data state is transformed into the new data stateby evaluating the variable transitions which are associated to each test event. Informationconcerning ASPs, PDU, or coordination message parameter values can be considered byusing intermediate variables.For our example Figure 16 shows which test events are enabled in the data statesDS1 = (/;/;/), DS2 = (1;/; none), and DS3 = (3; 5; (PASS)). The table in Figure 17shows the new states when the data enabled test events in Figure 16 are executed.Test events which only perform identityfunction to the tuple elements of the actualstate, i.e., ?CONindNr:1, REPEATNr:3, UNTIL(1)Nr:3, UNTIL(2)Nr:3, ?DISindNr:4,?DISindNr:6, LOCALtop, and !AKNr:9 (cf. Figure 15), need no further explanation.During the execution of !CONrespNr:2 Count is set to 1. Performing ?DISrespNr:5or ?DISrespNr:7 leads to new values of the verdict variable R.The calculation of the new states when ?DATNr:8 is executed is a little bit more tricky.Starting with the actual state DS1 leads to unknown values for all state variables. Forthe variable Count this is due to the rules for the evaluation of functions with unknownvalues. Independent from the starting data state the execution of ?DATNr:8 leads to anunknown value for S and the value (PASS) for R. For S this is because of the unknownthe actual value of the intermediate variable DAT:SeNr. For R a simple assignment of(PASS) is performed. 35



for all cases IS = (/;/))test event (te) DS1 te;IS�!D DS01 DS2 te;IS�!D DS02 DS3 te;IS�!D DS03?CONindNr:1 DS01 = DS1 DS02 = DS2 DS03 = DS3!CONrespNr:2 DS01 = (1;/;/) DS02 = (1;/; none) DS03 = (1; 5; (PASS))REPEATNr:3 DS01 = DS1 DS02 = DS2 DS03 = DS3UNTIL(1)Nr:3 DS01 = DS1 DS02 = DS2 {UNTIL(2)Nr:3 DS01 = DS1 { DS03 = DS3?DISindNr:4 DS01 = DS1 DS02 = DS2 DS03 = DS3?DISrespNr:5 DS01 = (/;/; PASS) DS02 = (1;/; PASS) DS03 = (3; 5; PASS)?DISindNr:6 DS01 = DS1 DS02 = DS2 DS03 = DS3?DISrespNr:7 DS01 = (/;/; FAIL) DS02 = (1;/; FAIL) DS03 = (3; 5; FAIL)LOCALtop DS01 = DS1 DS02 = DS2 DS03 = DS3?DATNr:8 DS01 = (/;/; (PASS)) DS02 = (2;/; (PASS)) DS03 = (4;/; (PASS))!AKNr:9 DS01 = DS1 DS02 = DS2 DS03 = DS3Figure 17: Executing the data enabled test events in Figure 164.5 Intermediate variablesUntil now we did not have taken care about the calculation of values for intermediatevariables. We have taken out their calculation from the test case data structure, becausewe want to be able to incorporate external information during the simulation of TTCNtest cases. External information might come from test logs or from formal speci�cations.Beside this, we will also use intermediate variables to tackle the problem of exchanginginformation between parallel test components via coordination messages. To do this in aformal way we de�ne the notion of an intermediate data structure.De�nition 4.5 (Intermediate data structure) An intermediate data structure is atuple IDS = (E;EV; IV ; IA; �), where:(a) E 6= ; is a �nite set of events.(b) IV and EV are �nite sets of typed variables.� The elements in EV = fev1:Dev1 ; : : : ; evn:Devn g are called 'external variables'.Each external variable evi:Devi has a name evi and a type Devi . We assume thatall variable names in EV are distinct.� The elements in IV = fiv1:Div1 ; : : : ; ivl:Divl g are called 'intermediate vari-ables'. Each intermediate variable ivi:Divi has a name ivi and a type Divi . Weassume that all variable names in IV are distinct.(c) IA is a �nite set of expressions. The elements in IA are called 'intermediate as-signments'. An intermediate assignment ia 2 IA may contain elements of EV =fev1:Dev1 ; : : : ; evn:Devn g as free variables. We assume that the lambda expression�(ev1; : : : ; evn):ia de�nes a function �(ia) from Dev1 � : : :�Devn into Siv:D2IV D.Within the lambda expression each intermediate variable is referred to exactly once.36



(d) � : E ! IA#(IV ) is a function which relates a tuple (ia1; : : : ; ia#(IV )) of expressionsof IA to each event in E. For each event a tuple element iai corresponds to a variableivi:Divi 2 IV in such a way that ran(�(iai)) = ran(iv).The de�nition of the intermediate data structure is independent from data structureof a TTCN test case. This allows us to relate an intermediate data structure to test logsand other system descriptions. We only need to identify the events which provide thevalues of intermediate variables. For doing this the intermediate variables in De�nition4.1 have to correspond to the intermediate variables in De�nition 4.5.However, we also want to use the intermediate data structure to tackle a problem whichwe did not have covered yet. It is the problem of exchanging information between paralleltest components via coordination messages. Storing parameter values of coordinationmessages in intermediate variables only is not su�cient, because the information exchangeis meant to be asynchronous.The value of the message parameter has to be stored in an intermediate variable whenthe send event takes place. A problem occurs if a second message of the same type issent before the receive event of the �rst send event has been performed. In this case thevariable would be overwritten. One possibility to avoid this is to declare intermediatevariables for all possible instances of a coordination message type. This may lead toin�nite sets of variables.We use another approach. We bind the events in De�nition 4.5 to the send events ofcoordination messages. These events will be stored within the control state of a TTCNtest case (cf. De�nition 3.4) and will be available when the receive event of a coordinationmessage is performed (cf. De�nition 3.7). We only have to assume that we can determinethe correct parameter value from the send event only. For this it might be necessary toevaluate the intermediate assignments before the send event is stored in the control state.In order to facilitate the handling of intermediate data structures we de�ne an evalidsfunction. The evalids function calculates for a given event e and a given tuple of valuesfor external variables a tuple of values for intermediate variables.De�nition 4.6 (The evalids function)� Let the tuple IDS = (E;EV; IV ; IA; �) be an intermediate data structure, whereEV = fev1:Dev1 ; : : : ; evn:Devn g and IV = fiv1:Div1 ; : : : ; ivl:Divl g.� Let e 2 E be an event, �(e) = (exp1; : : : ; expn) 2 IA#(IV ) be the tuple of expressionsassigned to e by �, and let ��(e)i : Dev1 � : : :�Devn ! Siv:D2IV D be the function whichfor each expi 2 �(e) is de�ned by the lambda expression �(ev1; : : : ; evn):expi.� Furthermore, let DS = (x1; : : : ; xn) 2 Dev1 � : : :�Devn be a tuple of values.The function evalids : E � (Dev1 � : : :�Devn )! Div1 � : : :�Divl is de�ned by:evalids(e;DS) = (��(e)1 (DS); : : : ��(e)l (DS))Example 4.5 (The handling of intermediate data structures) A simple examplemay help to understand the meaning and handling of intermediate data structures. We37



only consider the TTCN statement '!Signal(Signal:Nr:=2+ x; Signal:Info:=R)' whichshould be bound to an intermediate data structure IDS = (E;EV; IV ; IA; �). There isonly one event in E, i.e.,E = f!SignalgWe assume there are two external and two internal variables only, i.e., EV and IV aregiven by:EV = fx:Integer;R:V erdictsgIV = fSignal:Nr:Integer; Signal:Info:V erdictsgThe intermediate assignments IA and �(!Signal) are:IA = f2 + x;Rg�(!Signal) = (2 + x;R)For applying the function evalids to !Signal we need tuples DSi 2 Integer � V erdicts.Example of such tuples are DS1 = (3; (PASS)), DS2 = (/; FAIL), or DS3 = (5;/).Applying evalids with these tuples leads to:evalids(!Signal;DS1) = (5; (PASS))evalids(!Signal;DS2) = (/; FAIL)evalids(!Signal;DS3) = (7;/)4.6 A remark on the developed model for data handlingThe goal for developing a model for the data handling in TTCN test cases was to providea simple basis for the implementation of data aspects within a TTCN simulator. Thedeveloped model should reach this goal. It is very simple and compact. But, it does notprovide a complete formal semanctics for TTCN data types, TTCNmatching mechanisms,parameterization, or the use of ASN.1 within TTCN.5 The simulation of TTCN test casesWithin the previous sections we covered control ow and data aspects of a TTCN test case.The aim of this section is to combine both aspects in order to provide a comprehensive andformal basis for the implementation of a TTCN simulator. Similarly, to the de�nitionsfor control ow and data aspects we start with a state de�nition which is followed bythe de�nitions of an enabling condition and an execution rule. Furthermore we providede�nitions for traces, reachability sets, and global state graphs. We only provide thede�nitions with some short explanations. The way how the de�nitions work will bedescribed by two examples which will be presented in Section 6.5.1 The state of a TTCN test caseThis section provides de�nitions for the state of a TTCN test case and a � relation fortest case states. The � relation is necessary of the de�nition of traces, reachability sets,38



and global state graphs.De�nition 5.1 (State of a TTCN test case) Let TC be a TTCN test case. A tupleST = (CS;DS) is a state of TC if CS is a valid test case control state of TC (cf. De�-nition 3.4) and DS is a valid data state of TC (cf. De�nition 4.2).De�nition 5.2 (Equality and order relation for TTCN test case states) LetTC be a TTCN test case, and ST = (CS;DS), ST 0 = (CS0;DS0) be two states of TC.1. ST = ST 0 if CS = CS0 ^DS = DS 02. ST < ST 0 if CS < CS0 ^DS = DS 0 (the < relation for control states is de�ned inDe�nition 3.5)5.2 Enabling of test eventsThe enabling of a test event is de�ned by combining control enabling and data enabling.De�nition 5.3 (Enabling condition for a test event)� Let TC be a TTCN test case, where{ TCCS = (TE; t0; nte; attach; create; cm) is the corresponding test case controlstructure (cf. De�nition 3.1), and{ TCDS = (TE;SV; IV ;G;V T ;�; ) be the corresponding test case data struc-ture (cf. De�nition 4.1).� If TC includes parallel test components, let IDS = (dom(cm);SV; IV ; IA; �) be anintermediate data structure, (cf. De�nition 4.5). The set dom(cm) � TE denotessend events of coordination messages. We assume that the function evalids : E �(D1� : : :�Dn)! Div1 � : : :�Divl is de�ned for IDS.� Let te 2 TE be a test event.� Let ST = (CS;DS) be a state of TC, where{ CS = (Snte; Sattach; Screate; Scm) is a control of TC state and{ DS = (x1; : : : ; xn) denotes a data state of TC.� Let IS 2 Div1 � : : :�Divl be a tuple of values for intermediate variables.The test event te is enabled in ST , written ST te�!c;d, if the following three conditionshold:1. CS te�!c (cf. De�nition 3.6),2. DS te;IS�!d (cf. De�nition 4.3), and 39



3. IS = ( (/1; : : : ;/l) : te 62 ran(cm)evalids(next(qstate(tequeue(te)));DS) : elseCondition 3. includes a rule for the calculation of IS. Therefore, in contrast to the shortnotation for the data enabling condition, i.e., te;IS�!d, the short notation for the enablingcondition above ,i.e., te�!c;d, includes no reference to IS.However, as already mentioned, the enabling condition for a test event is de�ned bycombining control enabling and data enabling. This is denoted in the conditions 1. and2. of the de�nition above. Only condition 3. needs some further explanation.In the case of parallel TTCN information may be exchanged by using parametersof coordination messages. This information has to be considered during the simulationof the test case. We do this by treating message parameters as intermediate variablesand by deriving their values from the send event of a coordination message when theenabling condition of the corresponding receive event is checked. Later on we will also usethis mechanism when normal receive events are executed. But, then we need to derivemessage parameter values from external information, e.g., test logs. We need no valuesfor intermediate variables when we check the enabling condition of an event te 62 ran(cm),i.e., te is not a send event of a coordination message. In this case IS is set to a tuple ofunknown values, i.e., (/1; : : : ;/l).5.3 Execution of enabled test eventsBased on the de�nition of an enabling condition we are able to de�ne an execution rulefor enabled test events.De�nition 5.4 (The Execution of an enabled test event) Let TC be a TTCNtest case and let ST = (CS;DS) be a state of TC. Let te be a test event which is enabledin ST , i.e., ST te�!c;d. We assume that IS 2 Div1 � : : :�Divl is the tuple of values forintermediate variables which is calculated according to Condition 3. in De�nition 4.3and used in Condition 2. of De�nition 4.3. The execution of te changes the actual stateST = (CS;DS) into the new state ST 0 = (CS0;DS 0), where1. CS0 is determined by CS te�!c CS0 (cf. De�nition 3.7), and2. DS 0 is calculated by DS te;IS�!d DS0.We denote the execution of te by ST te�!c;d ST 0.The de�nition should be clear intuitively. The new state reached by the execution of atest event is calculated by the rules for the execution of control enabled and data enabledtest events. It should be noted that for the calculation of IS the execution rule aboverefers to De�nition 4.3. If we want to calculate IS in another way, we only need to modifythe enabling condition. 40



Test Case Variable DeclarationsVariable Name Type Value CommentsCount Integer 1 Counter of acounter loopS IntegerFigure 18: Declaration of TTCN test case variables5.4 Traces, reachability sets, and global state graphsIn Section 3.5 we de�ned the notion of traces, reachability sets, and global state graphsalready. All de�nitions were based on the control ow of a TTCN test case. We canmodify these de�nitions slightly in order to make them applicable for complete TTCNtest cases.De�nition 5.5 (Initial state of a TTCN test case) Let TC be a TTCN test caseand ST 0 = (CS;DS) be a state of TC. ST 0 is called the initial state of TC, if1. CS is the initial control state of TC (cf. De�nition 3.8), and2. DS is a tuple which holds the initial values of all state variables.The tuple DS in the de�nition above is de�ned informally. The initial values for the statevariables have to be extracted from the declarations part of the test suite. For example,the declaration of the state variables for the test case in Figure 14 may look like the tablein Figure 18. This leads to the initial data state DS = (1;/; none), i.e., Count is set to1, S has no initial value, and the initial value of R is according to the TTCN de�nitionnone.De�nition 5.6 (Traces and reachability set of a TTCN test case) Let TC be aTTCN test case, TE be the set of test events of TC, w 2 TE� a �nite word over TE,MTC be the set of all possible states of TC, ST 0 the initial state of TC, and ST , ST 0,ST1, ST2, . . . , STn states of TC.1. The notation ST w�!c;d ST 0 is de�ned by(a) ST w�!c;d S if w =?(b) ST w�!c;d ST 0 if� w = t1�t2� : : : �tn (ti 2 TE) and� ST t1�!c;d ST1 t2�!c;d : : : tn�!c;d STn = ST 02. R(TC) = fST j 9w 2 TE� : ST 0 w�!c;d ST ^ ST 2MTCg is the reachability set ofTC, i.e. the set of states which can be reached from the initial state ST 0 when TCis executed.3. TR(TC) = fw j 9ST 2 R(TC) : ST 0 w�!c;d ST ^ w 2 TE�g is the set of traces ofTC. 41



De�nition 5.7 (Global state graph of a TTCN test case) Let TC be a TTCNtest case, ST 0 the initial state of TC, and R(TC) be the reachability set of TC. Theglobal state graph of TC is de�ned by Er(TC) = (N;E; ST 0), where(a) N = R(N) is the set of nodes,(b) E = f(ST; t; ST 0) j ST; ST 0 2 R(N) ^ ST t�!c;d ST 0g is the set of edges, and(c) ST 0 is the start node of the graph.According to the TTCN semantics a test run ends in a �nal state. Such a �nal state is astate in which a �nal test verdict is assigned, i.e., PASS, FAIL, or INCONCLUSIV E.This can be done explicitly within the verdict column of a TTCN behavior description,or implicitly, i.e., if no test event can be executed anymore the actual preliminary testverdict will become the �nal test verdict. We de�ne the notion of �nal control statesformally.De�nition 5.8 (Final states of a TTCN test case) Let TC be a TTCN test case,TE be the set of test events, R the state variable which holds preliminary and �nal testverdicts during a test run, and R(TC) be the reachability set of TC. The �nal states ofTC are de�ned by the set:FS(TC) = fST j ST 2 R(TC) ^ 69 te 2 TE : ST te�!c;d _ R holds a final test verdictg.Based on the de�nition of the �nal states of a TTCN test case, we are able to de�ne thenotion of complete test runs of a TTCN test case.De�nition 5.9 (Complete test runs of a TTCN test case) Let TC be a TTCNtest case, TE be the set of test events, R(TC) be the reachability set of TC, and ST 0 theinitial state of TC. The complete test runs of TC are de�ned by the set:TRcomp(TC) = fw j 9ST 2 FS(TC) : ST 0 w�!c;d ST ^ w 2 TE�g.6 Two complete TTCN examplesIn this section we introduce two small, but complete TTCN test case examples. Bothexamples should explain, how the provided model for the TTCN semantics works. Weprovide control structure, data structure, reachability set, and global state graph for bothexamples.6.1 The TTCN test case DataExampleThe �rst example is the TTCN test caseDataExample which we already used for explain-ing the data structure of a TTCN test case (cf. Section 4.1). The information relevantfor our purposes is described within the TTCN tables in Figure 19, 20, and 21.44Figure 19 and Figure 20 are identical to Figure 14 and Figure 18. For the sake of completeness andreadability they are presented here again. 42



Test Case Dynamic BehaviourTest Case Name: DataExampleNr Label Behaviour Description Constraints Ref Verdict1 ?CONind2 !CONresp (Count:=1)3 REPEAT LOCAL UNTIL [Count=3]4 ?DISind [DISind.err="Wrong ACK"]5 !DISresp PASS6 ?DISind7 !DISresp FAILLOCAL8 ?DAT (S:=DAT.SeNr, Count:=Count+1) (PASS)9 !AK (AK.SeNr:=S-1)Figure 19: Behavior description of the TTCN test case DataExampleTest Case Variable DeclarationsVariable Name Type Value CommentsCount Integer 1 Counter of acounter loopS IntegerFigure 20: Declaration of state variables for the TTCN test case DataExampleThe test case control structure of DataExample. The control structure for ourexample is described by a tuple TCCS = (TE; t0; nte; attach; create; cm). The compo-nents of the tuple have the following meaning.TE = f?CONindNr:1; !CONrespNr:2; ?DISindNr:4; ?DISrespNr:5; REPEATNr:3;UNTIL(1)Nr:3; UNTIL(2)Nr:3; ?DISindNr:6; ?DISrespNr:7; LOCALtop;?DATNr:8; !AKNr:9gdenotes the set of test events. TE includes some additional test events. These arethe top node LOCALtop of the local tree LOCAL and the events UNTIL(1)Nr:3 andUNTIL(2)Nr:3 which are necessary to model the control ow of the REPEAT loop cor-rectly.t0 = DataExampletopis top node of the test case. The top node is no test event, i.e., DataExampletop 62 TE.43



ASP Type De�nitionASP Name: DISind (Disconnection Indication)PCO Type:Comments:Parameter Name Parameter Type Commentserr (Error Message) CharString Describes the kind of an errorASP Type De�nitionASP Name: DAT (Data)PCO Type:Comments:Parameter Name Parameter Type CommentsS (Sequence Number) Integer Sequence Number of data itemItem (Data Item) InfoType Transported dataFigure 21: TTCN ASP de�nitions referred to within DataExamplente � TE � TE is the next-test-event relation,attach � TE � TE is the attach relation,create � TE � TE is the create relation, andcm � TE � TE is the coordination-message relation.In Figure 22 the nte relation and the attach relation are presented in a graphical form.The test case DataExample includes no parallel test components. Therefore there existno create and coordination-message relations, i.e., create = ; and cm = ;.Simulating the control ow of DataExample. Based on the control structure ofDataExample, we are able to simulate the control ow of the test case. The initial controlstate S0 isS0 = (fDataExampletopg; ;; ;; ;)Applying the De�nitions 3.6 and 3.7 repeatedly leads to the reachability set shown inFigure 23. The rightmost column of the table presents the test events which are enabledin a given control state. From the reachability set we can construct the global state graphshown in Figure 24.The data structure of DataExample. The data structure of DataExample hasbeen explained thoroughly in Example 4.1 on Page 30. For the sake of completeness wesummarize this explanation. The data structure of DataExample is given by a tupleTCDS = (TE;SV; IV ;G;V T ;�; ). 44
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test event (te) �(te)  (te)tuples are meant to be assignments for:(Count; S;R) 2 Integer � Integer � V erdicts?CONindNr:1 true (id(Count); id(S); id(R))!CONrespNr:2 true (1; id(S); id(R))REPEATNr:3 true (id(Count); id(S); id(R))UNTIL(1)Nr:3 Count 6=3 (id(Count); id(S); id(R))UNTIL(2)Nr:3 Count=3 (id(Count); id(S); id(R))?DISindNr:4 DISind:err="Wrong AK" (id(Count); id(S); id(R))?DISrespNr:5 true (id(Count); id(S); PASS)?DISindNr:6 true (id(Count); id(S); id(R))?DISrespNr:7 true (id(Count); id(S); FAIL)LOCALtop true (id(Count); id(S); id(R))?DATNr:8 true (Count+1; DAT:SeNr; (PASS))!AKNr:9 true (id(Count); id(S); id(R))Figure 25: The functions � and  of the data structure of DataExampleassignment operations within the behavior description of the test case.The functions � and  relate guards and variable transitions to test events. We de�nethem in the table in Figure 25.The simulation of DataExample. Based on the control structure and the data struc-ture of DataExample we are able to simulate the whole test case. Note, we need noadditional intermediate data structure, because DataExample includes no parallel testcomponents. The simulation is done by applying enabling condition, i.e., De�nition 4.3,and execution rule, i.e., De�nition 4.4, repeatedly. For the start of the simulation proce-dure, we need an initial state ST0 (cf. De�nition 5.5). This state is given byST0 = ((f?DataExampletopg; ;; ;; ;); (1;/; none))Within the initial state, the initial value 1 of the state variable Counter is extracted fromits declaration in Figure 20. The initial value of the state variable S is unde�ned and theinitial value of R is by default none.By starting the simulation in ST0 the exploration of all states leads to the reachabilityset shown in Figure 26. The rightmost column shows which test events are enabled in agiven state of the reachability set. Based on Figure 26 we can construct the global stategraph shown in Figure 27.By comparing the graphs in Figure 24 and Figure 27 we make some observations.The global state graph which only is based on the control ow (Figure 24) includes aloop and consists of 13 nodes only. The loop may lead to in�nite test runs. In contrast tothis, the global state graph in Figure 27 has more nodes, i.e., 17, and includes no loops,i.e., only two traces are possible. The additional loop is due to the possible values of thestate variable Counter. Counter is the counter variable of the REPEAT loop. Thereforethe loop in Figure 24 can be seen as an abstraction from the values of Counter.Both graphs include nodes which represent �nal states, i.e., no test event is enabled47



State (Control-State, Data-State) enabled eventsST0 ((f?DataExampletopg; ;; ;; ;); (1;/; none)) ?CONindNr:1ST1 ((f?CONindNr:1g; ;; ;; ;); (1;/; none)) !CONrespNr:2ST2 ((f!CONrespNr:2g; ;; ;; ;); (1;/; none)) REPEATNr:3ST3 ((fREPEATNr:3g; fREPEATNr:3g; ;; ;); (1;/; none)) ?LOCALtopST4 ((f?LOCALtopg; fREPEATNr:3g; ;; ;); (1;/; none)) ?DATNr:8ST5 ((f?DATNr:8g; fREPEATNr:3g; ;; ;); (2;/; (PASS))) !AKNr:9ST6 ((f!AKNr:9g; fREPEATNr:3g; ;; ;); (2;/; (PASS))) UNTIL(1)Nr:3ST7 ((fUNTIL(1)Nr:3g; ;; ;; ;); (2;/; (PASS))) REPEATNr:3ST8 ((fREPEATNr:3g; fREPEATNr:3g; ;; ;); (2;/; (PASS))) ?LOCALtopST9 ((f?LOCALtopg; fREPEATNr:3g; ;; ;); (2;/; (PASS))) ?DATNr:8ST10 ((f?DATNr:8g; fREPEATNr:3g; ;; ;); (3;/; (PASS))) !AKNr:9ST11 ((f!AKNr:9g; fREPEATNr:3g; ;; ;); (3;/; (PASS))) UNTIL(2)Nr:3ST12 ((fUNTIL(2)Nr:3g; ;; ;; ;); (3;/; (PASS))) ?DISindNr:4, ?DISindNr:6ST13 ((f?DISindNr:4g; ;; ;; ;); (3;/; (PASS))) !DISrespNr:5ST14 ((;; ;; ;; ;); (3;/; PASS)) noneST15 ((f?DISindNr:6g; ;; ;; ;); (3;/; (PASS))) !DISrespNr:7ST16 ((;; ;; ;; ;); (3;/; FAIL)) noneFigure 26: Reachability set of the TTCN test case DataExamplein a �nal state. But, the graph in Figure 24 has one �nal state only, i.e., S10, whereasthe graph in Figure 27 includes two �nal states. The reason for this is that the globalstate graph which is based on the control ow only does not consider the possible testverdicts, i.e., the values of the state variable R. Our test case may end with the �nalverdicts PASS and FAIL. These possible verdicts are reected by the two �nal statesST14 and ST16 in Figure 27.6.2 A parallel TTCN test case based on InresThe second example includes parallel test components. The system for which the testcase is de�ned, is called Inres. Details about Inres can be found in [6, 7]. We intend toanalyze a test case for testing the Initiator part of Inres.A test architecture in which our test case is applicable is shown in Figure 28. Thesystem under test (SUT) consists of the implementation under test (IUT), i.e., the Ini-tiator process, and a Medium service which is used by the Initiator process in order toprovide the Initiator part of the Inres service to its user. The tester processes are thelower tester LT and the upper tester UT. The main test component is the upper tester.LT and UT communicate via the coordination point CP1. For the communication withthe SUT the tester processes use the PCOs ISAP and MSAP. The exchange of ASPs andPDUs which should be observed in order to obtain the test verdict PASS is shown in theMSC in Figure 29.The intention of the test case is the following. After connection establishment wesend two data request messages DATreq. The second message is sent after the DT ofthe �rst DATreq is received, but before it is acknowledged. The acknowledgement AK48
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Test Component Con�guration DeclarationsCon�g Name: Con�gOneComments:TCs Used PCOs Used CPs Used CommentsUT ISAP CP1LT MSAP CP1Figure 31: Con�guration for the Inres test case exampleCP DeclarationsCP Name CP Role CommentsCP1 UT <-> LTFigure 32: Coordination point declaration for the Inres test case exampleREPEAT loops. The behavior description of the parallel test component include seventree attachments. All attachments refer to the local tree LOCAL.The test case control structure of the Inres test case example. The test casecontrol structure of the example is given by TCCSInres = (TE; t0; nte; attach; create; cm).The components of the tuple have the following meaning.TE is the set of test events.For our example there exist 46 test events. They are listed in the Event Descriptioncolumns of the tables in the Figures 35 and 36. In order to facilitate the followingdescriptions we introduce abbreviations for the di�erent test events. These abbreviationscan be found in the Short Id columns within the Figures 35 and 36.t0 = MTCis top node of the test case. The top node is no test event, i.e.,MTC 62 TE.nte � TE � TE is the next-test-event relation,attach � TE � TE is the attach relation,create � TE � TE is the create relation, andcm � TE � TE is the coordination-message relation.In Figure 22 the next-test-event, the attach, the create, and the coordination-messagerelation are presented in a graphical form. Although the TTCN test case descriptionslooks quite simple the graphical form of the test case control structure is a complex graphwith 4 sorts of edges. It should be noted that the graph includes no loops. Since wedisallow recursive tree attachment the simulation of the test case will lead to �nal globalstate graphs without loops, i.e., all traces are �nite.52



Test Case Dynamic BehaviourTest Case Name: InresTestCaseExampleCon�guration: Con�gOneComments: This is the main test componentNr Label Behaviour Description Constraints Ref Verdict1 CREATE(LowerTester,PTCDescription)2 ISAP!CONreq3 ISAP?CONconf4 ISAP!DATreq (DATreq.S := 1) DATreqdef5 CP1?RecDAT6 ISAP!DATreq (DATreq.S := 2) DATreqdef7 CP1!SendDAT (SendDAT.S := 2) SendDATdef8 CP1?CorDAT (P)9 ISAP?DISind10 CP1?FailDAT (F)11 ISAP?DISind12 ISAP?DISind F13 CP1?FailDAT (F)14 ISAP?DISind15 ISAP?DISind FFigure 33: TTCN behavior description of the main test componentSimulating the control ow of the Inres test case example. Based on the test casecontrol structure the control ow aspects of the Inres test case example can be simulated.Like in the previous example (cf. Page 44) this is done by applying the de�nitions 3.6 and3.7 repeatedly. The initial control state isS0 = (fMTCg; ;; ;; f?;?g).The set f?;?g describes the empty queues through which the main test component andthe parallel test component will exchange coordination messages. In the following weassume that the �rst element of the coordination message queue parts of all followingcontrol states describe the queue in which the main test component sends coordinationmessages, i.e., through which the parallel test component receives coordination messages.The second element of the set describes the queue for the other direction.By simulating the control structure we gain a reachability set which consists of 374control states. The global state graph will have 374 nodes and 713 state transitions.There are 5 end states and there are 488272 di�erent traces leading from the initial stateto an end state.The global state graph cannot be presented here graphically. But, for the sake ofcompleteness the reachability set and all possible state transitions are listed at the end ofthis report (cf. Figures 40-47 and 48-51).The data structure of the Inres test case example. The data structure of ourexample test case is given by a tuple TCDSInres = (TE;SV; IV ;G;V T ;�; ). The com-ponents have the following meaning. 53



Test Step Dynamic BehaviourTest Step Name: PTCDescriptionNr Label Behaviour Description Constraints Ref Verdict1 MSAP?CR2 MSAP!CC3 MSAP?DT (S := DT.S) DTdef4 CP1!RecDAT5 MSAP?DT [DT.S = S] DTdef6 MSAP?DT [DT.S = S] DTdef7 MSAP?DT [DT.S = S] DTdef8 CP1?SendDAT (SuccS := SendDAT.S) SendDATdef9 MSAP!AK (AK.Nr := S) AKdef10 MSAP?DT [DT.S = SuccS] DTdef11 CP1!CorDAT12 MSAP!DR13 +LOCAL14 +LOCAL15 +LOCAL16 +LOCAL17 +LOCAL18 +LOCAL19 +LOCALLOCAL20 MSAP?OTHERWISE21 CP1!FailDAT22 MSAP!DRFigure 34: TTCN behavior description of the parallel test componentShort Line Nr. Event Description Short Line Nr. Event DescriptionId in TTCN Id in TTCNM1 1 CREATE M9 9 ISAP?DISindM2 2 ISAP!CONreq M10 10 CP1?FailDATM3 3 ISAP?CONconf M11 11 ISAP?DISindM4 4 ISAP!DATreq M12 12 ISAP?DISindM5 5 CP1?RecDAT M13 13 CP1?FailDATM6 6 ISAP!DATreq M14 14 ISAP?DISindM7 7 CP1!SendDAT M15 15 ISAP?DISindM8 8 CP1?CorDATFigure 35: Test events related to the main test component54



Node Line Nr. Event Description Node Line Nr. Event DescriptionId in TTCN Id in TTCNPTC Top node of PTC P14(2) 14 +LOCALP1 1 MSAP?CR P15(1) 15 +LOCALP2 2 MSAP!CC P15(2) 15 +LOCALP3 3 MSAP?DT P16(1) 16 +LOCALP4 4 CP1!RecDAT P16(2) 16 +LOCALP5 5 MSAP?DT P17(1) 17 +LOCALP6 6 MSAP?DT P17(2) 17 +LOCALP7 7 MSAP?DT P18(1) 18 +LOCALP8 8 CP1?SendDAT P18(2) 18 +LOCALP9 9 MSAP!AK P19(1) 19 +LOCALP10 10 MSAP?DT P19(2) 19 +LOCALP11 11 CP1!CorDAT TopL LOCALP12 12 MSAP!DR P20 20 MSAP?OTHERWISEP13(1) 13 +LOCAL P21 21 CP1!FailDATP13(2) 13 +LOCAL P22 22 MSAP!DRP14(1) 14 +LOCALFigure 36: Test events related to the parallel test componentTE is the set of test events.It is the same set as used for the test case control structure, i.e., for our example they canbe found in the Figures 35 and 36.SV = fS:Integer; SuccS:Integer;R:V erdictsgis the set of state variables. We have only three state variables. The variables S andSuccS are used in the parallel test component only. In Figure 38 they are declared as testcomponent variables. The variable R is de�ned implicitly as the variable which holds theactual test verdict during a test run.IV = fSendDAT:S:Integer;DT:S:Integergis the set of intermediate variables. They are declared as parameters of ASPs, PDUs, orcoordinations messages in the same manner as described in the previous example. Theconcrete TTCN de�nitions for the Inres test case example are not presented here.G = ftrue;DT:S=Sgis the set of guards. It should be noted that during simulation the expression DT:S=Salways evaluates to true. This is due to the fact, that DT:S is an intermediate variable.It represents a parameter value of the ASP DT which is received from the IUT duringthe test run. We assume that we have no knowledge about the IUT. Therefore the valueof DT:S is unknown.V T = fDT:S; SendDat:S; fin(R); id(S); id(SuccS); id(R)gdenotes the set of variable transitions. The expressions in V T describe how the statevariables change their values during a test run. Variable transitions are gained from55
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event �(te)  (te) event �(te)  (te)te (S; SuccS;R) te (S; SuccS;R)M1 true (id(S); id(SuccS); id(R)) M9 true (id(S); id(SuccS); fin(R))M2 true (id(S); id(SuccS); id(R)) M10 true (id(S); id(SuccS); (F ))M3 true (id(S); id(SuccS); id(R)) M11 true (id(S); id(SuccS); fin(R))M4 true (id(S); id(SuccS); id(R)) M12 true (id(S); id(SuccS); F )M5 true (id(S); id(SuccS); id(R)) M13 true (id(S); id(SuccS); (F ))M6 true (id(S); id(SuccS); id(R)) M14 true (id(S); id(SuccS); fin(R))M7 true (id(S); id(SuccS); id(R)) M15 true (id(S); id(SuccS); F )M8 true (id(S); id(SuccS); (P ))PTC true (id(S); id(SuccS); id(R)) P14(2) true (id(S); id(SuccS); id(R))P1 true (id(S); id(SuccS); id(R)) P15(1) true (id(S); id(SuccS); id(R))P2 true (id(S); id(SuccS); id(R)) P15(2) true (id(S); id(SuccS); id(R))P3 true (DT:S; id(SuccS); id(R)) P16(1) true (id(S); id(SuccS); id(R))P4 true (id(S); id(SuccS); id(R)) P16(2) true (id(S); id(SuccS); id(R))P5 DT:S=S (id(S); id(SuccS); id(R)) P17(1) true (id(S); id(SuccS); id(R))(always true)P6 DT:S=S (id(S); id(SuccS); id(R)) P17(2) true (id(S); id(SuccS); id(R))(always true)P7 DT:S=S (id(S); id(SuccS); id(R)) P18(1) true (id(S); id(SuccS); id(R))(always true)P8 true (id(S); SendDAT:S; id(R)) P18(2) true (id(S); id(SuccS); id(R))P9 true (id(S); id(SuccS); id(R)) P19(1) true (id(S); id(SuccS); id(R))P10 DT:S=SuccS (id(S); id(SuccS); id(R)) P19(2) true (id(S); id(SuccS); id(R))(always true)P11 true (id(S); id(SuccS); id(R)) TopL true (id(S); id(SuccS); id(R))P12 true (id(S); id(SuccS); id(R)) P20 true (id(S); id(SuccS); id(R))P13(1) true (id(S); id(SuccS); id(R)) P21 true (id(S); id(SuccS); id(R))P13(2) true (id(S); id(SuccS); id(R)) P22 true (id(S); id(SuccS); id(R))P14(1) true (id(S); id(SuccS); id(R))Figure 39: The functions � and  for the data structure of the Inres test case exampleassignment operations within the behavior description of the test case. Only the variabletransition fin(R) may need an additional explanation. The TTCN standard states thatthe actual value of R will be �nal test verdict if the test case ends without an explicitassignment of a �nal test verdict. In our case the main test component may end inseveral situations where a preliminaryPASS or FAIL is assigned. The variable transitionfin(R) states explicitly that based on the actual value of R a �nal test verdict should becalculated. Later on we will describe the simulation of the Inres test case example. Thesimulation will always be terminated when a �nal test verdict is assigned. This criterionis independent from the actual state of the parallel test component.The functions � and  relate guards and variable transitions to test events. We de�nethem in the table in Figure 39. 57



An intermediate data structure for the Inres test case example. Our test caseexample includes parallel test components which communicate by exchanging coordinationmessages at coordination points. The information which is contained in message param-eters may inuence the simulation run. Therefore it has to be considered. We do this bytreating message parameters as intermediate variables and by deriving their values fromthe send event of a coordination message when the enabling condition of the correspond-ing receive event is checked and executed. However, we have to provide an intermediatedata structure for this purpose. It is given by a tuple IDSInres = (E;EV; IV ; IA; �). Thetuple components have the following meaning.E = fCP1!SendDAT;CP1!RecDAT;CP1!CorDAT;CP1!FailDATgis the set of events. E is a subset of the test events of the test case control structureand test case data structure. The elements of E denote the send events of coordinationmessages. In the following we use the short identi�ers of these events mainly (cf. Figures35 and 36), i.e., E = fM7; P4; P11; P21g.EV = fS:Integer; SuccS:Integer;R:V erdictsg is the set of external variables. In ourcase it is identical to the set of state variables of the Inres test case example.IV = fSendDAT:S:Integer;DT:S:Integergis the set of intermediate variables. IV is identical to the set of intermediate variableswhich is used in the data structure of the test case.IA = f1;/gis the set of intermediate assignments. The expressions in IV describe how values areassigned to intermediate variables.� : E ! IA#(IV )relates a tuple (ia1; : : : ; ia#(IV )) of expressions of IA to each event of E. For our exampletheta is de�ned by:�(M7) := (2;/)�(P4) := (/;/)�(P11) := (/;/)�(P21) := (/;/)In cases where an intermediate variable is unused, e.g., SendDAT:S and DT:S for P4,P11, and P21, we assign the expression unknown, i.e., /, to the corresponding tupleelement.For our example, the function evalids (cf. De�nition 4.6) is identical to � for all eventsin E. This is due to the fact that external variables are not used in the expressions of IA.The simulation of the Inres test case example. Based on the test case controlstructure TCCSInres, the test case data structure TCDSInres, and the intermediate datastructure IDSInres it is possible to simulate the complete test case. The simulation shouldstart in the initial state 58



ST0 = ((fMTCg; ;; ;; f?;?g); (/;/; none)).By applying the de�nitions 4.3 and 4.4 repeatedly we obtain a reachabilty set with 310states. 33 states are �nal states. Compared with the results of the control ow simulationwe obtain 28 more �nal states. This due to the fact that we terminate the simulationalways when a �nal test verdict is calculated, independently from the actual (control)state of the parallel test component. The additional �nal states reect the di�erent statesin which the parallel test component may end.The construction of the global state graph will lead to a graph with 310 nodes and608 arrows, i.e., state transitions. This graph cannot be presented graphically. But, forthe sake of completeness the reachabililty set and the state transitions are listed at theend of this section (cf. Figures 52-58 and 59-63).The graph is �nite and includes no loops. We can distinguish 478406 traces leadingfrom the initial state to a �nal state. 4767 traces end with a PASS verdict and 473639traces with a FAIL verdict.We did not provide a complete example for the execution of an enabled test event(cf. Section 5.3). Especially, the way of how the intermediate data structure works.Therefore we look at one state transition in more detail. In stateST204 = ((fM7; P7g; ;; ;; fM7;?g); (/;/; none))the eventsM12, P8, and P14(1) are enabled (cf. Figure 56). The execution of P8 changesST204 toST227 = ((fM7; P8g; ;; ;; f?;?g); (/; 2; none)).The calculation of CSST227 = (fM7; P8g; ;; ;; f?;?g) follows the explanation in Section3.4. The calculation starts from the control state CSST204 = (fM7; P7g; ;; ;; fM7;?g).SST227nte = fM7; P7gnP7 [ P8 = fM7; P8gSST227attach = ;n; [ ; = ;SST227create = ;n; [ ; = ;SST227cm = fdequeue(tequeue(P8));?g= f?;?gFor the calculation of the data state DSST227 = (/; 2; none)) the intermediate data struc-ture IDSInres and the function evalids are relevant. The calculation of DSST227 startsfrom DSST204 = (/;/; none)). The tuple IS which is needed for the execution of P7,i.e., DSST204 P8;IS�! d DSST227, is calculated byIS = evalids(next(qstate(tequeue(P8)));DSST204)=evalids(M7; (/;/; none)) = (2;/)The details concerning the function evalids for our example have been explained in theprevious paragraph. According to De�nition 4.4 we need 3 functions fSP8, fSuccSP8 , and fRP8for the calculation of DSST227 = (d1; d2; d3) = (/; 2; none)). The functions include thevariable transitions within the test case data structure TCDSInres which are related toP8. They are de�ned by 59



fSP8(S; SuccS;R; SendDAT:S;DT:S) = id(S)fSuccSP8 (S; SuccS;R; SendDAT:S;DT:S) = SendDAT:SfRP8(S; SuccS;R; SendDAT:S;DT:S) = id(R)Applying these functions leads tod1 = fSP8(DSST204; IS) = fSP8((/;/; none); (2;/)) =/d1 = fSuccSP8 (DSST204; IS) = fSP8((/;/; none); (2;/)) = 2d3 = fRP8(DSST204; IS) = fSP8((/;/; none); (2;/)) = none7 Simulation and ComplexityWithin the previous sections we only provided the de�nitions on which the implementationof an TTCN simulator can be based. We discussed some problems, but did not prove anyproperty of the developed model.However, the last example (cf. Section 6.2) presents the e�ect of one property in anintuitive manner, it is the complexity. In general, the behavior tree5 of a TTCN test casewith parallel test components grows exponentially.6Dealing with behavior descriptions which grow exponentially is also problem for testcase generation based on formal descriptions, i.e., system which are described by usingfor example LOTOS[9] or SDL [14]. At the University of Berne we tackled the problemfor SDL by using heuristics, partial order simulation methods, and optimization strategies.Our discussions on this topic are summarized in [21] and [5]. In principle the techniquespresented in both papers can be adapted to our needs, i.e., be used for dealing with thecomplexity of TTCN descriptions.8 Comparison with other approachesThere are some other approaches which provide a formal semantics for TTCN or at leastthe possibility for simulating TTCN test cases. We would like to describe 3 approachesbriey.� Direct generation of executable code from TTCN descriptions.� Translation of TTCN into SDL.� Common semantical representation for SDL and TTCN.5A behavior tree can be seen as a mapping of the global state graph onto a, possibly in�nite, treestructure.6We provide no formal proof of this fact. But, the formal proof can be done by relating our approachto Petri nets. The generation of the behavior tree for TTCN can be related to the reachability problemfor Petri nets which is NP-complete. 60



8.1 Direct generation of executable code from TTCNSomemodern TTCN tools like ITEX 3.0 [20] provide the possibility to generate executableC code directly from TTCN descriptions. It is also possible to generate some sort of TTCNsimulator.However, we received the new ITEX 3.0 version when we already had �nished thepresented work and the implementation of our TTCN simulator. Therefore, we could notcheck if the features of, for example, ITEX 3.0 may also be suitable for solving some ofour problems. But, for the sake of completeness we would like to mention that there existcommercial tools which provide simulation facilities. It should also be mentioned thatthese commercial tools provide no complete formal model on which their simulation isbased. The tool developers interpreted the informal TTCN standard and implementedtheir understanding of the standard.8.2 The translation of TTCN into SDLIn [22] concurrent TTCN test cases are transformed into SDL [14]. The aim of this proce-dure is to validate TTCN test cases by using validation techniques for SDL speci�cations.The problem of such an approach is the mapping of TTCN constructs onto SDLconstructs. TTCN and SDL have been developed for di�erent purposes and thereforean adequate modeling of TTCN concepts by using SDL constructs is not always possibleor trivial. For example, in TTCN a parallel test component may be connected withseveral queues each of which represent a coordination point (CP) or a point of controland observation (PCO). Contrary to this, in SDL each process is connected to one queueonly. Subsequently, it is not trivial to model a parallel test component by means of anSDL process. At least the possible interleaving of ASPs, PDUs, and coordination messageswaiting in di�erent CPs and PCOs have to be considered. To avoid such problems, wedecided to base our simulation directly on TTCN.8.3 A common semantical representation for SDL and TTCNOver recent years, the European Telecommunications Standards Institute has recognizedthat an integrated methodology has to be established covering all aspects of protocolengineering. As part of this broader context is has been considered reasonable to de�nea semantical relationship between SDL and TTCN.The term common semantical representation refers to a representation, able to repre-sent the (formal) semantics of objects from di�erent domains in a common model. Sucha common model enables the investigation of semantical relations between objects of thedi�erent domains. Hence, a common semantical representation for SDL and TTCN en-ables the de�nition of formal semantical relations between SDL and TTCN speci�cations.Such relations may act as a basis when developing a theory and tools for test generation,test validation, etc.In [23, 24] a common semantical representation is described that is an operationalmodel consistent with the semantics de�ned in ITURecommendation Z.100 for SDL and inISO 9646 Part 3 for TTCN. In [25] an extension to the common semantical representationis described so that concurrent TTCN is also covered.61



The main characteristic of the common semantical representation is that it is a compo-sitional hierarchical model, which enables reasoning about the dynamic behavior of SDLand concurrent TTCN speci�cations at di�erent levels of observability. The common se-mantical representation structures an SDL or concurrent TTCN speci�cation into a set ofhierarchically ordered components. The dynamic semantics of each component is de�nedin terms of the dynamic semantics of the components at the next lower level (if the nextlower level exists) or directly for all basic components that do not have lower levels. Thesemantics of a components is de�ned by a labeled transition system as described in [19].The approach has been proven convenient for the de�nition of compositional structuresand allows for formal reasoning about temporal properties.From a more general point of view our automata based model and the basis of thecommon semantical representation are identical. The problem which we had with theon the common semantical representation is that the semantics cannot be implementeddirectly and e�ciently, i.e., it is not convenient for simulation purposes. Therefore, wepreferred to develop a model which can be implemented directly, i.e., the test case controlstructure is implemented as a graph and the data structure is realized in form of a set offunctions which are associated with the nodes of the graph.9 SummaryWe presented a model for the semantics of TTCN. It should serve as the base for theimplementation of a TTCN simulator and, therefore, the de�nitions are close to imple-mentation. The model is able to deal with most TTCN constructs, including parallelTTCN. We implemented the model and started to experiment with the TTCN simula-tor. The �rst trials showed that the simulator is suitable for our purposes, i.e., test casevisualization and test result analysis. In a further step we intend to include mechanismsfor dealing with the complexity of TTCN descriptions, i.e., heuristics and partial ordersimulation methods.
62



State Value enabled eventsS0 (fMTCg,;,;,f?,?g) M1S1 (fM1g,;,M1,f?,?g) M2,PTCS2 (fM2g,;,M1,f?,?g) M3,M15,PTCS3 (fM1,PTCg,;,;,f?,?g) M2,P1,P19(1)S4 (fM3g,;,M1,f?,?g) M4,PTCS5 (;,;,M1,f?,?g) PTCS6 (fM2,PTCg,;,;,f?,?g) M3,M15,P1,P19(1)S7 (fM1,P1g,;,;,f?,?g) M2,P2S8 (fM1,P19(1)g,P19(1),;,f?,?g) M2,TopLS9 (fM4g,;,M1,f?,?g) PTCS10 (fM3,PTCg,;,;,f?,?g) M4,P1,P19(1)S11 (f0,PTCg,;,;,f?,?g) P1,P19(1)S12 (fM2,P1g,;,;,f?,?g) M3,M15,P2S13 (fM2,P19(1)g,P19(1),;,f?,?g) M3,M15,TopLS14 (fM1,P2g,;,;,f?,?g) M2,P3,P18(1)S15 (fM1,TopLg,P19(1),;,f?,?g) M2,P20S16 (fM4,PTCg,;,;,f?,?g) P1,P19(1)S17 (fM3,P1g,;,;,f?,?g) M4,P2S18 (fM3,P19(1)g,P19(1),;,f?,?g) M4,TopLS19 (f0,P1g,;,;,f?,?g) P2S20 (f0,P19(1)g,P19(1),;,f?,?g) TopLS21 (fM2,P2g,;,;,f?,?g) M3,M15,P3,P18(1)S22 (fM2,TopLg,P19(1),;,f?,?g) M3,M15,P20S23 (fM1,P3g,;,;,f?,?g) M2,P4S24 (fM1,P18(1)g,P18(1),;,f?,?g) M2,TopLS25 (fM1,P20g,P19(1),;,f?,?g) M2,P21S26 (fM4,P1g,;,;,f?,?g) P2S27 (fM4,P19(1)g,P19(1),;,f?,?g) TopLS28 (fM3,P2g,;,;,f?,?g) M4,P3,P18(1)S29 (fM3,TopLg,P19(1),;,f?,?g) M4,P20S30 (f0,P2g,;,;,f?,?g) P3,P18(1)S31 (f0,TopLg,P19(1),;,f?,?g) P20S32 (fM2,P3g,;,;,f?,?g) M3,M15,P4S33 (fM2,P18(1)g,P18(1),;,f?,?g) M3,M15,TopLS34 (fM2,P20g,P19(1),;,f?,?g) M3,M15,P21S35 (fM1,P4g,;,;,f?,P4g) M2,P5,P17(1)S36 (fM1,TopLg,P18(1),;,f?,?g) M2,P20S37 (fM1,P21g,P19(1),;,f?,P21g) M2,P22S38 (fM4,P2g,;,;,f?,?g) P3,P18(1)S39 (fM4,TopLg,P19(1),;,f?,?g) P20S40 (fM3,P3g,;,;,f?,?g) M4,P4S41 (fM3,P18(1)g,P18(1),;,f?,?g) M4,TopLS42 (fM3,P20g,P19(1),;,f?,?g) M4,P21S43 (f0,P3g,;,;,f?,?g) P4S44 (f0,P18(1)g,P18(1),;,f?,?g) TopLS45 (f0,P20g,P19(1),;,f?,?g) P21S46 (fM2,P4g,;,;,f?,P4g) M3,M15,P5,P17(1)Figure 40: Part I of control states for the Inres test case example63



State Value enabled eventsS47 (fM2,TopLg,P18(1),;,f?,?g) M3,M15,P20S48 (fM2,P21g,P19(1),;,f?,P21g) M3,M15,P22S49 (fM1,P5g,;,;,f?,P4g) M2,P6,P16(1)S50 (fM1,P17(1)g,P17(1),;,f?,P4g) M2,TopLS51 (fM1,P20g,P18(1),;,f?,?g) M2,P21S52 (fM1,P22g,P19(1),;,f?,P21g) M2,P19(2)S53 (fM4,P3g,;,;,f?,?g) P4S54 (fM4,P18(1)g,P18(1),;,f?,?g) TopLS55 (fM4,P20g,P19(1),;,f?,?g) P21S56 (fM3,P4g,;,;,f?,P4g) M4,P5,P17(1)S57 (fM3,TopLg,P18(1),;,f?,?g) M4,P20S58 (fM3,P21g,P19(1),;,f?,P21g) M4,P22S59 (f0,P4g,;,;,f?,P4g) P5,P17(1)S60 (f0,TopLg,P18(1),;,f?,?g) P20S61 (f0,P21g,P19(1),;,f?,P21g) P22S62 (fM2,P5g,;,;,f?,P4g) M3,M15,P6,P16(1)S63 (fM2,P17(1)g,P17(1),;,f?,P4g) M3,M15,TopLS64 (fM2,P20g,P18(1),;,f?,?g) M3,M15,P21S65 (fM2,P22g,P19(1),;,f?,P21g) M3,M15,P19(2)S66 (fM1,P6g,;,;,f?,P4g) M2,P7,P15(2)S67 (fM1,P16(1)g,P16(1),;,f?,P4g) M2,TopLS68 (fM1,TopLg,P17(1),;,f?,P4g) M2,P20S69 (fM1,P21g,P18(1),;,f?,P21g) M2,P22S70 (fM1g,;,;,f?,P21g) M2S71 (fM4,P4g,;,;,f?,P4g) M5,P5,P17(1)S72 (fM4,TopLg,P18(1),;,f?,?g) P20S73 (fM4,P21g,P19(1),;,f?,P21g) M13,P22S74 (fM3,P5g,;,;,f?,P4g) M4,P6,P16(1)S75 (fM3,P17(1)g,P17(1),;,f?,P4g) M4,TopLS76 (fM3,P20g,P18(1),;,f?,?g) M4,P21S77 (fM3,P22g,P19(1),;,f?,P21g) M4,P19(2)S78 (f0,P5g,;,;,f?,P4g) P6,P16(1)S79 (f0,P17(1)g,P17(1),;,f?,P4g) TopLS80 (f0,P20g,P18(1),;,f?,?g) P21S81 (f0,P22g,P19(1),;,f?,P21g) P19(2)S82 (fM2,P6g,;,;,f?,P4g) M3,M15,P7,P15(2)S83 (fM2,P16(1)g,P16(1),;,f?,P4g) M3,M15,TopLS84 (fM2,TopLg,P17(1),;,f?,P4g) M3,M15,P20S85 (fM2,P21g,P18(1),;,f?,P21g) M3,M15,P22S86 (fM2g,;,;,f?,P21g) M3,M15S87 (fM1,P7g,;,;,f?,P4g) M2,P14(2)S88 (fM1,P15(2)g,P15(2),;,f?,P4g) M2,TopLS89 (fM1,TopLg,P16(1),;,f?,P4g) M2,P20S90 (fM1,P20g,P17(1),;,f?,P4g) M2,P21S91 (fM1,P22g,P18(1),;,f?,P21g) M2,P18(2)S92 (fM5,P4g,;,;,f?,?g) M6,P5,P17(1)S93 (fM4,P5g,;,;,f?,P4g) M5,P6,P16(1)Figure 41: Part II of control states for the Inres test case example64



State Value enabled eventsS94 (fM4,P17(1)g,P17(1),;,f?,P4g) M5,TopLS95 (fM4,P20g,P18(1),;,f?,?g) P21S96 (fM13,P21g,P19(1),;,f?,?g) M14,P22S97 (fM4,P22g,P19(1),;,f?,P21g) M13,P19(2)S98 (fM3,P6g,;,;,f?,P4g) M4,P7,P15(2)S99 (fM3,P16(1)g,P16(1),;,f?,P4g) M4,TopLS100 (fM3,TopLg,P17(1),;,f?,P4g) M4,P20S101 (fM3,P21g,P18(1),;,f?,P21g) M4,P22S102 (fM3g,;,;,f?,P21g) M4S103 (f0,P6g,;,;,f?,P4g) P7,P15(2)S104 (f0,P16(1)g,P16(1),;,f?,P4g) TopLS105 (f0,TopLg,P17(1),;,f?,P4g) P20S106 (f0,P21g,P18(1),;,f?,P21g) P22S107 (;,;,;,f?,P21g)S108 (fM2,P7g,;,;,f?,P4g) M3,M15,P14(2)S109 (fM2,P15(2)g,P15(2),;,f?,P4g) M3,M15,TopLS110 (fM2,TopLg,P16(1),;,f?,P4g) M3,M15,P20S111 (fM2,P20g,P17(1),;,f?,P4g) M3,M15,P21S112 (fM2,P22g,P18(1),;,f?,P21g) M3,M15,P18(2)S113 (fM1,P14(2)g,P14(2),;,f?,P4g) M2,TopLS114 (fM1,TopLg,P15(2),;,f?,P4g) M2,P20S115 (fM1,P20g,P16(1),;,f?,P4g) M2,P21S116 (fM1,P21g,P17(1),;,f?,P21g) M2,P22S117 (fM6,P4g,;,;,f?,?g) M7,P5,P17(1)S118 (fM5,P5g,;,;,f?,?g) M6,P6,P16(1)S119 (fM5,P17(1)g,P17(1),;,f?,?g) M6,TopLS120 (fM4,P6g,;,;,f?,P4g) M5,P7,P15(2)S121 (fM4,P16(1)g,P16(1),;,f?,P4g) M5,TopLS122 (fM4,TopLg,P17(1),;,f?,P4g) M5,P20S123 (fM4,P21g,P18(1),;,f?,P21g) M13,P22S124 (f0,P21g,P19(1),;,f?,?g) P22S125 (fM13,P22g,P19(1),;,f?,?g) M14,P19(2)S126 (fM4g,;,;,f?,P21g) M13S127 (fM3,P7g,;,;,f?,P4g) M4,P14(2)S128 (fM3,P15(2)g,P15(2),;,f?,P4g) M4,TopLS129 (fM3,TopLg,P16(1),;,f?,P4g) M4,P20S130 (fM3,P20g,P17(1),;,f?,P4g) M4,P21S131 (fM3,P22g,P18(1),;,f?,P21g) M4,P18(2)S132 (f0,P7g,;,;,f?,P4g) P14(2)S133 (f0,P15(2)g,P15(2),;,f?,P4g) TopLS134 (f0,TopLg,P16(1),;,f?,P4g) P20S135 (f0,P20g,P17(1),;,f?,P4g) P21S136 (f0,P22g,P18(1),;,f?,P21g) P18(2)S137 (fM2,P14(2)g,P14(2),;,f?,P4g) M3,M15,TopLS138 (fM2,TopLg,P15(2),;,f?,P4g) M3,M15,P20S139 (fM2,P20g,P16(1),;,f?,P4g) M3,M15,P21S140 (fM2,P21g,P17(1),;,f?,P21g) M3,M15,P22Figure 42: Part III of control states for the Inres test case example65



State Value enabled eventsS141 (fM1,TopLg,P14(2),;,f?,P4g) M2,P20S142 (fM1,P20g,P15(2),;,f?,P4g) M2,P21S143 (fM1,P21g,P16(1),;,f?,P21g) M2,P22S144 (fM1,P22g,P17(1),;,f?,P21g) M2,P17(2)S145 (fM7,P4g,;,;,fM7,?g) M12,P5,P17(1)S146 (fM6,P5g,;,;,f?,?g) M7,P6,P16(1)S147 (fM6,P17(1)g,P17(1),;,f?,?g) M7,TopLS148 (fM5,P6g,;,;,f?,?g) M6,P7,P15(2)S149 (fM5,P16(1)g,P16(1),;,f?,?g) M6,TopLS150 (fM5,TopLg,P17(1),;,f?,?g) M6,P20S151 (fM4,P7g,;,;,f?,P4g) M5,P14(2)S152 (fM4,P15(2)g,P15(2),;,f?,P4g) M5,TopLS153 (fM4,TopLg,P16(1),;,f?,P4g) M5,P20S154 (fM4,P20g,P17(1),;,f?,P4g) M5,P21S155 (fM13,P21g,P18(1),;,f?,?g) M14,P22S156 (fM4,P22g,P18(1),;,f?,P21g) M13,P18(2)S157 (f0,P22g,P19(1),;,f?,?g) P19(2)S158 (fM13g,;,;,f?,?g) M14S159 (fM3,P14(2)g,P14(2),;,f?,P4g) M4,TopLS160 (fM3,TopLg,P15(2),;,f?,P4g) M4,P20S161 (fM3,P20g,P16(1),;,f?,P4g) M4,P21S162 (fM3,P21g,P17(1),;,f?,P21g) M4,P22S163 (f0,P14(2)g,P14(2),;,f?,P4g) TopLS164 (f0,TopLg,P15(2),;,f?,P4g) P20S165 (f0,P20g,P16(1),;,f?,P4g) P21S166 (f0,P21g,P17(1),;,f?,P21g) P22S167 (fM2,TopLg,P14(2),;,f?,P4g) M3,M15,P20S168 (fM2,P20g,P15(2),;,f?,P4g) M3,M15,P21S169 (fM2,P21g,P16(1),;,f?,P21g) M3,M15,P22S170 (fM2,P22g,P17(1),;,f?,P21g) M3,M15,P17(2)S171 (fM1,P20g,P14(2),;,f?,P4g) M2,P21S172 (fM1,P21g,P15(2),;,f?,P21g) M2,P22S173 (fM1,P22g,P16(1),;,f?,P21g) M2,P16(2)S174 (f0,P4g,;,;,fM7,?g) P5,P17(1)S175 (fM7,P5g,;,;,fM7,?g) M12,P6,P16(1)S176 (fM7,P17(1)g,P17(1),;,fM7,?g) M12,TopLS177 (fM6,P6g,;,;,f?,?g) M7,P7,P15(2)S178 (fM6,P16(1)g,P16(1),;,f?,?g) M7,TopLS179 (fM6,TopLg,P17(1),;,f?,?g) M7,P20S180 (fM5,P7g,;,;,f?,?g) M6,P14(2)S181 (fM5,P15(2)g,P15(2),;,f?,?g) M6,TopLS182 (fM5,TopLg,P16(1),;,f?,?g) M6,P20S183 (fM5,P20g,P17(1),;,f?,?g) M6,P21S184 (fM4,P14(2)g,P14(2),;,f?,P4g) M5,TopLS185 (fM4,TopLg,P15(2),;,f?,P4g) M5,P20S186 (fM4,P20g,P16(1),;,f?,P4g) M5,P21S187 (fM4,P21g,P17(1),;,f?,P21g) M13,P22Figure 43: Part IV of control states for the Inres test case example66



State Value enabled eventsS188 (f0,P21g,P18(1),;,f?,?g) P22S189 (fM13,P22g,P18(1),;,f?,?g) M14,P18(2)S190 (;,;,;,f?,?g)S191 (fM3,TopLg,P14(2),;,f?,P4g) M4,P20S192 (fM3,P20g,P15(2),;,f?,P4g) M4,P21S193 (fM3,P21g,P16(1),;,f?,P21g) M4,P22S194 (fM3,P22g,P17(1),;,f?,P21g) M4,P17(2)S195 (f0,TopLg,P14(2),;,f?,P4g) P20S196 (f0,P20g,P15(2),;,f?,P4g) P21S197 (f0,P21g,P16(1),;,f?,P21g) P22S198 (f0,P22g,P17(1),;,f?,P21g) P17(2)S199 (fM2,P20g,P14(2),;,f?,P4g) M3,M15,P21S200 (fM2,P21g,P15(2),;,f?,P21g) M3,M15,P22S201 (fM2,P22g,P16(1),;,f?,P21g) M3,M15,P16(2)S202 (fM1,P21g,P14(2),;,f?,P21g) M2,P22S203 (fM1,P22g,P15(2),;,f?,P21g) M2,P152S204 (f0,P5g,;,;,fM7,?g) P6,P16(1)S205 (f0,P17(1)g,P17(1),;,fM7,?g) TopLS206 (fM7,P6g,;,;,fM7,?g) M12,P7,P15(2)S207 (fM7,P16(1)g,P16(1),;,fM7,?g) M12,TopLS208 (fM7,TopLg,P17(1),;,fM7,?g) M12,P20S209 (fM6,P7g,;,;,f?,?g) M7,P14(2)S210 (fM6,P15(2)g,P15(2),;,f?,?g) M7,TopLS211 (fM6,TopLg,P16(1),;,f?,?g) M7,P20S212 (fM6,P20g,P17(1),;,f?,?g) M7,P21S213 (fM5,P14(2)g,P14(2),;,f?,?g) M6,TopLS214 (fM5,TopLg,P15(2),;,f?,?g) M6,P20S215 (fM5,P20g,P16(1),;,f?,?g) M6,P21S216 (fM5,P21g,P17(1),;,f?,P21g) M6,P22S217 (fM4,TopLg,P14(2),;,f?,P4g) M5,P20S218 (fM4,P20g,P15(2),;,f?,P4g) M5,P21S219 (fM4,P21g,P16(1),;,f?,P21g) M13,P22S220 (fM13,P21g,P17(1),;,f?,?g) M14,P22S221 (fM4,P22g,P17(1),;,f?,P21g) M13,P17(2)S222 (f0,P22g,P18(1),;,f?,?g) P18(2)S223 (fM3,P20g,P14(2),;,f?,P4g) M4,P21S224 (fM3,P21g,P15(2),;,f?,P21g) M4,P22S225 (fM3,P22g,P16(1),;,f?,P21g) M4,P16(2)S226 (f0,P20g,P14(2),;,f?,P4g) P21S227 (f0,P21g,P15(2),;,f?,P21g) P22S228 (f0,P22g,P16(1),;,f?,P21g) P16(2)S229 (fM2,P21g,P14(2),;,f?,P21g) M3,M15,P22S230 (fM2,P22g,P15(2),;,f?,P21g) M3,M15,P152S231 (fM1,P22g,P14(2),;,f?,P21g) M2,P142S232 (f0,P6g,;,;,fM7,?g) P7,P15(2)S233 (f0,P16(1)g,P16(1),;,fM7,?g) TopLS234 (f0,TopLg,P17(1),;,fM7,?g) P20Figure 44: Part V of control states for the Inres test case example67



State Value enabled eventsS235 (fM7,P7g,;,;,fM7,?g) M12,P8,P14(2)S236 (fM7,P15(2)g,P15(2),;,fM7,?g) M12,TopLS237 (fM7,TopLg,P16(1),;,fM7,?g) M12,P20S238 (fM7,P20g,P17(1),;,fM7,?g) M12,P21S239 (fM6,P14(2)g,P14(2),;,f?,?g) M7,TopLS240 (fM6,TopLg,P15(2),;,f?,?g) M7,P20S241 (fM6,P20g,P16(1),;,f?,?g) M7,P21S242 (fM6,P21g,P17(1),;,f?,P21g) M7,P22S243 (fM5,TopLg,P14(2),;,f?,?g) M6,P20S244 (fM5,P20g,P15(2),;,f?,?g) M6,P21S245 (fM5,P21g,P16(1),;,f?,P21g) M6,P22S246 (fM5,P22g,P17(1),;,f?,P21g) M6,P17(2)S247 (fM4,P20g,P14(2),;,f?,P4g) M5,P21S248 (fM4,P21g,P15(2),;,f?,P21g) M13,P22S249 (fM13,P21g,P16(1),;,f?,?g) M14,P22S250 (fM4,P22g,P16(1),;,f?,P21g) M13,P16(2)S251 (f0,P21g,P17(1),;,f?,?g) P22S252 (fM13,P22g,P17(1),;,f?,?g) M14,P17(2)S253 (fM3,P21g,P14(2),;,f?,P21g) M4,P22S254 (fM3,P22g,P15(2),;,f?,P21g) M4,P152S255 (f0,P21g,P14(2),;,f?,P21g) P22S256 (f0,P22g,P15(2),;,f?,P21g) P152S257 (fM2,P22g,P14(2),;,f?,P21g) M3,M15,P142S258 (f0,P7g,;,;,fM7,?g) P8,P14(2)S259 (f0,P15(2)g,P15(2),;,fM7,?g) TopLS260 (f0,TopLg,P16(1),;,fM7,?g) P20S261 (f0,P20g,P17(1),;,fM7,?g) P21S262 (fM7,P8g,;,;,f?,?g) M12,P9S263 (fM7,P14(2)g,P14(2),;,fM7,?g) M12,TopLS264 (fM7,TopLg,P15(2),;,fM7,?g) M12,P20S265 (fM7,P20g,P16(1),;,fM7,?g) M12,P21S266 (fM7,P21g,P17(1),;,fM7,P21g) M10,M12,P22S267 (fM6,TopLg,P14(2),;,f?,?g) M7,P20S268 (fM6,P20g,P15(2),;,f?,?g) M7,P21S269 (fM6,P21g,P16(1),;,f?,P21g) M7,P22S270 (fM6,P22g,P17(1),;,f?,P21g) M7,P17(2)S271 (fM5,P20g,P14(2),;,f?,?g) M6,P21S272 (fM5,P21g,P15(2),;,f?,P21g) M6,P22S273 (fM5,P22g,P16(1),;,f?,P21g) M6,P16(2)S274 (fM5g,;,;,f?,P21g) M6S275 (fM4,P21g,P14(2),;,f?,P21g) M13,P22S276 (fM13,P21g,P15(2),;,f?,?g) M14,P22S277 (fM4,P22g,P15(2),;,f?,P21g) M13,P152S278 (f0,P21g,P16(1),;,f?,?g) P22S279 (fM13,P22g,P16(1),;,f?,?g) M14,P16(2)S280 (f0,P22g,P17(1),;,f?,?g) P17(2)S281 (fM3,P22g,P14(2),;,f?,P21g) M4,P142Figure 45: Part VI of control states for the Inres test case example68



State Value enabled eventsS282 (f0,P22g,P14(2),;,f?,P21g) P142S283 (f0,P8g,;,;,f?,?g) P9S284 (f0,P14(2)g,P14(2),;,fM7,?g) TopLS285 (f0,TopLg,P15(2),;,fM7,?g) P20S286 (f0,P20g,P16(1),;,fM7,?g) P21S287 (f0,P21g,P17(1),;,fM7,P21g) P22S288 (fM7,P9g,;,;,f?,?g) M12,P10,P13(2)S289 (fM7,TopLg,P14(2),;,fM7,?g) M12,P20S290 (fM7,P20g,P15(2),;,fM7,?g) M12,P21S291 (fM7,P21g,P16(1),;,fM7,P21g) M10,M12,P22S292 (fM10,P21g,P17(1),;,fM7,?g) M11,P22S293 (fM7,P22g,P17(1),;,fM7,P21g) M10,M12,P17(2)S294 (fM6,P20g,P14(2),;,f?,?g) M7,P21S295 (fM6,P21g,P15(2),;,f?,P21g) M7,P22S296 (fM6,P22g,P16(1),;,f?,P21g) M7,P16(2)S297 (fM6g,;,;,f?,P21g) M7S298 (fM5,P21g,P14(2),;,f?,P21g) M6,P22S299 (fM5,P22g,P15(2),;,f?,P21g) M6,P152S300 (fM13,P21g,P14(2),;,f?,?g) M14,P22S301 (fM4,P22g,P14(2),;,f?,P21g) M13,P142S302 (f0,P21g,P15(2),;,f?,?g) P22S303 (fM13,P22g,P15(2),;,f?,?g) M14,P152S304 (f0,P22g,P16(1),;,f?,?g) P16(2)S305 (f0,P9g,;,;,f?,?g) P10,P13(2)S306 (f0,TopLg,P14(2),;,fM7,?g) P20S307 (f0,P20g,P15(2),;,fM7,?g) P21S308 (f0,P21g,P16(1),;,fM7,P21g) P22S309 (f0,P22g,P17(1),;,fM7,P21g) P17(2)S310 (fM7,P10g,;,;,f?,?g) M12,P11S311 (fM7,P13(2)g,P13(2),;,f?,?g) M12,TopLS312 (fM7,P20g,P14(2),;,fM7,?g) M12,P21S313 (fM7,P21g,P15(2),;,fM7,P21g) M10,M12,P22S314 (fM10,P21g,P16(1),;,fM7,?g) M11,P22S315 (fM7,P22g,P16(1),;,fM7,P21g) M10,M12,P16(2)S316 (f0,P21g,P17(1),;,fM7,?g) P22S317 (fM10,P22g,P17(1),;,fM7,?g) M11,P17(2)S318 (fM7g,;,;,fM7,P21g) M10,M12S319 (fM6,P21g,P14(2),;,f?,P21g) M7,P22S320 (fM6,P22g,P15(2),;,f?,P21g) M7,P152S321 (fM5,P22g,P14(2),;,f?,P21g) M6,P142S322 (f0,P21g,P14(2),;,f?,?g) P22S323 (fM13,P22g,P14(2),;,f?,?g) M14,P142S324 (f0,P22g,P15(2),;,f?,?g) P152S325 (f0,P10g,;,;,f?,?g) P11S326 (f0,P13(2)g,P13(2),;,f?,?g) TopLS327 (f0,P20g,P14(2),;,fM7,?g) P21S328 (f0,P21g,P15(2),;,fM7,P21g) P22Figure 46: Part VII of control states for the Inres test case example69



State Value enabled eventsS329 (f0,P22g,P16(1),;,fM7,P21g) P16(2)S330 (;,;,;,fM7,P21g)S331 (fM7,P11g,;,;,f?,P11g) M8,M12,P12S332 (fM7,TopLg,P13(2),;,f?,?g) M12,P20S333 (fM7,P21g,P14(2),;,fM7,P21g) M10,M12,P22S334 (fM10,P21g,P15(2),;,fM7,?g) M11,P22S335 (fM7,P22g,P15(2),;,fM7,P21g) M10,M12,P152S336 (f0,P21g,P16(1),;,fM7,?g) P22S337 (fM10,P22g,P16(1),;,fM7,?g) M11,P16(2)S338 (f0,P22g,P17(1),;,fM7,?g) P17(2)S339 (fM10g,;,;,fM7,?g) M11S340 (fM6,P22g,P14(2),;,f?,P21g) M7,P142S341 (f0,P22g,P14(2),;,f?,?g) P142S342 (f0,P11g,;,;,f?,P11g) P12S343 (f0,TopLg,P13(2),;,f?,?g) P20S344 (f0,P21g,P14(2),;,fM7,P21g) P22S345 (f0,P22g,P15(2),;,fM7,P21g) P152S346 (fM8,P11g,;,;,f?,?g) M9,P12S347 (fM7g,;,;,f?,P11g) M8,M12S348 (fM7,P20g,P13(2),;,f?,?g) M12,P21S349 (fM10,P21g,P14(2),;,fM7,?g) M11,P22S350 (fM7,P22g,P14(2),;,fM7,P21g) M10,M12,P142S351 (f0,P21g,P15(2),;,fM7,?g) P22S352 (fM10,P22g,P15(2),;,fM7,?g) M11,P152S353 (f0,P22g,P16(1),;,fM7,?g) P16(2)S354 (;,;,;,fM7,?g)S355 (;,;,;,f?,P11g)S356 (f0,P20g,P13(2),;,f?,?g) P21S357 (f0,P22g,P14(2),;,fM7,P21g) P142S358 (f0,P11g,;,;,f?,?g) P12S359 (fM8g,;,;,f?,?g) M9S360 (fM7,P21g,P13(2),;,f?,P21g) M10,M12,P22S361 (f0,P21g,P14(2),;,fM7,?g) P22S362 (fM10,P22g,P14(2),;,fM7,?g) M11,P142S363 (f0,P22g,P15(2),;,fM7,?g) P152S364 (f0,P21g,P13(2),;,f?,P21g) P22S365 (fM10,P21g,P13(2),;,f?,?g) M11,P22S366 (fM7,P22g,P13(2),;,f?,P21g) M10,M12,P132S367 (f0,P22g,P14(2),;,fM7,?g) P142S368 (f0,P22g,P13(2),;,f?,P21g) P132S369 (f0,P21g,P13(2),;,f?,?g) P22S370 (fM10,P22g,P13(2),;,f?,?g) M11,P132S371 (fM7g,;,;,f?,P21g) M10,M12S372 (f0,P22g,P13(2),;,f?,?g) P132S373 (fM10g,;,;,f?,?g) M11Figure 47: Part VIII of control states for the Inres test case example70



S0 M1�!c S1 S1 M2�!c S2 S1 PTC�!c S3 S2 M3�!c S4 S2 M15�!c S5S2 PTC�!c S6 S3 M2�!c S6 S3 P1�!c S7 S3 P19(2)�! c S8 S4 M4�!c S9S4 PTC�!c S10 S5 PTC�!c S11 S6 M3�!c S10 S6 M15�!c S11 S6 P1�!c S12S6 P19(2)�! c S13 S7 M2�!c S12 S7 P2�!c S14 S8 M2�!c S13 S8 TopL�! c S15S9 PTC�!c S16 S10 M4�!c S16 S10 P1�!c S17 S10 P19(2)�! c S18 S11 P1�!c S19S11 P19(2)�! c S20 S12 M3�!c S17 S12 M15�!c S19 S12 P2�!c S21 S13 M3�!c S18S13 M15�!c S20 S13 TopL�! c S22 S14 M2�!c S21 S14 P3�!c S23 S14 P18(2)�! c S24S15 M2�!c S22 S15 P20�!c S25 S16 P1�!c S26 S16 P19(2)�! c S27 S17 M4�!c S26S17 P2�!c S28 S18 M4�!c S27 S18 TopL�! c S29 S19 P2�!c S30 S20 TopL�! c S31S21 M3�!c S28 S21 M15�!c S30 S21 P3�!c S32 S21 P18(2)�! c S33 S22 M3�!c S29S22 M15�!c S31 S22 P20�!c S34 S23 M2�!c S32 S23 P4�!c S35 S24 M2�!c S33S24 TopL�! c S36 S25 M2�!c S34 S25 P21�!c S37 S26 P2�!c S38 S27 TopL�! c S39S28 M4�!c S38 S28 P3�!c S40 S28 P18(2)�! c S41 S29 M4�!c S39 S29 P20�!c S42S30 P3�!c S43 S30 P18(2)�! c S44 S31 P20�!c S45 S32 M3�!c S40 S32 M15�!c S43S32 P4�!c S46 S33 M3�!c S41 S33 M15�!c S44 S33 TopL�! c S47 S34 M3�!c S42S34 M15�!c S45 S34 P21�!c S48 S35 M2�!c S46 S35 P5�!c S49 S35 P17(2)�! c S50S36 M2�!c S47 S36 P20�!c S51 S37 M2�!c S48 S37 P22�!c S52 S38 P3�!c S53S38 P18(2)�! c S54 S39 P20�!c S55 S40 M4�!c S53 S40 P4�!c S56 S41 M4�!c S54S41 TopL�! c S57 S42 M4�!c S55 S42 P21�!c S58 S43 P4�!c S59 S44 TopL�! c S60S45 P21�!c S61 S46 M3�!c S56 S46 M15�!c S59 S46 P5�!c S62 S46 P17(2)�! c S63S47 M3�!c S57 S47 M15�!c S60 S47 P20�!c S64 S48 M3�!c S58 S48 M15�!c S61S48 P22�!c S65 S49 M2�!c S62 S49 P6�!c S66 S49 P16(2)�! c S67 S50 M2�!c S63S50 TopL�! c S68 S51 M2�!c S64 S51 P21�!c S69 S52 M2�!c S65 S52 P192�!c S70S53 P4�!c S71 S54 TopL�! c S72 S55 P21�!c S73 S56 M4�!c S71 S56 P5�!c S74S56 P17(2)�! c S75 S57 M4�!c S72 S57 P20�!c S76 S58 M4�!c S73 S58 P22�!c S77S59 P5�!c S78 S59 P17(2)�! c S79 S60 P20�!c S80 S61 P22�!c S81 S62 M3�!c S74S62 M15�!c S78 S62 P6�!c S82 S62 P16(2)�! c S83 S63 M3�!c S75 S63 M15�!c S79S63 TopL�! c S84 S64 M3�!c S76 S64 M15�!c S80 S64 P21�!c S85 S65 M3�!c S77S65 M15�!c S81 S65 P192�!c S86 S66 M2�!c S82 S66 P7�!c S87 S66 P15(2)�! c S88S67 M2�!c S83 S67 TopL�! c S89 S68 M2�!c S84 S68 P20�!c S90 S69 M2�!c S85S69 P22�!c S91 S70 M2�!c S86 S71 M5�!c S92 S71 P5�!c S93 S71 P17(2)�! c S94S72 P20�!c S95 S73 M13�!c S96 S73 P22�!c S97 S74 M4�!c S93 S74 P6�!c S98S74 P16(2)�! c S99 S75 M4�!c S94 S75 TopL�! c S100 S76 M4�!c S95 S76 P21�!c S101S77 M4�!c S97 S77 P192�!c S102 S78 P6�!c S103 S78 P16(2)�! c S104 S79 TopL�! c S105S80 P21�!c S106 S81 P192�!c S107 S82 M3�!c S98 S82 M15�!c S103 S82 P7�!c S108S82 P15(2)�! c S109 S83 M3�!c S99 S83 M15�!c S104 S83 TopL�! c S110 S84 M3�!c S100S84 M15�!c S105 S84 P20�!c S111 S85 M3�!c S101 S85 M15�!c S106 S85 P22�!c S112Figure 48: Part I of control state transitions for the Inres test case example71



S86 M3�!c S102 S86 M15�!c S107 S87 M2�!c S108 S87 P14(2)�! c S113 S88 M2�!c S109S88 TopL�! c S114 S89 M2�!c S110 S89 P20�!c S115 S90 M2�!c S111 S90 P21�!c S116S91 M2�!c S112 S91 P182�!c S70 S92 M6�!c S117 S92 P5�!c S118 S92 P17(2)�! c S119S93 M5�!c S118 S93 P6�!c S120 S93 P16(2)�! c S121 S94 M5�!c S119 S94 TopL�! c S122S95 P21�!c S123 S96 M14�!c S124 S96 P22�!c S125 S97 M13�!c S125 S97 P192�!c S126S98 M4�!c S120 S98 P7�!c S127 S98 P15(2)�! c S128 S99 M4�!c S121 S99 TopL�! c S129S100 M4�!c S122 S100 P20�!c S130 S101 M4�!c S123 S101 P22�!c S131 S102 M4�!c S126S103 P7�!c S132 S103 P15(2)�! c S133 S104 TopL�! c S134 S105 P20�!c S135 S106 P22�!c S136S108 M3�!c S127 S108 M15�!c S132 S108 P14(2)�! c S137 S109 M3�!c S128 S109 M15�!c S133S109 TopL�! c S138 S110 M3�!c S129 S110 M15�!c S134 S110 P20�!c S139 S111 M3�!c S130S111 M15�!c S135 S111 P21�!c S140 S112 M3�!c S131 S112 M15�!c S136 S112 P182�!c S86S113 M2�!c S137 S113 TopL�! c S141 S114 M2�!c S138 S114 P20�!c S142 S115 M2�!c S139S115 P21�!c S143 S116 M2�!c S140 S116 P22�!c S144 S117 M7�!c S145 S117 P5�!c S146S117 P17(2)�! c S147 S118 M6�!c S146 S118 P6�!c S148 S118 P16(2)�! c S149 S119 M6�!c S147S119 TopL�! c S150 S120 M5�!c S148 S120 P7�!c S151 S120 P15(2)�! c S152 S121 M5�!c S149S121 TopL�! c S153 S122 M5�!c S150 S122 P20�!c S154 S123 M13�!c S155 S123 P22�!c S156S124 P22�!c S157 S125 M14�!c S157 S125 P192�!c S158 S126 M13�!c S158 S127 M4�!c S151S127 P14(2)�! c S159 S128 M4�!c S152 S128 TopL�! c S160 S129 M4�!c S153 S129 P20�!c S161S130 M4�!c S154 S130 P21�!c S162 S131 M4�!c S156 S131 P182�!c S102 S132 P14(2)�! c S163S133 TopL�! c S164 S134 P20�!c S165 S135 P21�!c S166 S136 P182�!c S107 S137 M3�!c S159S137 M15�!c S163 S137 TopL�! c S167 S138 M3�!c S160 S138 M15�!c S164 S138 P20�!c S168S139 M3�!c S161 S139 M15�!c S165 S139 P21�!c S169 S140 M3�!c S162 S140 M15�!c S166S140 P22�!c S170 S141 M2�!c S167 S141 P20�!c S171 S142 M2�!c S168 S142 P21�!c S172S143 M2�!c S169 S143 P22�!c S173 S144 M2�!c S170 S144 P172�!c S70 S145 M12�!c S174S145 P5�!c S175 S145 P17(2)�! c S176 S146 M7�!c S175 S146 P6�!c S177 S146 P16(2)�! c S178S147 M7�!c S176 S147 TopL�! c S179 S148 M6�!c S177 S148 P7�!c S180 S148 P15(2)�! c S181S149 M6�!c S178 S149 TopL�! c S182 S150 M6�!c S179 S150 P20�!c S183 S151 M5�!c S180S151 P14(2)�! c S184 S152 M5�!c S181 S152 TopL�! c S185 S153 M5�!c S182 S153 P20�!c S186S154 M5�!c S183 S154 P21�!c S187 S155 M14�!c S188 S155 P22�!c S189 S156 M13�!c S189S156 P182�!c S126 S157 P192�!c S190 S158 M14�!c S190 S159 M4�!c S184 S159 TopL�! c S191S160 M4�!c S185 S160 P20�!c S192 S161 M4�!c S186 S161 P21�!c S193 S162 M4�!c S187S162 P22�!c S194 S163 TopL�! c S195 S164 P20�!c S196 S165 P21�!c S197 S166 P22�!c S198S167 M3�!c S191 S167 M15�!c S195 S167 P20�!c S199 S168 M3�!c S192 S168 M15�!c S196S168 P21�!c S200 S169 M3�!c S193 S169 M15�!c S197 S169 P22�!c S201 S170 M3�!c S194S170 M15�!c S198 S170 P172�!c S86 S171 M2�!c S199 S171 P21�!c S202 S172 M2�!c S200S172 P22�!c S203 S173 M2�!c S201 S173 P162�!c S70 S174 P5�!c S204 S174 P17(2)�! c S205S175 M12�!c S204 S175 P6�!c S206 S175 P16(2)�! c S207 S176 M12�!c S205 S176 TopL�! c S208Figure 49: Part II of control state transitions for the Inres test case example72



S177 M7�!c S206 S177 P7�!c S209 S177 P15(2)�! c S210 S178 M7�!c S207 S178 TopL�! c S211S179 M7�!c S208 S179 P20�!c S212 S180 M6�!c S209 S180 P14(2)�! c S213 S181 M6�!c S210S181 TopL�! c S214 S182 M6�!c S211 S182 P20�!c S215 S183 M6�!c S212 S183 P21�!c S216S184 M5�!c S213 S184 TopL�! c S217 S185 M5�!c S214 S185 P20�!c S218 S186 M5�!c S215S186 P21�!c S219 S187 M13�!c S220 S187 P22�!c S221 S188 P22�!c S222 S189 M14�!c S222S189 P182�!c S158 S191 M4�!c S217 S191 P20�!c S223 S192 M4�!c S218 S192 P21�!c S224S193 M4�!c S219 S193 P22�!c S225 S194 M4�!c S221 S194 P172�!c S102 S195 P20�!c S226S196 P21�!c S227 S197 P22�!c S228 S198 P172�!c S107 S199 M3�!c S223 S199 M15�!c S226S199 P21�!c S229 S200 M3�!c S224 S200 M15�!c S227 S200 P22�!c S230 S201 M3�!c S225S201 M15�!c S228 S201 P162�!c S86 S202 M2�!c S229 S202 P22�!c S231 S203 M2�!c S230S203 P152�!c S70 S204 P6�!c S232 S204 P16(2)�! c S233 S205 TopL�! c S234 S206 M12�!c S232S206 P7�!c S235 S206 P15(2)�! c S236 S207 M12�!c S233 S207 TopL�! c S237 S208 M12�!c S234S208 P20�!c S238 S209 M7�!c S235 S209 P14(2)�! c S239 S210 M7�!c S236 S210 TopL�! c S240S211 M7�!c S237 S211 P20�!c S241 S212 M7�!c S238 S212 P21�!c S242 S213 M6�!c S239S213 TopL�! c S243 S214 M6�!c S240 S214 P20�!c S244 S215 M6�!c S241 S215 P21�!c S245S216 M6�!c S242 S216 P22�!c S246 S217 M5�!c S243 S217 P20�!c S247 S218 M5�!c S244S218 P21�!c S248 S219 M13�!c S249 S219 P22�!c S250 S220 M14�!c S251 S220 P22�!c S252S221 M13�!c S252 S221 P172�!c S126 S222 P182�!c S190 S223 M4�!c S247 S223 P21�!c S253S224 M4�!c S248 S224 P22�!c S254 S225 M4�!c S250 S225 P162�!c S102 S226 P21�!c S255S227 P22�!c S256 S228 P162�!c S107 S229 M3�!c S253 S229 M15�!c S255 S229 P22�!c S257S230 M3�!c S254 S230 M15�!c S256 S230 P152�!c S86 S231 M2�!c S257 S231 P142�!c S70S232 P7�!c S258 S232 P15(2)�! c S259 S233 TopL�! c S260 S234 P20�!c S261 S235 M12�!c S258S235 P8�!c S262 S235 P14(2)�! c S263 S236 M12�!c S259 S236 TopL�! c S264 S237 M12�!c S260S237 P20�!c S265 S238 M12�!c S261 S238 P21�!c S266 S239 M7�!c S263 S239 TopL�! c S267S240 M7�!c S264 S240 P20�!c S268 S241 M7�!c S265 S241 P21�!c S269 S242 M7�!c S266S242 P22�!c S270 S243 M6�!c S267 S243 P20�!c S271 S244 M6�!c S268 S244 P21�!c S272S245 M6�!c S269 S245 P22�!c S273 S246 M6�!c S270 S246 P172�!c S274 S247 M5�!c S271S247 P21�!c S275 S248 M13�!c S276 S248 P22�!c S277 S249 M14�!c S278 S249 P22�!c S279S250 M13�!c S279 S250 P162�!c S126 S251 P22�!c S280 S252 M14�!c S280 S252 P172�!c S158S253 M4�!c S275 S253 P22�!c S281 S254 M4�!c S277 S254 P152�!c S102 S255 P22�!c S282S256 P152�!c S107 S257 M3�!c S281 S257 M15�!c S282 S257 P142�!c S86 S258 P8�!c S283S258 P14(2)�! c S284 S259 TopL�! c S285 S260 P20�!c S286 S261 P21�!c S287 S262 M12�!c S283S262 P9�!c S288 S263 M12�!c S284 S263 TopL�! c S289 S264 M12�!c S285 S264 P20�!c S290S265 M12�!c S286 S265 P21�!c S291 S266 M10�!c S292 S266 M12�!c S287 S266 P22�!c S293S267 M7�!c S289 S267 P20�!c S294 S268 M7�!c S290 S268 P21�!c S295 S269 M7�!c S291S269 P22�!c S296 S270 M7�!c S293 S270 P172�!c S297 S271 M6�!c S294 S271 P21�!c S298S272 M6�!c S295 S272 P22�!c S299 S273 M6�!c S296 S273 P162�!c S274 S274 M6�!c S297S275 M13�!c S300 S275 P22�!c S301 S276 M14�!c S302 S276 P22�!c S303 S277 M13�!c S303Figure 50: Part III of control state transitions for the Inres test case example73



S277 P152�!c S126 S278 P22�!c S304 S279 M14�!c S304 S279 P162�!c S158 S280 P172�!c S190S281 M4�!c S301 S281 P142�!c S102 S282 P142�!c S107 S283 P9�!c S305 S284 TopL�! c S306S285 P20�!c S307 S286 P21�!c S308 S287 P22�!c S309 S288 M12�!c S305 S288 P10�!c S310S288 P13(2)�! c S311 S289 M12�!c S306 S289 P20�!c S312 S290 M12�!c S307 S290 P21�!c S313S291 M10�!c S314 S291 M12�!c S308 S291 P22�!c S315 S292 M11�!c S316 S292 P22�!c S317S293 M10�!c S317 S293 M12�!c S309 S293 P172�!c S318 S294 M7�!c S312 S294 P21�!c S319S295 M7�!c S313 S295 P22�!c S320 S296 M7�!c S315 S296 P162�!c S297 S297 M7�!c S318S298 M6�!c S319 S298 P22�!c S321 S299 M6�!c S320 S299 P152�!c S274 S300 M14�!c S322S300 P22�!c S323 S301 M13�!c S323 S301 P142�!c S126 S302 P22�!c S324 S303 M14�!c S324S303 P152�!c S158 S304 P162�!c S190 S305 P10�!c S325 S305 P13(2)�! c S326 S306 P20�!c S327S307 P21�!c S328 S308 P22�!c S329 S309 P172�!c S330 S310 M12�!c S325 S310 P11�!c S331S311 M12�!c S326 S311 TopL�! c S332 S312 M12�!c S327 S312 P21�!c S333 S313 M10�!c S334S313 M12�!c S328 S313 P22�!c S335 S314 M11�!c S336 S314 P22�!c S337 S315 M10�!c S337S315 M12�!c S329 S315 P162�!c S318 S316 P22�!c S338 S317 M11�!c S338 S317 P172�!c S339S318 M10�!c S339 S318 M12�!c S330 S319 M7�!c S333 S319 P22�!c S340 S320 M7�!c S335S320 P152�!c S297 S321 M6�!c S340 S321 P142�!c S274 S322 P22�!c S341 S323 M14�!c S341S323 P142�!c S158 S324 P152�!c S190 S325 P11�!c S342 S326 TopL�! c S343 S327 P21�!c S344S328 P22�!c S345 S329 P162�!c S330 S331 M8�!c S346 S331 M12�!c S342 S331 P12�!c S347S332 M12�!c S343 S332 P20�!c S348 S333 M10�!c S349 S333 M12�!c S344 S333 P22�!c S350S334 M11�!c S351 S334 P22�!c S352 S335 M10�!c S352 S335 M12�!c S345 S335 P152�!c S318S336 P22�!c S353 S337 M11�!c S353 S337 P162�!c S339 S338 P172�!c S354 S339 M11�!c S354S340 M7�!c S350 S340 P142�!c S297 S341 P142�!c S190 S342 P12�!c S355 S343 P20�!c S356S344 P22�!c S357 S345 P152�!c S330 S346 M9�!c S358 S346 P12�!c S359 S347 M8�!c S359S347 M12�!c S355 S348 M12�!c S356 S348 P21�!c S360 S349 M11�!c S361 S349 P22�!c S362S350 M10�!c S362 S350 M12�!c S357 S350 P142�!c S318 S351 P22�!c S363 S352 M11�!c S363S352 P152�!c S339 S353 P162�!c S354 S356 P21�!c S364 S357 P142�!c S330 S358 P12�!c S190S359 M9�!c S190 S360 M10�!c S365 S360 M12�!c S364 S360 P22�!c S366 S361 P22�!c S367S362 M11�!c S367 S362 P142�!c S339 S363 P152�!c S354 S364 P22�!c S368 S365 M11�!c S369S365 P22�!c S370 S366 M10�!c S370 S366 M12�!c S368 S366 P132�!c S371 S367 P142�!c S354S368 P132�!c S107 S369 P22�!c S372 S370 M11�!c S372 S370 P132�!c S373 S371 M10�!c S373S371 M12�!c S107 S372 P132�!c S190 S373 M11�!c S190Figure 51: Part IV of control state transitions for the Inres test case example74



State Value enabled eventscontrol state data stateST0 ((fMTCg; ;; ;; f?;?g); (/;/; none)) M1ST1 ((fM1g; ;;M1; f?;?g); (/;/; none)) M2; PTCST2 ((fM2g; ;;M1; f?;?g); (/;/; none)) M3;M15; PTCST3 ((fM1; PTCg; ;; ;; f?;?g); (/;/; none)) M2; P1; P19(2)ST4 ((fM3g; ;;M1; f?;?g); (/;/; none)) M4; PTCST5 ((;; ;;M1; f?;?g); (/;/; F ))ST6 ((fM2; PTCg; ;; ;; f?;?g); (/;/; none)) M3;M15; P1; P19(2)ST7 ((fM1; P1g; ;; ;; f?;?g); (/;/; none)) M2; P2ST8 ((fM1; P19(2)g; P19(2); ;; f?;?g); (/;/; none)) M2; T opLST9 ((fM4g; ;;M1; f?;?g); (/;/; none)) PTCST10 ((fM3; PTCg; ;; ;; f?;?g); (/;/; none)) M4; P1; P19(2)ST11 ((;; ;; ;; f?;?g); (/;/; F ))ST12 ((fM2; P1g; ;; ;; f?;?g); (/;/; none)) M3;M15; P2ST13 ((fM2; P19(2)g; P19(2); ;; f?;?g); (/;/; none)) M3;M15; T opLST14 ((fM1; P2g; ;; ;; f?;?g); (/;/; none)) M2; P3; P18(2)ST15 ((fM1; T opLg; P19(2); ;;f?;?g); (/;/; none)) M2; P20ST16 ((fM4; PTCg; ;; ;; f?;?g); (/;/; none)) P1; P19(2)ST17 ((fM3; P1g; ;; ;; f?;?g); (/;/; none)) M4; P2ST18 ((fM3; P19(2)g; P19(2); ;; f?;?g); (/;/; none)) M4; T opLST19 ((fM2; P2g; ;; ;; f?;?g); (/;/; none)) M3;M15; P3; P18(2)ST20 ((;; P19(2); ;; f?;?g); (/;/; F ))ST21 ((fM2; T opLg; P19(2); ;;f?;?g); (/;/; none)) M3;M15; P20ST22 ((fM1; P3g; ;; ;; f?;?g); (/;/; none)) M2; P4ST23 ((fM1; P18(2)g; P18(2); ;; f?;?g); (/;/; none)) M2; T opLST24 ((fM1; P20g; P19(2); ;; f?;?g); (/;/; none)) M2; P21ST25 ((fM4; P1g; ;; ;; f?;?g); (/;/; none)) P2ST26 ((fM4; P19(2)g; P19(2); ;; f?;?g); (/;/; none)) TopLST27 ((fM3; P2g; ;; ;; f?;?g); (/;/; none)) M4; P3; P18(2)ST28 ((fM3; T opLg; P19(2); ;;f?;?g); (/;/; none)) M4; P20ST29 ((fM2; P3g; ;; ;; f?;?g); (/;/; none)) M3;M15; P4ST30 ((fM2; P18(2)g; P18(2); ;; f?;?g); (/;/; none)) M3;M15; T opLST31 ((fM2; P20g; P19(2); ;; f?;?g); (/;/; none)) M3;M15; P21ST32 ((fM1; P4g; ;; ;; f?; P4g); (/;/; none)) M2; P5; P17(2)ST33 ((fM1; T opLg; P18(2); ;;f?;?g); (/;/; none)) M2; P20ST34 ((fM1; P21g; P19(2); ;; f?; P21g); (/;/; none)) M2; P22ST35 ((fM4; P2g; ;; ;; f?;?g); (/;/; none)) P3; P18(2)ST36 ((fM4; T opLg; P19(2); ;;f?;?g); (/;/; none)) P20ST37 ((fM3; P3g; ;; ;; f?;?g); (/;/; none)) M4; P4ST38 ((fM3; P18(2)g; P18(2); ;; f?;?g); (/;/; none)) M4; T opLST39 ((fM3; P20g; P19(2); ;; f?;?g); (/;/; none)) M4; P21ST40 ((fM2; P4g; ;; ;; f?; P4g); (/;/; none)) M3;M15; P5; P17(2)ST41 ((;; P18(2); ;; f?;?g); (/;/; F ))ST42 ((fM2; T opLg; P18(2); ;;f?;?g); (/;/; none)) M3;M15; P20ST43 ((fM2; P21g; P19(2); ;; f?; P21g); (/;/; none)) M3;M15; P22ST44 ((fM1; P5g; ;; ;; f?; P4g); (/;/; none)) M2; P6; P16(2)ST45 ((fM1; P17(2)g; P17(2); ;; f?; P4g); (/;/; none)) M2; T opLFigure 52: Part I of states for the Inres test case example75



State Value enabled eventscontrol state data stateST46 ((fM1; P20g; P18(2); ;;f?;?g); (/;/; none)) M2; P21ST47 ((fM1; P22g; P19(2); ;;f?; P21g); (/;/; none)) M2; P192ST48 ((fM4; P3g; ;; ;;f?;?g); (/;/; none)) P4ST49 ((fM4; P18(2)g; P18(2); ;;f?;?g); (/;/; none)) TopLST50 ((fM4; P20g; P19(2); ;;f?;?g); (/;/; none)) P21ST51 ((fM3; P4g; ;; ;;f?; P4g); (/;/; none)) M4; P5; P17(2)ST52 ((fM3; T opLg; P18(2); ;;f?;?g); (/;/; none)) M4; P20ST53 ((fM3; P21g; P19(2); ;;f?; P21g); (/;/; none)) M4; P22ST54 ((;; ;; ;; f?; P4g); (/;/; F ))ST55 ((fM2; P5g; ;; ;;f?; P4g); (/;/; none)) M3;M15; P6; P16(2)ST56 ((fM2; P17(2)g; P17(2); ;;f?; P4g); (/;/; none)) M3;M15; T opLST57 ((fM2; P20g; P18(2); ;;f?;?g); (/;/; none)) M3;M15; P21ST58 ((;; P19(2); ;; f?; P21g); (/;/; F ))ST59 ((fM2; P22g; P19(2); ;;f?; P21g); (/;/; none)) M3;M15; P192ST60 ((fM1; P6g; ;; ;;f?; P4g); (/;/; none)) M2; P7; P15(2)ST61 ((fM1; P16(2)g; P16(2); ;;f?; P4g); (/;/; none)) M2; T opLST62 ((fM1; T opLg; P17(2); ;;f?; P4g); (/;/; none)) M2; P20ST63 ((fM1; P21g; P18(2); ;;f?; P21g); (/;/; none)) M2; P22ST64 ((fM1g; ;; ;; f?; P21g); (/;/; none)) M2ST65 ((fM4; P4g; ;; ;;f?; P4g); (/;/; none)) M5; P5; P17(2)ST66 ((fM4; T opLg; P18(2); ;;f?;?g); (/;/; none)) P20ST67 ((fM4; P21g; P19(2); ;;f?; P21g); (/;/; none)) M13; P22ST68 ((fM3; P5g; ;; ;;f?; P4g); (/;/; none)) M4; P6; P16(2)ST69 ((fM3; P17(2)g; P17(2); ;;f?; P4g); (/;/; none)) M4; T opLST70 ((fM3; P20g; P18(2); ;;f?;?g); (/;/; none)) M4; P21ST71 ((fM3; P22g; P19(2); ;;f?; P21g); (/;/; none)) M4; P192ST72 ((fM2; P6g; ;; ;;f?; P4g); (/;/; none)) M3;M15; P7; P15(2)ST73 ((fM2; P16(2)g; P16(2); ;;f?; P4g); (/;/; none)) M3;M15; T opLST74 ((;; P17(2); ;; f?; P4g); (/;/; F ))ST75 ((fM2; T opLg; P17(2); ;;f?; P4g); (/;/; none)) M3;M15; P20ST76 ((fM2; P21g; P18(2); ;;f?; P21g); (/;/; none)) M3;M15; P22ST77 ((fM2g; ;; ;; f?; P21g); (/;/; none)) M3;M15ST78 ((fM1; P7g; ;; ;;f?; P4g); (/;/; none)) M2; P14(2)ST79 ((fM1; P15(2)g; P15(2); ;;f?; P4g); (/;/; none)) M2; T opLST80 ((fM1; T opLg; P16(2); ;;f?; P4g); (/;/; none)) M2; P20ST81 ((fM1; P20g; P17(2); ;;f?; P4g); (/;/; none)) M2; P21ST82 ((fM1; P22g; P18(2); ;;f?; P21g); (/;/; none)) M2; P182ST83 ((fM5; P4g; ;; ;;f?;?g); (/;/; none)) M6; P5; P17(2)ST84 ((fM4; P5g; ;; ;;f?; P4g); (/;/; none)) M5; P6; P16(2)ST85 ((fM4; P17(2)g; P17(2); ;;f?; P4g); (/;/; none)) M5; T opLST86 ((fM4; P20g; P18(2); ;;f?;?g); (/;/; none)) P21ST87 ((fM13; P21g; P19(2); ;; f?;?g); (/;/; (F ))) M14; P22ST88 ((fM4; P22g; P19(2); ;;f?; P21g); (/;/; none)) M13; P192ST89 ((fM3; P6g; ;; ;;f?; P4g); (/;/; none)) M4; P7; P15(2)ST90 ((fM3; P16(2)g; P16(2); ;;f?; P4g); (/;/; none)) M4; T opLST91 ((fM3; T opLg; P17(2); ;;f?; P4g); (/;/; none)) M4; P20Figure 53: Part II of states for the Inres test case example76



State Value enabled eventscontrol state data stateST92 ((fM3; P21g; P18(2);;;f?; P21g); (/;/; none)) M4; P22ST93 ((fM3g; ;; ;; f?; P21g); (/;/; none)) M4ST94 ((fM2; P7g; ;;;;f?; P4g); (/;/; none)) M3;M15; P14(2)ST95 ((fM2; P15(2)g; P15(2);;;f?; P4g); (/;/; none)) M3;M15; T opLST96 ((;; P16(2); ;; f?; P4g); (/;/; F ))ST97 ((fM2; T opLg; P16(2); ;; f?; P4g); (/;/; none)) M3;M15; P20ST98 ((fM2; P20g; P17(2);;;f?; P4g); (/;/; none)) M3;M15; P21ST99 ((;; P18(2); ;; f?; P21g); (/;/; F ))ST100 ((fM2; P22g; P18(2);;;f?; P21g); (/;/; none)) M3;M15; P182ST101 ((;; ;; ;; f?; P21g); (/;/; F ))ST102 ((fM1; P14(2)g; P14(2);;;f?; P4g); (/;/; none)) M2; T opLST103 ((fM1; T opLg; P15(2); ;; f?; P4g); (/;/; none)) M2; P20ST104 ((fM1; P20g; P16(2);;;f?; P4g); (/;/; none)) M2; P21ST105 ((fM1; P21g; P17(2);;;f?; P21g); (/;/; none)) M2; P22ST106 ((fM6; P4g; ;;;;f?;?g); (/;/; none)) M7; P5; P17(2)ST107 ((fM5; P5g; ;;;;f?;?g); (/;/; none)) M6; P6; P16(2)ST108 ((fM5; P17(2)g; P17(2);;;f?;?g); (/;/; none)) M6; T opLST109 ((fM4; P6g; ;;;;f?; P4g); (/;/; none)) M5; P7; P15(2)ST110 ((fM4; P16(2)g; P16(2);;;f?; P4g); (/;/; none)) M5; T opLST111 ((fM4; T opLg; P17(2); ;; f?; P4g); (/;/; none)) M5; P20ST112 ((fM4; P21g; P18(2);;;f?; P21g); (/;/; none)) M13; P22ST113 ((fM13; P22g; P19(2); ;;f?;?g); (/;/; (F ))) M14; P192ST114 ((fM4g; ;; ;; f?; P21g); (/;/; none)) M13ST115 ((fM3; P7g; ;;;;f?; P4g); (/;/; none)) M4; P14(2)ST116 ((fM3; P15(2)g; P15(2);;;f?; P4g); (/;/; none)) M4; T opLST117 ((fM3; T opLg; P16(2); ;; f?; P4g); (/;/; none)) M4; P20ST118 ((fM3; P20g; P17(2);;;f?; P4g); (/;/; none)) M4; P21ST119 ((fM3; P22g; P18(2);;;f?; P21g); (/;/; none)) M4; P182ST120 ((fM2; P14(2)g; P14(2);;;f?; P4g); (/;/; none)) M3;M15; T opLST121 ((;; P15(2); ;; f?; P4g); (/;/; F ))ST122 ((fM2; T opLg; P15(2); ;; f?; P4g); (/;/; none)) M3;M15; P20ST123 ((fM2; P20g; P16(2);;;f?; P4g); (/;/; none)) M3;M15; P21ST124 ((fM2; P21g; P17(2);;;f?; P21g); (/;/; none)) M3;M15; P22ST125 ((fM1; T opLg; P14(2); ;; f?; P4g); (/;/; none)) M2; P20ST126 ((fM1; P20g; P15(2);;;f?; P4g); (/;/; none)) M2; P21ST127 ((fM1; P21g; P16(2);;;f?; P21g); (/;/; none)) M2; P22ST128 ((fM1; P22g; P17(2);;;f?; P21g); (/;/; none)) M2; P172ST129 ((fM7; P4g; ;;;;fM7;?g); (/;/; none)) M12; P5; P17(2)ST130 ((fM6; P5g; ;;;;f?;?g); (/;/; none)) M7; P6; P16(2)ST131 ((fM6; P17(2)g; P17(2);;;f?;?g); (/;/; none)) M7; T opLST132 ((fM5; P6g; ;;;;f?;?g); (/;/; none)) M6; P7; P15(2)ST133 ((fM5; P16(2)g; P16(2);;;f?;?g); (/;/; none)) M6; T opLST134 ((fM5; T opLg; P17(2); ;; f?;?g); (/;/; none)) M6; P20ST135 ((fM4; P7g; ;;;;f?; P4g); (/;/; none)) M5; P14(2)ST136 ((fM4; P15(2)g; P15(2);;;f?; P4g); (/;/; none)) M5; T opLST137 ((fM4; T opLg; P16(2); ;; f?; P4g); (/;/; none)) M5; P20Figure 54: Part III of states for the Inres test case example77



State Value enabled eventscontrol state data stateST138 ((fM4; P20g; P17(2); ;;f?; P4g); (/;/; none)) M5; P21ST139 ((fM13; P21g; P18(2); ;;f?;?g); (/;/; (F ))) M14; P22ST140 ((fM4; P22g; P18(2); ;;f?; P21g); (/;/; none)) M13; P182ST141 ((fM13g; ;; ;; f?;?g); (/;/; (F ))) M14ST142 ((fM3; P14(2)g; P14(2); ;;f?; P4g); (/;/; none)) M4; T opLST143 ((fM3; T opLg; P15(2); ;; f?; P4g); (/;/; none)) M4; P20ST144 ((fM3; P20g; P16(2); ;;f?; P4g); (/;/; none)) M4; P21ST145 ((fM3; P21g; P17(2); ;;f?; P21g); (/;/; none)) M4; P22ST146 ((;; P14(2); ;; f?; P4g); (/;/; F ))ST147 ((fM2; T opLg; P14(2); ;; f?; P4g); (/;/; none)) M3;M15; P20ST148 ((fM2; P20g; P15(2); ;;f?; P4g); (/;/; none)) M3;M15; P21ST149 ((fM2; P21g; P16(2); ;;f?; P21g); (/;/; none)) M3;M15; P22ST150 ((;; P17(2); ;; f?; P21g); (/;/; F ))ST151 ((fM2; P22g; P17(2); ;;f?; P21g); (/;/; none)) M3;M15; P172ST152 ((fM1; P20g; P14(2); ;;f?; P4g); (/;/; none)) M2; P21ST153 ((fM1; P21g; P15(2); ;;f?; P21g); (/;/; none)) M2; P22ST154 ((fM1; P22g; P16(2); ;;f?; P21g); (/;/; none)) M2; P162ST155 ((;; ;; ;; fM7;?g); (/;/; F ))ST156 ((fM7; P5g; ;; ;;fM7;?g); (/;/; none)) M12; P6; P16(2)ST157 ((fM7; P17(2)g; P17(2); ;;fM7;?g); (/;/; none)) M12; T opLST158 ((fM6; P6g; ;; ;;f?;?g); (/;/; none)) M7; P7; P15(2)ST159 ((fM6; P16(2)g; P16(2); ;;f?;?g); (/;/; none)) M7; T opLST160 ((fM6; T opLg; P17(2); ;; f?;?g); (/;/; none)) M7; P20ST161 ((fM5; P7g; ;; ;;f?;?g); (/;/; none)) M6; P14(2)ST162 ((fM5; P15(2)g; P15(2); ;;f?;?g); (/;/; none)) M6; T opLST163 ((fM5; T opLg; P16(2); ;; f?;?g); (/;/; none)) M6; P20ST164 ((fM5; P20g; P17(2); ;;f?;?g); (/;/; none)) M6; P21ST165 ((fM4; P14(2)g; P14(2); ;;f?; P4g); (/;/; none)) M5; T opLST166 ((fM4; T opLg; P15(2); ;; f?; P4g); (/;/; none)) M5; P20ST167 ((fM4; P20g; P16(2); ;;f?; P4g); (/;/; none)) M5; P21ST168 ((fM4; P21g; P17(2); ;;f?; P21g); (/;/; none)) M13; P22ST169 ((fM13; P22g; P18(2); ;;f?;?g); (/;/; (F ))) M14; P182ST170 ((fM3; T opLg; P14(2); ;; f?; P4g); (/;/; none)) M4; P20ST171 ((fM3; P20g; P15(2); ;;f?; P4g); (/;/; none)) M4; P21ST172 ((fM3; P21g; P16(2); ;;f?; P21g); (/;/; none)) M4; P22ST173 ((fM3; P22g; P17(2); ;;f?; P21g); (/;/; none)) M4; P172ST174 ((fM2; P20g; P14(2); ;;f?; P4g); (/;/; none)) M3;M15; P21ST175 ((fM2; P21g; P15(2); ;;f?; P21g); (/;/; none)) M3;M15; P22ST176 ((;; P16(2); ;; f?; P21g); (/;/; F ))ST177 ((fM2; P22g; P16(2); ;;f?; P21g); (/;/; none)) M3;M15; P162ST178 ((fM1; P21g; P14(2); ;;f?; P21g); (/;/; none)) M2; P22ST179 ((fM1; P22g; P15(2); ;;f?; P21g); (/;/; none)) M2; P152ST180 ((fM7; P6g; ;; ;;fM7;?g); (/;/; none)) M12; P7; P15(2)ST181 ((fM7; P16(2)g; P16(2); ;;fM7;?g); (/;/; none)) M12; T opLST182 ((;; P17(2); ;; fM7;?g); (/;/; F ))ST183 ((fM7; T opLg; P17(2); ;; fM7;?g); (/;/; none)) M12; P20Figure 55: Part IV of states for the Inres test case example78



State Value enabled eventscontrol state data stateST184 ((fM6; P7g; ;; ;;f?;?g); (/;/; none)) M7; P14(2)ST185 ((fM6; P15(2)g; P15(2); ;;f?;?g); (/;/; none)) M7; T opLST186 ((fM6; T opLg; P16(2); ;;f?;?g); (/;/; none)) M7; P20ST187 ((fM6; P20g; P17(2); ;;f?;?g); (/;/; none)) M7; P21ST188 ((fM5; P14(2)g; P14(2); ;;f?;?g); (/;/; none)) M6; T opLST189 ((fM5; T opLg; P15(2); ;;f?;?g); (/;/; none)) M6; P20ST190 ((fM5; P20g; P16(2); ;;f?;?g); (/;/; none)) M6; P21ST191 ((fM5; P21g; P17(2); ;;f?; P21g); (/;/; none)) M6; P22ST192 ((fM4; T opLg; P14(2); ;;f?; P4g); (/;/; none)) M5; P20ST193 ((fM4; P20g; P15(2); ;;f?; P4g); (/;/; none)) M5; P21ST194 ((fM4; P21g; P16(2); ;;f?; P21g); (/;/; none)) M13; P22ST195 ((fM13; P21g; P17(2); ;; f?;?g); (/;/; (F ))) M14; P22ST196 ((fM4; P22g; P17(2); ;;f?; P21g); (/;/; none)) M13; P172ST197 ((fM3; P20g; P14(2); ;;f?; P4g); (/;/; none)) M4; P21ST198 ((fM3; P21g; P15(2); ;;f?; P21g); (/;/; none)) M4; P22ST199 ((fM3; P22g; P16(2); ;;f?; P21g); (/;/; none)) M4; P162ST200 ((fM2; P21g; P14(2); ;;f?; P21g); (/;/; none)) M3;M15; P22ST201 ((;; P15(2); ;; f?; P21g); (/;/; F ))ST202 ((fM2; P22g; P15(2); ;;f?; P21g); (/;/; none)) M3;M15; P152ST203 ((fM1; P22g; P14(2); ;;f?; P21g); (/;/; none)) M2; P142ST204 ((fM7; P7g; ;; ;;fM7;?g); (/;/; none)) M12; P8; P14(2)ST205 ((fM7; P15(2)g; P15(2); ;;fM7;?g); (/;/; none)) M12; T opLST206 ((;; P16(2); ;; fM7;?g); (/;/; F ))ST207 ((fM7; T opLg; P16(2); ;;fM7;?g); (/;/; none)) M12; P20ST208 ((fM7; P20g; P17(2); ;;fM7;?g); (/;/; none)) M12; P21ST209 ((fM6; P14(2)g; P14(2); ;;f?;?g); (/;/; none)) M7; T opLST210 ((fM6; T opLg; P15(2); ;;f?;?g); (/;/; none)) M7; P20ST211 ((fM6; P20g; P16(2); ;;f?;?g); (/;/; none)) M7; P21ST212 ((fM6; P21g; P17(2); ;;f?; P21g); (/;/; none)) M7; P22ST213 ((fM5; T opLg; P14(2); ;;f?;?g); (/;/; none)) M6; P20ST214 ((fM5; P20g; P15(2); ;;f?;?g); (/;/; none)) M6; P21ST215 ((fM5; P21g; P16(2); ;;f?; P21g); (/;/; none)) M6; P22ST216 ((fM5; P22g; P17(2); ;;f?; P21g); (/;/; none)) M6; P172ST217 ((fM4; P20g; P14(2); ;;f?; P4g); (/;/; none)) M5; P21ST218 ((fM4; P21g; P15(2); ;;f?; P21g); (/;/; none)) M13; P22ST219 ((fM13; P21g; P16(2); ;; f?;?g); (/;/; (F ))) M14; P22ST220 ((fM4; P22g; P16(2); ;;f?; P21g); (/;/; none)) M13; P162ST221 ((;; P17(2); ;; f?;?g); (/;/; F ))ST222 ((fM13; P22g; P17(2); ;; f?;?g); (/;/; (F ))) M14; P172ST223 ((fM3; P21g; P14(2); ;;f?; P21g); (/;/; none)) M4; P22ST224 ((fM3; P22g; P15(2); ;;f?; P21g); (/;/; none)) M4; P152ST225 ((;; P14(2); ;; f?; P21g); (/;/; F ))ST226 ((fM2; P22g; P14(2); ;;f?; P21g); (/;/; none)) M3;M15; P142ST227 ((fM7; P8g; ;; ;;f?;?g); (/; 2; none)) M12; P9ST228 ((fM7; P14(2)g; P14(2); ;;fM7;?g); (/;/; none)) M12; T opLST229 ((;; P15(2); ;; fM7;?g); (/;/; F ))Figure 56: Part V of states for the Inres test case example79



State Value enabled eventscontrol state data stateST230 ((fM7; T opLg; P15(2); ;;fM7;?g); (/;/; none)) M12; P20ST231 ((fM7; P20g; P16(2); ;; fM7;?g); (/;/; none)) M12; P21ST232 ((fM7; P21g; P17(2); ;; fM7; P21g); (/;/; none)) M10;M12; P22ST233 ((fM6; T opLg; P14(2); ;;f?;?g); (/;/; none)) M7; P20ST234 ((fM6; P20g; P15(2); ;; f?;?g); (/;/; none)) M7; P21ST235 ((fM6; P21g; P16(2); ;; f?; P21g); (/;/; none)) M7; P22ST236 ((fM6; P22g; P17(2); ;; f?; P21g); (/;/; none)) M7; P172ST237 ((fM5; P20g; P14(2); ;; f?;?g); (/;/; none)) M6; P21ST238 ((fM5; P21g; P15(2); ;; f?; P21g); (/;/; none)) M6; P22ST239 ((fM5; P22g; P16(2); ;; f?; P21g); (/;/; none)) M6; P162ST240 ((fM5g; ;; ;; f?; P21g); (/;/; none)) M6ST241 ((fM4; P21g; P14(2); ;; f?; P21g); (/;/; none)) M13; P22ST242 ((fM13; P21g; P15(2);;; f?;?g); (/;/; (F ))) M14; P22ST243 ((fM4; P22g; P15(2); ;; f?; P21g); (/;/; none)) M13; P152ST244 ((;; P16(2); ;; f?;?g); (/;/; F ))ST245 ((fM13; P22g; P16(2);;; f?;?g); (/;/; (F ))) M14; P162ST246 ((fM3; P22g; P14(2); ;; f?; P21g); (/;/; none)) M4; P142ST247 ((;; ;; ;; f?;?g); (/; 2; F ))ST248 ((fM7; P9g; ;; ;; f?;?g); (/; 2; none)) M12; P10; P13(2)ST249 ((;; P14(2); ;; fM7;?g); (/;/; F ))ST250 ((fM7; T opLg; P14(2); ;;fM7;?g); (/;/; none)) M12; P20ST251 ((fM7; P20g; P15(2); ;; fM7;?g); (/;/; none)) M12; P21ST252 ((fM7; P21g; P16(2); ;; fM7; P21g); (/;/; none)) M10;M12; P22ST253 ((fM10; P21g; P17(2);;; fM7;?g); (/;/; (F ))) M11; P22ST254 ((;; P17(2); ;; fM7; P21g); (/;/; F ))ST255 ((fM7; P22g; P17(2); ;; fM7; P21g); (/;/; none)) M10;M12; P172ST256 ((fM6; P20g; P14(2); ;; f?;?g); (/;/; none)) M7; P21ST257 ((fM6; P21g; P15(2); ;; f?; P21g); (/;/; none)) M7; P22ST258 ((fM6; P22g; P16(2); ;; f?; P21g); (/;/; none)) M7; P162ST259 ((fM6g; ;; ;; f?; P21g); (/;/; none)) M7ST260 ((fM5; P21g; P14(2); ;; f?; P21g); (/;/; none)) M6; P22ST261 ((fM5; P22g; P15(2); ;; f?; P21g); (/;/; none)) M6; P152ST262 ((fM13; P21g; P14(2);;; f?;?g); (/;/; (F ))) M14; P22ST263 ((fM4; P22g; P14(2); ;; f?; P21g); (/;/; none)) M13; P142ST264 ((;; P15(2); ;; f?;?g); (/;/; F ))ST265 ((fM13; P22g; P15(2);;; f?;?g); (/;/; (F ))) M14; P152ST266 ((fM7; P10g; ;;;; f?;?g); (/; 2; none)) M12; P11ST267 ((fM7; P13(2)g; P13(2); ;; f?;?g); (/; 2; none)) M12; T opLST268 ((fM7; P20g; P14(2); ;; fM7;?g); (/;/; none)) M12; P21ST269 ((fM7; P21g; P15(2); ;; fM7; P21g); (/;/; none)) M10;M12; P22ST270 ((fM10; P21g; P16(2);;; fM7;?g); (/;/; (F ))) M11; P22ST271 ((;; P16(2); ;; fM7; P21g); (/;/; F ))ST272 ((fM7; P22g; P16(2); ;; fM7; P21g); (/;/; none)) M10;M12; P162ST273 ((fM10; P22g; P17(2);;; fM7;?g); (/;/; (F ))) M11; P172ST274 ((fM7g; ;; ;; fM7; P21g); (/;/; none)) M10;M12ST275 ((fM6; P21g; P14(2); ;; f?; P21g); (/;/; none)) M7; P22Figure 57: Part VI of states for the Inres test case example80



State Value enabled eventscontrol state data stateST276 ((fM6; P22g; P15(2); ;; f?; P21g); (/;/; none)) M7; P152ST277 ((fM5; P22g; P14(2); ;; f?; P21g); (/;/; none)) M6; P142ST278 ((;; P14(2); ;; f?;?g); (/;/; F ))ST279 ((fM13; P22g; P14(2);;; f?;?g); (/;/; (F ))) M14; P142ST280 ((fM7; P11g; ;;;; f?; P11g); (/; 2; none)) M8;M12; P12ST281 ((;; P13(2); ;; f?;?g); (/; 2; F ))ST282 ((fM7; T opLg; P13(2); ;;f?;?g); (/; 2; none)) M12; P20ST283 ((fM7; P21g; P14(2); ;; fM7; P21g); (/;/; none)) M10;M12; P22ST284 ((fM10; P21g; P15(2);;; fM7;?g); (/;/; (F ))) M11; P22ST285 ((;; P15(2); ;; fM7; P21g); (/;/; F ))ST286 ((fM7; P22g; P15(2); ;; fM7; P21g); (/;/; none)) M10;M12; P152ST287 ((fM10; P22g; P16(2);;; fM7;?g); (/;/; (F ))) M11; P162ST288 ((fM10g; ;; ;; fM7;?g); (/;/; (F ))) M11ST289 ((;; ;; ;; fM7; P21g); (/;/; F ))ST290 ((fM6; P22g; P14(2); ;; f?; P21g); (/;/; none)) M7; P142ST291 ((fM8; P11g; ;;;; f?;?g); (/; 2; (P ))) M9; P12ST292 ((;; ;; ;; f?; P11g); (/; 2; F ))ST293 ((fM7g; ;; ;; f?; P11g); (/; 2; none)) M8;M12ST294 ((fM7; P20g; P13(2); ;; f?;?g); (/; 2; none)) M12; P21ST295 ((fM10; P21g; P14(2);;; fM7;?g); (/;/; (F ))) M11; P22ST296 ((;; P14(2); ;; fM7; P21g); (/;/; F ))ST297 ((fM7; P22g; P14(2); ;; fM7; P21g); (/;/; none)) M10;M12; P142ST298 ((fM10; P22g; P15(2);;; fM7;?g); (/;/; (F ))) M11; P152ST299 ((;; ;; ;; f?;?g); (/; 2; P ))ST300 ((fM8g; ;; ;; f?;?g); (/; 2; (P ))) M9ST301 ((fM7; P21g; P13(2); ;; f?; P21g); (/; 2; none)) M10;M12; P22ST302 ((fM10; P22g; P14(2);;; fM7;?g); (/;/; (F ))) M11; P142ST303 ((fM10; P21g; P13(2);;; f?;?g); (/; 2; (F ))) M11; P22ST304 ((;; P13(2); ;; f?; P21g); (/; 2; F ))ST305 ((fM7; P22g; P13(2); ;; f?; P21g); (/; 2; none)) M10;M12; P132ST306 ((fM10; P22g; P13(2);;; f?;?g); (/; 2; (F ))) M11; P132ST307 ((fM7g; ;; ;; f?; P21g); (/; 2; none)) M10;M12ST308 ((fM10g; ;; ;; f?;?g); (/; 2; (F ))) M11ST309 ((;; ;; ;; f?; P21g); (/; 2; F ))Figure 58: Part VII of states for the Inres test case example81



ST0 M1�!c;d ST1 ST1 M2�!c;d ST2 ST1 PTC�!c;d ST3 ST2 M3�!c;d ST4ST2 M15�!c;d ST5 ST2 PTC�!c;d ST6 ST3 M2�!c;d ST6 ST3 P1�!c;d ST7ST3 P19(2)�! c;d ST8 ST4 M4�!c;d ST9 ST4 PTC�!c;d ST10 ST6 M3�!c;d ST10ST6 M15�!c;d ST11 ST6 P1�!c;d ST12 ST6 P19(2)�! c;d ST13 ST7 M2�!c;d ST12ST7 P2�!c;d ST14 ST8 M2�!c;d ST13 ST8 TopL�! c;d ST15 ST9 PTC�!c;d ST16ST10 M4�!c;d ST16 ST10 P1�!c;d ST17 ST10 P19(2)�! c;d ST18 ST12 M3�!c;d ST17ST12 M15�!c;d ST11 ST12 P2�!c;d ST19 ST13 M3�!c;d ST18 ST13 M15�!c;d ST20ST13 TopL�! c;d ST21 ST14 M2�!c;d ST19 ST14 P3�!c;d ST22 ST14 P18(2)�! c;d ST23ST15 M2�!c;d ST21 ST15 P20�!c;d ST24 ST16 P1�!c;d ST25 ST16 P19(2)�! c;d ST26ST17 M4�!c;d ST25 ST17 P2�!c;d ST27 ST18 M4�!c;d ST26 ST18 TopL�! c;d ST28ST19 M3�!c;d ST27 ST19 M15�!c;d ST11 ST19 P3�!c;d ST29 ST19 P18(2)�! c;d ST30ST21 M3�!c;d ST28 ST21 M15�!c;d ST20 ST21 P20�!c;d ST31 ST22 M2�!c;d ST29ST22 P4�!c;d ST32 ST23 M2�!c;d ST30 ST23 TopL�! c;d ST33 ST24 M2�!c;d ST31ST24 P21�!c;d ST34 ST25 P2�!c;d ST35 ST26 TopL�! c;d ST36 ST27 M4�!c;d ST35ST27 P3�!c;d ST37 ST27 P18(2)�! c;d ST38 ST28 M4�!c;d ST36 ST28 P20�!c;d ST39ST29 M3�!c;d ST37 ST29 M15�!c;d ST11 ST29 P4�!c;d ST40 ST30 M3�!c;d ST38ST30 M15�!c;d ST41 ST30 TopL�! c;d ST42 ST31 M3�!c;d ST39 ST31 M15�!c;d ST20ST31 P21�!c;d ST43 ST32 M2�!c;d ST40 ST32 P5�!c;d ST44 ST32 P17(2)�! c;d ST45ST33 M2�!c;d ST42 ST33 P20�!c;d ST46 ST34 M2�!c;d ST43 ST34 P22�!c;d ST47ST35 P3�!c;d ST48 ST35 P18(2)�! c;d ST49 ST36 P20�!c;d ST50 ST37 M4�!c;d ST48ST37 P4�!c;d ST51 ST38 M4�!c;d ST49 ST38 TopL�! c;d ST52 ST39 M4�!c;d ST50ST39 P21�!c;d ST53 ST40 M3�!c;d ST51 ST40 M15�!c;d ST54 ST40 P5�!c;d ST55ST40 P17(2)�! c;d ST56 ST42 M3�!c;d ST52 ST42 M15�!c;d ST41 ST42 P20�!c;d ST57ST43 M3�!c;d ST53 ST43 M15�!c;d ST58 ST43 P22�!c;d ST59 ST44 M2�!c;d ST55ST44 P6�!c;d ST60 ST44 P16(2)�! c;d ST61 ST45 M2�!c;d ST56 ST45 TopL�! c;d ST62ST46 M2�!c;d ST57 ST46 P21�!c;d ST63 ST47 M2�!c;d ST59 ST47 P192�!c;d ST64ST48 P4�!c;d ST65 ST49 TopL�! c;d ST66 ST50 P21�!c;d ST67 ST51 M4�!c;d ST65ST51 P5�!c;d ST68 ST51 P17(2)�! c;d ST69 ST52 M4�!c;d ST66 ST52 P20�!c;d ST70ST53 M4�!c;d ST67 ST53 P22�!c;d ST71 ST55 M3�!c;d ST68 ST55 M15�!c;d ST54ST55 P6�!c;d ST72 ST55 P16(2)�! c;d ST73 ST56 M3�!c;d ST69 ST56 M15�!c;d ST74ST56 TopL�! c;d ST75 ST57 M3�!c;d ST70 ST57 M15�!c;d ST41 ST57 P21�!c;d ST76ST59 M3�!c;d ST71 ST59 M15�!c;d ST58 ST59 P192�!c;d ST77 ST60 M2�!c;d ST72ST60 P7�!c;d ST78 ST60 P15(2)�! c;d ST79 ST61 M2�!c;d ST73 ST61 TopL�! c;d ST80ST62 M2�!c;d ST75 ST62 P20�!c;d ST81 ST63 M2�!c;d ST76 ST63 P22�!c;d ST82ST64 M2�!c;d ST77 ST65 M5�!c;d ST83 ST65 P5�!c;d ST84 ST65 P17(2)�! c;d ST85ST66 P20�!c;d ST86 ST67 M13�!c;d ST87 ST67 P22�!c;d ST88 ST68 M4�!c;d ST84ST68 P6�!c;d ST89 ST68 P16(2)�! c;d ST90 ST69 M4�!c;d ST85 ST69 TopL�! c;d ST91Figure 59: Part I of state transitions for the Inres test case example82



ST70 M4�!c;d ST86 ST70 P21�!c;d ST92 ST71 M4�!c;d ST88 ST71 P192�!c;d ST93ST72 M3�!c;d ST89 ST72 M15�!c;d ST54 ST72 P7�!c;d ST94 ST72 P15(2)�! c;d ST95ST73 M3�!c;d ST90 ST73 M15�!c;d ST96 ST73 TopL�! c;d ST97 ST75 M3�!c;d ST91ST75 M15�!c;d ST74 ST75 P20�!c;d ST98 ST76 M3�!c;d ST92 ST76 M15�!c;d ST99ST76 P22�!c;d ST100 ST77 M3�!c;d ST93 ST77 M15�!c;d ST101 ST78 M2�!c;d ST94ST78 P14(2)�! c;d ST102 ST79 M2�!c;d ST95 ST79 TopL�! c;d ST103 ST80 M2�!c;d ST97ST80 P20�!c;d ST104 ST81 M2�!c;d ST98 ST81 P21�!c;d ST105 ST82 M2�!c;d ST100ST82 P182�!c;d ST64 ST83 M6�!c;d ST106 ST83 P5�!c;d ST107 ST83 P17(2)�! c;d ST108ST84 M5�!c;d ST107 ST84 P6�!c;d ST109 ST84 P16(2)�! c;d ST110 ST85 M5�!c;d ST108ST85 TopL�! c;d ST111 ST86 P21�!c;d ST112 ST87 M14�!c;d ST20 ST87 P22�!c;d ST113ST88 M13�!c;d ST113 ST88 P192�!c;d ST114 ST89 M4�!c;d ST109 ST89 P7�!c;d ST115ST89 P15(2)�! c;d ST116 ST90 M4�!c;d ST110 ST90 TopL�! c;d ST117 ST91 M4�!c;d ST111ST91 P20�!c;d ST118 ST92 M4�!c;d ST112 ST92 P22�!c;d ST119 ST93 M4�!c;d ST114ST94 M3�!c;d ST115 ST94 M15�!c;d ST54 ST94 P14(2)�! c;d ST120 ST95 M3�!c;d ST116ST95 M15�!c;d ST121 ST95 TopL�! c;d ST122 ST97 M3�!c;d ST117 ST97 M15�!c;d ST96ST97 P20�!c;d ST123 ST98 M3�!c;d ST118 ST98 M15�!c;d ST74 ST98 P21�!c;d ST124ST100 M3�!c;d ST119 ST100 M15�!c;d ST99 ST100 P182�!c;d ST77 ST102 M2�!c;d ST120ST102 TopL�! c;d ST125 ST103 M2�!c;d ST122 ST103 P20�!c;d ST126 ST104 M2�!c;d ST123ST104 P21�!c;d ST127 ST105 M2�!c;d ST124 ST105 P22�!c;d ST128 ST106 M7�!c;d ST129ST106 P5�!c;d ST130 ST106 P17(2)�! c;d ST131 ST107 M6�!c;d ST130 ST107 P6�!c;d ST132ST107 P16(2)�! c;d ST133 ST108 M6�!c;d ST131 ST108 TopL�! c;d ST134 ST109 M5�!c;d ST132ST109 P7�!c;d ST135 ST109 P15(2)�! c;d ST136 ST110 M5�!c;d ST133 ST110 TopL�! c;d ST137ST111 M5�!c;d ST134 ST111 P20�!c;d ST138 ST112 M13�!c;d ST139 ST112 P22�!c;d ST140ST113 M14�!c;d ST20 ST113 P192�!c;d ST141 ST114 M13�!c;d ST141 ST115 M4�!c;d ST135ST115 P14(2)�! c;d ST142 ST116 M4�!c;d ST136 ST116 TopL�! c;d ST143 ST117 M4�!c;d ST137ST117 P20�!c;d ST144 ST118 M4�!c;d ST138 ST118 P21�!c;d ST145 ST119 M4�!c;d ST140ST119 P182�!c;d ST93 ST120 M3�!c;d ST142 ST120 M15�!c;d ST146 ST120 TopL�! c;d ST147ST122 M3�!c;d ST143 ST122 M15�!c;d ST121 ST122 P20�!c;d ST148 ST123 M3�!c;d ST144ST123 M15�!c;d ST96 ST123 P21�!c;d ST149 ST124 M3�!c;d ST145 ST124 M15�!c;d ST150ST124 P22�!c;d ST151 ST125 M2�!c;d ST147 ST125 P20�!c;d ST152 ST126 M2�!c;d ST148ST126 P21�!c;d ST153 ST127 M2�!c;d ST149 ST127 P22�!c;d ST154 ST128 M2�!c;d ST151ST128 P172�!c;d ST64 ST129 M12�!c;d ST155 ST129 P5�!c;d ST156 ST129 P17(2)�! c;d ST157ST130 M7�!c;d ST156 ST130 P6�!c;d ST158 ST130 P16(2)�! c;d ST159 ST131 M7�!c;d ST157ST131 TopL�! c;d ST160 ST132 M6�!c;d ST158 ST132 P7�!c;d ST161 ST132 P15(2)�! c;d ST162ST133 M6�!c;d ST159 ST133 TopL�! c;d ST163 ST134 M6�!c;d ST160 ST134 P20�!c;d ST164ST135 M5�!c;d ST161 ST135 P14(2)�! c;d ST165 ST136 M5�!c;d ST162 ST136 TopL�! c;d ST166ST137 M5�!c;d ST163 ST137 P20�!c;d ST167 ST138 M5�!c;d ST164 ST138 P21�!c;d ST168Figure 60: Part II of state transitions for the Inres test case example83



ST139 M14�!c;d ST41 ST139 P22�!c;d ST169 ST140 M13�!c;d ST169 ST140 P182�!c;d ST114ST141 M14�!c;d ST11 ST142 M4�!c;d ST165 ST142 TopL�! c;d ST170 ST143 M4�!c;d ST166ST143 P20�!c;d ST171 ST144 M4�!c;d ST167 ST144 P21�!c;d ST172 ST145 M4�!c;d ST168ST145 P22�!c;d ST173 ST147 M3�!c;d ST170 ST147 M15�!c;d ST146 ST147 P20�!c;d ST174ST148 M3�!c;d ST171 ST148 M15�!c;d ST121 ST148 P21�!c;d ST175 ST149 M3�!c;d ST172ST149 M15�!c;d ST176 ST149 P22�!c;d ST177 ST151 M3�!c;d ST173 ST151 M15�!c;d ST150ST151 P172�!c;d ST77 ST152 M2�!c;d ST174 ST152 P21�!c;d ST178 ST153 M2�!c;d ST175ST153 P22�!c;d ST179 ST154 M2�!c;d ST177 ST154 P162�!c;d ST64 ST156 M12�!c;d ST155ST156 P6�!c;d ST180 ST156 P16(2)�! c;d ST181 ST157 M12�!c;d ST182 ST157 TopL�! c;d ST183ST158 M7�!c;d ST180 ST158 P7�!c;d ST184 ST158 P15(2)�! c;d ST185 ST159 M7�!c;d ST181ST159 TopL�! c;d ST186 ST160 M7�!c;d ST183 ST160 P20�!c;d ST187 ST161 M6�!c;d ST184ST161 P14(2)�! c;d ST188 ST162 M6�!c;d ST185 ST162 TopL�! c;d ST189 ST163 M6�!c;d ST186ST163 P20�!c;d ST190 ST164 M6�!c;d ST187 ST164 P21�!c;d ST191 ST165 M5�!c;d ST188ST165 TopL�! c;d ST192 ST166 M5�!c;d ST189 ST166 P20�!c;d ST193 ST167 M5�!c;d ST190ST167 P21�!c;d ST194 ST168 M13�!c;d ST195 ST168 P22�!c;d ST196 ST169 M14�!c;d ST41ST169 P182�!c;d ST141 ST170 M4�!c;d ST192 ST170 P20�!c;d ST197 ST171 M4�!c;d ST193ST171 P21�!c;d ST198 ST172 M4�!c;d ST194 ST172 P22�!c;d ST199 ST173 M4�!c;d ST196ST173 P172�!c;d ST93 ST174 M3�!c;d ST197 ST174 M15�!c;d ST146 ST174 P21�!c;d ST200ST175 M3�!c;d ST198 ST175 M15�!c;d ST201 ST175 P22�!c;d ST202 ST177 M3�!c;d ST199ST177 M15�!c;d ST176 ST177 P162�!c;d ST77 ST178 M2�!c;d ST200 ST178 P22�!c;d ST203ST179 M2�!c;d ST202 ST179 P152�!c;d ST64 ST180 M12�!c;d ST155 ST180 P7�!c;d ST204ST180 P15(2)�! c;d ST205 ST181 M12�!c;d ST206 ST181 TopL�! c;d ST207 ST183 M12�!c;d ST182ST183 P20�!c;d ST208 ST184 M7�!c;d ST204 ST184 P14(2)�! c;d ST209 ST185 M7�!c;d ST205ST185 TopL�! c;d ST210 ST186 M7�!c;d ST207 ST186 P20�!c;d ST211 ST187 M7�!c;d ST208ST187 P21�!c;d ST212 ST188 M6�!c;d ST209 ST188 TopL�! c;d ST213 ST189 M6�!c;d ST210ST189 P20�!c;d ST214 ST190 M6�!c;d ST211 ST190 P21�!c;d ST215 ST191 M6�!c;d ST212ST191 P22�!c;d ST216 ST192 M5�!c;d ST213 ST192 P20�!c;d ST217 ST193 M5�!c;d ST214ST193 P21�!c;d ST218 ST194 M13�!c;d ST219 ST194 P22�!c;d ST220 ST195 M14�!c;d ST221ST195 P22�!c;d ST222 ST196 M13�!c;d ST222 ST196 P172�!c;d ST114 ST197 M4�!c;d ST217ST197 P21�!c;d ST223 ST198 M4�!c;d ST218 ST198 P22�!c;d ST224 ST199 M4�!c;d ST220ST199 P162�!c;d ST93 ST200 M3�!c;d ST223 ST200 M15�!c;d ST225 ST200 P22�!c;d ST226ST202 M3�!c;d ST224 ST202 M15�!c;d ST201 ST202 P152�!c;d ST77 ST203 M2�!c;d ST226ST203 P142�!c;d ST64 ST204 M12�!c;d ST155 ST204 P8�!c;d ST227 ST204 P14(2)�! c;d ST228ST205 M12�!c;d ST229 ST205 TopL�! c;d ST230 ST207 M12�!c;d ST206 ST207 P20�!c;d ST231ST208 M12�!c;d ST182 ST208 P21�!c;d ST232 ST209 M7�!c;d ST228 ST209 TopL�! c;d ST233ST210 M7�!c;d ST230 ST210 P20�!c;d ST234 ST211 M7�!c;d ST231 ST211 P21�!c;d ST235ST212 M7�!c;d ST232 ST212 P22�!c;d ST236 ST213 M6�!c;d ST233 ST213 P20�!c;d ST237Figure 61: Part III of state transitions for the Inres test case example84



ST214 M6�!c;d ST234 ST214 P21�!c;d ST238 ST215 M6�!c;d ST235 ST215 P22�!c;d ST239ST216 M6�!c;d ST236 ST216 P172�!c;d ST240 ST217 M5�!c;d ST237 ST217 P21�!c;d ST241ST218 M13�!c;d ST242 ST218 P22�!c;d ST243 ST219 M14�!c;d ST244 ST219 P22�!c;d ST245ST220 M13�!c;d ST245 ST220 P162�!c;d ST114 ST222 M14�!c;d ST221 ST222 P172�!c;d ST141ST223 M4�!c;d ST241 ST223 P22�!c;d ST246 ST224 M4�!c;d ST243 ST224 P152�!c;d ST93ST226 M3�!c;d ST246 ST226 M15�!c;d ST225 ST226 P142�!c;d ST77 ST227 M12�!c;d ST247ST227 P9�!c;d ST248 ST228 M12�!c;d ST249 ST228 TopL�! c;d ST250 ST230 M12�!c;d ST229ST230 P20�!c;d ST251 ST231 M12�!c;d ST206 ST231 P21�!c;d ST252 ST232 M10�!c;d ST253ST232 M12�!c;d ST254 ST232 P22�!c;d ST255 ST233 M7�!c;d ST250 ST233 P20�!c;d ST256ST234 M7�!c;d ST251 ST234 P21�!c;d ST257 ST235 M7�!c;d ST252 ST235 P22�!c;d ST258ST236 M7�!c;d ST255 ST236 P172�!c;d ST259 ST237 M6�!c;d ST256 ST237 P21�!c;d ST260ST238 M6�!c;d ST257 ST238 P22�!c;d ST261 ST239 M6�!c;d ST258 ST239 P162�!c;d ST240ST240 M6�!c;d ST259 ST241 M13�!c;d ST262 ST241 P22�!c;d ST263 ST242 M14�!c;d ST264ST242 P22�!c;d ST265 ST243 M13�!c;d ST265 ST243 P152�!c;d ST114 ST245 M14�!c;d ST244ST245 P162�!c;d ST141 ST246 M4�!c;d ST263 ST246 P142�!c;d ST93 ST248 M12�!c;d ST247ST248 P10�!c;d ST266 ST248 P13(2)�! c;d ST267 ST250 M12�!c;d ST249 ST250 P20�!c;d ST268ST251 M12�!c;d ST229 ST251 P21�!c;d ST269 ST252 M10�!c;d ST270 ST252 M12�!c;d ST271ST252 P22�!c;d ST272 ST253 M11�!c;d ST182 ST253 P22�!c;d ST273 ST255 M10�!c;d ST273ST255 M12�!c;d ST254 ST255 P172�!c;d ST274 ST256 M7�!c;d ST268 ST256 P21�!c;d ST275ST257 M7�!c;d ST269 ST257 P22�!c;d ST276 ST258 M7�!c;d ST272 ST258 P162�!c;d ST259ST259 M7�!c;d ST274 ST260 M6�!c;d ST275 ST260 P22�!c;d ST277 ST261 M6�!c;d ST276ST261 P152�!c;d ST240 ST262 M14�!c;d ST278 ST262 P22�!c;d ST279 ST263 M13�!c;d ST279ST263 P142�!c;d ST114 ST265 M14�!c;d ST264 ST265 P152�!c;d ST141 ST266 M12�!c;d ST247ST266 P11�!c;d ST280 ST267 M12�!c;d ST281 ST267 TopL�! c;d ST282 ST268 M12�!c;d ST249ST268 P21�!c;d ST283 ST269 M10�!c;d ST284 ST269 M12�!c;d ST285 ST269 P22�!c;d ST286ST270 M11�!c;d ST206 ST270 P22�!c;d ST287 ST272 M10�!c;d ST287 ST272 M12�!c;d ST271ST272 P162�!c;d ST274 ST273 M11�!c;d ST182 ST273 P172�!c;d ST288 ST274 M10�!c;d ST288ST274 M12�!c;d ST289 ST275 M7�!c;d ST283 ST275 P22�!c;d ST290 ST276 M7�!c;d ST286ST276 P152�!c;d ST259 ST277 M6�!c;d ST290 ST277 P142�!c;d ST240 ST279 M14�!c;d ST278ST279 P142�!c;d ST141 ST280 M8�!c;d ST291 ST280 M12�!c;d ST292 ST280 P12�!c;d ST293ST282 M12�!c;d ST281 ST282 P20�!c;d ST294 ST283 M10�!c;d ST295 ST283 M12�!c;d ST296ST283 P22�!c;d ST297 ST284 M11�!c;d ST229 ST284 P22�!c;d ST298 ST286 M10�!c;d ST298ST286 M12�!c;d ST285 ST286 P152�!c;d ST274 ST287 M11�!c;d ST206 ST287 P162�!c;d ST288ST288 M11�!c;d ST155 ST290 M7�!c;d ST297 ST290 P142�!c;d ST259 ST291 M9�!c;d ST299ST291 P12�!c;d ST300 ST293 M8�!c;d ST300 ST293 M12�!c;d ST292 ST294 M12�!c;d ST281ST294 P21�!c;d ST301 ST295 M11�!c;d ST249 ST295 P22�!c;d ST302 ST297 M10�!c;d ST302ST297 M12�!c;d ST296 ST297 P142�!c;d ST274 ST298 M11�!c;d ST229 ST298 P152�!c;d ST288ST300 M9�!c;d ST299 ST301 M10�!c;d ST303 ST301 M12�!c;d ST304 ST301 P22�!c;d ST305ST302 M11�!c;d ST249 ST302 P142�!c;d ST288 ST303 M11�!c;d ST281 ST303 P22�!c;d ST306Figure 62: Part IV of state transitions for the Inres test case example85



ST305 M10�!c;d ST306 ST305 M12�!c;d ST304 ST305 P132�!c;d ST307 ST306 M11�!c;d ST281ST306 P132�!c;d ST308 ST307 M10�!c;d ST308 ST307 M12�!c;d ST309 ST308 M11�!c;d ST247Figure 63: Part V of state transitions for the Inres test case example
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