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esses (CTP) 44313.5.5 Tool SupportA
tually 
he
king an RSL spe
i�
ation against a behavioural spe
i�
ation inthe form of LSCs 
an be very tedious. For that reason, the methods de�nedabove are of limited appli
ability without tool support. Tools should be de-veloped to extra
t the semanti
 terms from LSCs and RSL spe
i�
ations andfor 
he
king the satisfa
tion relations. It would also be 
onvenient to have away of translating an LSC into a skeleton RSL spe
i�
ation. An automati

onversion would for
e the software engineer to use one parti
ular style.13.6 Communi
ating Transa
tion Pro
esses (CTP)Se
tion 13.6 is the joint work of Yang Shaofa and Dines Bj�rner. Yang providedthe Dining Philosophers example, Se
t. 13.6.3, and the formalisation, Se
t. 13.6.4.We refer to the published paper [439℄. CTPs are formed by a relatively simpleand elegant 
omposition of Petri net pla
es and sets of message sequen
e
harts.13.6.1 IntuitionCTPs are motivated by 
onsidering �rst a Petri net su
h as the one de-pi
ted in the upper half of Fig. 13.25. The 
onditions (or pla
es) are labelledSP11 ; SP12 ; SP13 ; SP21 ; SP22 ; SP31 and SP32 . The events (or transitions) are la-belled T1; T2 and T3. Our labelling of pla
es re
e
ts a pragmati
 desire togroup three of these (SP11 ; SP12 ; SP13 ) into what we may then 
all 
ontrolstates of a pro
ess P1, two of these (SP21 ; SP22 ) into 
ontrol states of pro
essP2 and the remaining two (SP21 ; SP22 ) into 
ontrol states of pro
ess P3.
Sp11

Sp12

Sp13

Sp21

Sp22 Sp31

Sp32

P1 P2

P3

T1

T2

T3

Petri Net

T1 T2 T3

Sp11 Sp12 Sp13 Sp21 Sp22 Sp32Sp31

Fig. 13.25. Left: a Petri net. Right: a 
on
rete CTP diagram
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e ChartsSe
ondly we 
onsider ea
h event as a message sequen
e 
hart. T1 has twoinstan
es 
orresponding to pro
esses P1 and P2. For that (and the belowimplied) message sequen
e 
hart(s) messages are being spe
i�ed for 
ommu-ni
ation between these instan
es and internal a
tions are being spe
i�ed forexe
ution. The �ring of event T1 shall thus 
orrespond to the exe
ution of thismessage sequen
e 
hart. T2 has two instan
es 
orresponding to pro
esses P2and P3 and T3 has three instan
es 
orresponding to pro
esses P1; P2 and P3.As for 
ondition event Petri nets, tokens are pla
ed in exa
tly one of the
ontrol states for ea
h pro
ess. Enabling and �ring take pla
e as for 
onditionevent Petri nets. Transfer of tokens from input pla
es to output pla
es shalltake pla
e in two steps. First when invoking the transition message sequen
e
hart where tokens are removed from enabling input pla
es, and then when allinstan
es of the invoked message sequen
e 
hart have been 
ompleted (wheretokens are pla
ed at designated output pla
es).Thirdly we 
onsider ea
h event as a set of one or more message sequen
e
harts with all message sequen
e 
harts of any given event involving the samepro
esses. In doing so, we re�ne ea
h event into a transa
tion s
hema. There isnow the question as to whi
h of the message sequen
e 
harts is to be sele
ted.That question is 
lari�ed by the fourth step motivating CTPs.Fourthly we predi
ate the sele
tion of whi
h message sequen
e 
harts are tobe sele
ted on
e a transa
tion s
hema is �red by equipping ea
h of the messagesequen
e 
harts with a guard, that is, a proposition. Asso
iated with ea
hpro
ess there is a set of lo
al variables that 
an be, and usually are updated bythe internal a
tions of the instan
es. The propositions are the 
onjun
tions ofone proposition for ea
h of the instan
es, i.e., pro
esses. A message sequen
e
hart of a transa
tion s
hema is enabled if its guard evaluates to true. Iftwo or more message sequen
e 
harts are enabled one is nondeterministi
ally(internal 
hoi
e) sele
ted. A transa
tion s
hema is enabled if its input pla
esare marked and at least one of the message sequen
e 
harts in this transa
tions
hema is enabled. If a transa
tion s
hema has no message sequen
e 
hartsenabled, then we will not enter this transa
tion s
hema.We are now ready to introdu
e CTPs properly.13.6.2 Narration of CTPsCTP DiagramsConsider Fig. 13.26. It is a generalisation of the right part of Fig. 13.25 whi
hitself is just a reformatting of the left part of Fig. 13.25.A CTP diagram 
onsists of an indexed set of sets of pro
ess (
ontrol)states, an indexed set of transa
tion s
hemas, an indexed set of sets of pro
essvariables, and a \wiring" 
onne
ting 
ontrol states via transa
tion s
hemas to
ontrol states. (The wiring of Fig. 13.26 is shown by pairs of opposite dire
tedarrows.)
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....

.................... ......

........ ........ ................. ......... .........Process
Control
States

"Wiring"

   Transaction
Schemas

Process
Variables

... .............. ......

...... ............ ......

Variables of P1 Variables of P2 Variables of Pq

si_p1 sj_p2 sk_pq

Process P1 Process P2 Process Pq

P1 || P2 P1 || P2 || Pq
TS_2TS_1

P1 || Pq
TS_s    

Fig. 13.26. A s
hemati
 CTP diagramCTP Pro
essesFigure 13.26 suggests a notion of pro
esses, here named p1, p2, . . . , pq (inFig. 13.26 P1, P2, . . . , Pq). It also suggests a number of transa
tion s
hemas,here named TS 1, TS 2, . . . , TS s. The �gure then suggests that the pro
esseshave the following 
ontrol states:� p1 : fs1p1 , s2p1 , . . . , sm1p1 g in Fig. 13.26: si p1,� p2 : fs1p2 , s2p2 , . . . , sm2p2 g in Fig. 13.26: sj p2,� . . .� pq : fs1pq , s2pq , . . . , smqpq g in Fig. 13.26: sk pq.The s
hemati
 CTP diagram indi
ates some transa
tion s
hema input statesfor pro
ess pi:� fs1pi , s2pi , . . . , smipi g,by an arrow from the pi 
ontrol states to TS j and some transa
tion s
hemaoutput states for pro
ess pi by an arrow from TS j (ba
k) to the pi 
ontrolstates. These two sets are usually the same.� The set of all allowable, i.e., spe
i�ed state to next state transitions 
anbe spe
i�ed as a set of triples, ea
h triple being of the form:? (s; tsn; s0) for pro
ess pi: (spi ; tsn; s0pi)where tsn names a transa
tion s
hema and where s and s0 belong to a pro
ess.� If tsn supports pro
esses pi, pj , . . . , pk, then there will be triples:? (spi ; tsn; s0pi), (spj ; tsn; s0pj ), . . . , (spk ; tsn; s0pk)Figure 13.27 hints at su
h transition triples.
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Process
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... .............. ......

...... ............ ......

TS_1 TS_1

s2k s2m

(s2k,TS_1,s2m)

s1j

Process P1

s1i

P1 || P2

Process P2 Process Pq

sk_pq

P1 || P2 || Pq P1 || Pq
TS_s    TS_1

Variables of P1 Variables of P2 Variables of Pq

TS_2

(s1i,TS_1,s1j)

Fig. 13.27. State to next state transitions shown for TS 1 onlyCTP Transa
tion S
hemasFigure 13.28 indi
ates that a transa
tion s
hema 
onsists of one or more trans-a
tion 
harts.
......

Pi || Pj || Pk
Pi Pj Pk Pi Pj Pk Pi Pj Pk

Transaction Chart # i.1 Transaction Chart # i.2 Transaction Chart # i.m

Transaction Schema # iFig. 13.28. Transa
tion 
harts of a transa
tion s
hemaEa
h transa
tion s
hema, TS i, thus 
ontains one or more transa
tion 
harts:Chji (for suitable i's and j's).2 Ea
h transa
tion 
hart 
ontains one simplemessage sequen
e 
hart. Instan
es (i.e., verti
al lines) of the message sequen
e
harts are labelled by distin
t pro
ess names. All transa
tion 
harts of a trans-a
tion s
hema 
ontain message sequen
e 
harts whose instan
es are labelledby the same set of pro
ess names.CTP Transa
tion ChartsTo ea
h transa
tion 
hart there is asso
iated a pro
ess name indexed set, Gjn,of propositions for TSn transa
tion 
hart Chjn. See Fig. 13.29.2In Fig. 13.28 Chji is represented by Transa
tion Chart # i.j.
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esses (CTP) 447Simple CTP Message Sequen
e ChartsEa
h instan
e of ea
h simple message sequen
e 
hart of ea
h transa
tion 
hartof ea
h transa
tion s
hema may 
ontain zero, one or more internal a
tions,� ajki ,and input/output events:� (pi  pj)?v�i(input value o�ered on 
hannel from pro
ess pj to pro
ess pi and assigned topro
ess pi's variable v�i ), respe
tively,� (pi ! pj)!eki(output value of expression eki over variables of pro
ess pi from pro
ess pi topro
ess pj). The variables of respe
tive pro
esses are shown as square boxesin Fig. 13.26.
pk

(2’)

(4)

(3)

(2)

(4’)

(1’)

(3’)

(1)

pjpi

pi: prop−ci pj: prop−cj pk: prop−ck

ei => vj

vi <= ej’
ej => vk

vj’ <= ek

ch−cn

a_pi

a_pj

a_pk

a’_pi

a"_pi

a’_pjFig. 13.29. A transa
tion 
hart with a simple message sequen
e 
hartFigure 13.29 shows a transa
tion 
hart with a simple message sequen
e
hart whi
h pres
ribes the intera
tion among three pro
esses, pi, pj and pk.Instan
e pi shows the following sequen
e of events:� hapi ; (pi ! pj)!ei ; a0pi ; (pi  pj)?vi ; a00piiThe output/input messages (`; `0) [or (`0; `)℄, shown as labelled arrows: e)v�! orv(e � 
orrespond to the pairs of (output,input) events in respe
tive pro
esses.(1 ei)vj�! 10): the pair of ((pi ! pj)!ei; (pj  pi)?vj),
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e Charts(2 ej)vk�! 20): the pair of ((pj ! pk)!ej ; (pk  pj)?vk),(30 vi(ej0 � 3): the pair of ((pj ! pi)!e0j ; (pi  pj)?vi),(40 vj0(ek � 4): the pair of ((pk ! pj)!ek; (pj  pk)?v0j).Enabled CTP Transa
tion ChartsIf the transa
tion s
hema is labelled with pro
ess names fpi; pj ; pkg then onetransition from 
ontrol states of ea
h of pro
esses pi; pj and pk leads into ea
htransa
tion 
hart of that transa
tion s
hema. In order for a transa
tion 
hart(of a transa
tion s
hema) to be enabled the following two 
onditions must beful�lled:� One ea
h of the input 
ontrol states of pro
esses pi; pj and pk must bemarked. That is, one ea
h of s1pi , s2pi , . . . , sm1pi , and s1pj , s2pj , . . . , sm1pj , ands1pk , s2pk , . . . , sm1pk , must be marked. More pre
isely, all the 
ontrol statepre
onditions of the transa
tion s
hema to whi
h this 
hart belongs areful�lled.� The indexed set of propositions for the transa
tion 
hart must all evaluateto true.In the example of the transa
tion 
hart of Fig. 13.29 the indexed set of proposi-tions are the three propositions prop-
i, prop-
j and prop-
k. Ea
h propositionfor any pro
ess pi of any transa
tion 
hart may 
ontain variables, if so theymust only be variables of that pro
ess.Enabled Versus Invoked S
hemas and ChartsA distin
tion is being made between being enabled and being invoked. Aninvoked s
hema or 
hart must be enabled. Enablement means that the 
on-ditions for invo
ation are satis�ed. Invo
ation means that an a
tual interpre-tation (i.e., exe
ution) takes pla
e with all attendant state 
hanges possiblyo

urring.Details of Invo
ation and Exe
utionWe elaborate a bit further on the interpretation of a CTP program (i.e.,diagram). Initially 
ontrol rests in the pro
ess initial 
ontrol states. No trans-a
tion s
hema is invoked.Now zero, one or more transa
tion s
hemas may be enabled. For a trans-a
tion s
hema to be enabled the following must hold. One or more of thetransa
tion 
harts of this transa
tion s
hema must be enabled. That is, theirguards must hold. That is evaluate to true in the initial state of the pro
essvariables. One or more enabled transa
tion s
hema may now be invoked pro-vided that no two of them share pro
esses. Invoking an enabled transa
tion
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hema means the following: One of its enabled transa
tion 
harts will be non-deterministi
ally sele
ted. To thus invoke an enabled and sele
ted transa
tion
hart means that the marking (i.e., the tokens) of the enabling pro
ess 
ontrolstates will be removed and \
onverted" into an instan
e (\program point")pointer for ea
h of the pro
ess instan
es of the enabled and sele
ted transa
-tion 
hart, and those pointers are initially set to zero (0), i.e., the beginning,the \entry", of the transa
tion 
hart instan
es.The pre
eding paragraph outlines a step (in this 
ase a zeroth step) ofCTP program interpretation (i.e., exe
ution).Now an interpretation of the instan
es of the enabled and sele
ted trans-a
tion 
hart takes pla
e. Here we refer to the des
ription of the semanti
sof BMSCs (basi
 MSCs) earlier in this 
hapter. A step is made up from ei-ther interpreting an internal a
tion (whi
h usually will update pro
ess 
ontrolvariables and hen
e atomi
 propositions), or interpreting an output event, orinterpreting an input event. The instan
e program pointers are advan
ed oneposition for ea
h su
h interpretation. When all instan
e program pointers ofa spe
i�
 transa
tion 
hart (of a spe
i�
 transa
tion s
hema) rea
h their re-spe
tive last positions, then the transa
tion 
hart and its transa
tion s
hemaare disabled and the designated output 
ontrol states are marked.At the same time as a step related to one parti
ular enabled and invokedtransa
tion s
hema and a transa
tion 
hart within it is being performed sim-ilar steps may be performed, 
on
urrently, at or within other enabled andinvoked transa
tion s
hemas and transa
tion 
harts within them. So, as anillustration, as one step of interpretation o

urs properly within a transa
tion
hart of one transa
tion s
hema, another su
h step of interpretation may o
-
ur properly within a transa
tion 
hart of another transa
tion s
hema, andyet a third transa
tion 
hart may be enabled, sele
ted, invoked, and so on.CTP TransitionsThe semanti
s of CTP 
alls for transitions from input 
ontrol states via en-abled transa
tion s
hemas to (output) 
ontrol states. Figure 13.27 hinted atsu
h transitions.An invoked transa
tion 
hart will then result in the appropriate inputstates no longer being marked, in the exe
ution of the simple message sequen
e
hart, from top to bottom, in the updating of pro
ess variables (as the resultof exe
ution of ea
h of the instan
es of the simple message sequen
e 
hart),and, on
e message sequen
e 
hart exe
ution terminates, in the marking of oneappropriate output state for ea
h of the pro
esses labelling that transa
tion
hart.Whi
h of the output states, for pro
esses pi; pj and pk, that is,� whi
h of s01pi , s02pi , . . . , s0mipi , and� whi
h of s01pj , s02pj , . . . , s0mjpj , and� whi
h of s01pk , s02pk , . . . , s0mkpk
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e Chartsare sele
ted is determined by whi
h of the� (s�pi ; tsn; s�pi)transition rules had their� s�pipart apply in the invo
ation of transa
tion s
hema tsn to whi
h this 
hartbelongs.For te
hni
al reasons no two otherwise distin
t transition rules (s
pi ; tsn; sÆpi)and (s�pi ; tsn; s pi) 
an have identi
al �rst pairs, i.e., 
 6= �, and 
annot haveidenti
al last pairs, i.e. Æ 6=  . Thus we assume that ea
h transa
tion s
hematsn, has exa
tly one input and one output 
ontrol state for ea
h pro
ess.The pro
ess 
ontrol states are like pla
es (
onditions), and the transa
tions
hemas are like transitions in a 
ondition event Petri net.Firing (i.e., invo
ation) means that one or more enabled transa
tions
hemas (that do not share pro
esses) are sele
ted, that is, one or more trans-a
tion s
hemas for whi
h the guards of one or more transa
tion 
harts evalu-ate to true (i.e., is enabled) | and that within ea
h su
h sele
ted transa
tions
hema one su
h (enabled) transa
tion 
hart is sele
ted (invoked). The invokedtransa
tion 
harts are then \exe
uted", as would a normal message sequen
e
hart. On
e any su
h message sequen
e 
hart exe
ution has 
ompleted, thetransition 
ompletes by marking the designated output 
ontrol states. Sin
eseveral transa
tion s
hemas may be enabled in this way one or more are 
ho-sen nondeterministi
ally. And sin
e within ea
h transa
tion s
hema severaltransa
tion 
harts may be enabled one is 
hosen nondeterministi
ally.13.6.3 A Dining Philosophers ExampleBefore we formalise the diagrammati
 language of CTPs we bring in an ex-ample.Example 13.24 Dining Philosophers: This whole se
tion is one example, butwe omit shading.We model the 
lassi
al dining philosophers problem using CTP. For simpli
ity,we 
onsider the setting of just two philosophers. As illustrated in Fig. 13.30,two philosophers P1 and P2 are seated on opposite sides of a round table andtwo forks F1 and F2 are pla
ed between P1 and P2.A plate of spaghetti is pla
ed at the 
entre of the dining table. A philosopheralternates between eating and thinking. To eat the spaghetti, a philosophermust try to grab (the) two forks (here F1 and F2). And when a philosopher�nishes eating, he puts down both forks. The problem is to devise a strategyof using the forks su
h that the philosophers do not su�er starvation.The CTP program for the dining philosophers problem is shown inFig. 13.31.
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F1

F2

P2P1Fig. 13.30. Two dining philosophers table with forks
Control
States

Process

   Transaction
Schemas

P1 || F1 || F2 P1P1 || F2 P1 F1 || F2 || P2P2 F1 || P2P2 F2 || P2P1 || F1

isLeftFork isHungryisRightFork isP1Req isLeftFork isRightFork isHungryheldByisP1Req isP2Req heldBy isP2Req

Process
Variables

"Wiring"

TS_1 TS_2 TS_3 TS_4 TS_5 TS_5’ TS_4’ TS_3’ TS_2’ TS_1’

Process P1

Variables of P1 Variables of F1 Variables of F2 Variables of P2

Process F1 Process P2Process F2

Fig. 13.31. Two dining philosophers CTP programThere are four pro
esses P1, P2, F1 and F2 
orresponding to the two philoso-phers and the two forks. In transa
tion s
hema TS 1, P1 tries to grab itsleft fork F1. In TS 2, P1 tries to grab its right fork F2. TS 3 representsthe behaviour where P1 is eating (after getting hold of both forks F1 andF2). TS 4 represents the behaviour where P1 puts down both forks (after�nishing eating). Finally, TS 5 models the behaviour where P1 is thinking.Analogously, transa
tion s
hemas TS 10, TS 20, TS 30, TS 40, TS 50 rep-resent the behaviours where P2 tries to grab its left fork F2, P2 tries to grabits right fork F1, P2 is eating, P2 puts down both forks, and P2 is thinking.The initial 
ontrol states of ea
h pro
ess are shown by darkened pla
es.The pro
ess P1 has three variables, isLeftFork, isRightFork and isHungry, allof whi
h are of type Bool. These three variables indi
ate whether P1 holds itsleft fork, whether P1 holds its right fork, respe
tively whether P1 is hungry.Initially, P1 holds neither fork and is hungry. The variables of P2 are set upsimilarly to P1.The pro
ess F1 has three variables isP1Req, heldBy and isP2Req. Thevariable isP1Req (respe
tively isP2Req) is of type Bool and re
ords whetherthere is a request from P1 (respe
tively P2) to hold F1. The variable heldBy isan enumerated type variable that takes one of the three values mkNil (meaning
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e Chartsthat F1 is held by neither philosopher), mkP1 (meaning that F1 is held byP1) and mkP2 (meaning that F1 is held by P2). The variables of F2 are setup similarly to F1.In Fig. 13.32 we show the transa
tion 
harts of TS 1.
P1 || F1

Transaction Chart 1.1 Transaction Chart 1.2 Transaction Chart 1.3

P1: isHungry
/\ ~isLeftFork 

true => isP1Req

isLeftFork <= true

F1:  heldBy = mkNil
      /\ ~isP1Req

heldBy := mkP1

isP1Req := false

P1: isHungry
/\ ~isLeftFork

F1:  heldBy = mkNil
      /\ ~isP1Req

true => isP1Req

isLeftFork <= false

P1: isHungry
/\ ~isLeftFork

F1:  heldBy = mkNil
/\ isP1Req

heldBy := mkP1

isLeftFork <= true

isP1Req := falseFig. 13.32. Transa
tion s
hema TS 1There are three transa
tion 
harts 1:1, 1:2, 1:3. Chart 1:1 models the s
enariothat F1 grants a fresh \grab" request by P1, while 
hart 1:2 models that F1reje
ts a fresh \grab" request by P1 (but remembers this request). The 
hart1:3 models that F1 grants a previously re
orded request from P1. Obviously,the transa
tion 
harts of TS 2 are similar to those of TS 1 and thus we omitthe details of TS 2.Transa
tion s
hema TS 3 is shown in Fig. 13.33.
P1

Transaction Chart 3.1

P1:  isLeftFork

isHungry := false

/\ isRightFork

Fig. 13.33. Transa
tion s
hema TS 3Sin
e it only involves P1, we would have only internal a
tions of P1. Inparti
ular, the a
tivity of eating is modelled by setting isHungry to false.The transa
tion s
hema TS 4 is shown in Fig. 13.34.
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P1 || F1 || F2

Transaction Chart 4.1 Transaction Chart 4.2

mkNil => heldBy

mkNil => heldBy

isLeftFork := false

isRightFork := false

mkNil => heldBy

mkNil => heldBy

isRightFork := false

isLeftFork := false

P1: isLeftFork
/\ isRightFork F1: heldBy=mkP1 F2: heldBy=mkP1

P1: isLeftFork
/\ isRightFork F1: heldBy=mkP1 F2: heldBy=mkP1

Fig. 13.34. Transa
tion s
hema TS 4There are two 
harts 
orresponding to whether P1 �rst puts down its leftfork or its right fork.Similarly to TS 3, the transa
tion s
hema TS 5 (shown in Fig. 13.35)models the a
tivity of thinking by setting isHungry to true! Pro
ess F1 (andalso F2) alternates between 
ommuni
ating with P1 and P2. Initially F1 isready to 
ommuni
ate with P1 and F2 is ready to 
ommuni
ate with P2.
P1

Transaction Chart 5.1

isHungry := true

P1: ~isHungry

Fig. 13.35. Transa
tion s
hema TS 5We omit the details of TS 10, TS 20, TS 30, TS 40, TS 50 as they areanalogous to TS 1, TS 2, TS 3, TS 4, TS 5.End of Example 13.24.13.6.4 Formalisation of CTPsThe Synta
ti
 and Some Semanti
 TypestypeP, T, S, Var, Typ, VAL, Chtn, Exp, AP, A
t
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e ChartsAnnotation:P, T, S, Var, Typ, VAL, Chtn, Exp, AP, A
t: Pro
ess names, transa
tion s
he-ma names, pro
ess 
ontrol states (i.e., names), variable identi�ers, typedesignators (for example integer, Boolean and so on), semanti
 values(for example Int, Bool and so on), 
hart names, expressions (further un-de�ned, but are usually variables, pre�x expressions and in�x expressionsover usual integer operators and Boolean 
onne
tives), atomi
 proposi-tions (i.e., Boolean valued expressions over variables) and internal a
tions(assignments, 
onditional a
tions, et
.). 3typeProg0 = PDe
ls � TDe
ls � Wiring � InitProg = fj prog:Prog0� wf Prog(prog) jgAnnotation:Prog: A CTP program 
onsists of well-formed 
ombinations of pro
ess vari-able and transa
tion s
hema de
larations, of wiring and the de�nition ofan initialisation (of pro
ess 
ontrol states and variable values).typePDe
ls = P !m VarDe
lTDe
ls = T !m (Chtn !m (Gd � Cht))Annotation:PDe
ls, VarDe
l: For ea
h pro
ess there is a set of variables of spe
i�ed type.TDe
ls: For ea
h transa
tion s
hema name, T, there is a set of uniquelynamed, Chtn, transa
tion 
harts, with ea
h 
hart 
onsisting of a guard,Gd, and the 
hart proper Cht.typeWiring = T !m (P !m S � S)Init = P !m (S � VarInit)VarDe
l = Var !m TypAnnotation:Wiring: For ea
h transa
tion s
hema and for ea
h pro
ess (that applies to thiss
hema) there is a pair of respe
tively input and output 
ontrol states.Init, VarInit: With ea
h pro
ess a 
ontrol state, S, is asso
iated an initialisa-tion, respe
tively the 
urrent values of all variables of this pro
ess.typeGd = P !m PropProp == mkTrue j mkAP(ap:AP) j mkNot(pr:Prop)j mkAnd(pr:Prop,pr0:Prop) j mkOr(pr:Prop,pr0:Prop)3 means: end of annotation.



13.6 Communi
ating Transa
tion Pro
esses (CTP) 455Annotation:Gd, Prop: A transa
tion 
hart guard asso
iates� to ea
h of the pro
esses asso
iated with that 
hart� a proposition whi
h is� either the value true,� or is an atomi
 proposition,� or a negated,� or a 
onjun
tive� or a disjun
tiveproposition.typeCht = (P !m Ev�) � SendRe
vEv == mkSe(p:P,e:Exp) j mkRe(p:P,v:Var) j mkA
t(a
t:A
t)SendRe
v = (P � Pos) !m (P � Pos)Pos = Nat� = Var !m VALVarInit = �Annotation:Cht, Ev�, SendRe
v: A transa
tion 
hart maps ea
h of its asso
iated pro
essesinto an instan
e | whi
h is an event list | and a mapping, SendRe
v,that relates output and input events in respe
tive pro
ess instan
es.Ev: An event is either a send event (sending to p the value of expression e), ora re
eive event (re
eiving a value from p and storing it in v); or an eventis an internal a
tion.Pos: A position is an index into an event list.Auxiliary Synta
ti
 and Semanti
 Fun
tion Signaturesvaluetypeof: Exp ! VarDe
l ! Typwf AP: AP ! VarDe
l ! Boolwf Exp: Exp ! VarDe
l ! Boolwf A
t: A
t ! VarDe
l ! BoolAnnotation:typeof: Extra
ts from an expression, given a set of variable de
larations, thetype of the value of the expression, if well-formed.wf AP: Examines whether an atomi
 proposition is well-formed.wf Exp: Examines whether an expression is well-formed.wf A
t: Examines whether an internal a
tion text is well-formed.



456 13 Message and Live Sequen
e Chartsvalueeval AP: AP ! � ! Booleval Exp: Exp ! � ! VALint A
t: A
t ! � ! �Annotation:eval AP: Evaluates an atomi
 proposition.eval Exp: Evaluates an expression.int A
t: Interprets an internal a
tion, possibly leading to 
hanges in the val-ues of variables.Auxiliary Fun
tion Signatures and De�nitionsvalueparti
ipants: T ! Prog0 ! P-setparti
ipants(t)(prog) � let ( , ,wiring, )= prog in dom wiring(t) endinstan
es : Cht ! P-setinstan
es(
ht) � let (pevs, ) = 
ht in dom pevs endAnnotation:parti
ipants: Extra
ts the set of pro
ess (names) parti
ipating in a transa
tions
hemainstan
es: Extra
ts the set of instan
es of a 
hart.valuextr APs: Prop ! AP-setxtr APs(pr) � 
ase pr of mkTrue ! fg, mkAP(ap) ! fapg, ::: endeval Prop: Prop ! � ! Booleval Prop(pr)(�) �
ase pr of mkTrue ! true, mkAP(ap) ! eval AP(ap)(�), ::: endAnnotation:xtr APs: Extra
ts, from a proposition, the set of atomi
 propositions o

ur-ring in a proposition.eval Prop: Evaluates a proposition.Well-formedness of CTPvaluewf Prog : Prog0 ! Boolwf Prog(prog) �All Wired(prog) ^ All Initialized(prog) ^wf Gds and Chts(prog) ^ wf Wiring(prog) ^ wf Init(prog)
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ating Transa
tion Pro
esses (CTP) 457Annotation:wf Prog: Conjun
tion of �ve 
onstraints.valueAll Wired: Prog0 ! BoolAll Wired( ,tde
ls,wiring, ) � dom tde
ls = dom wiringAll Initialized: Prog0 ! BoolAll Initialized(pde
ls, , ,init) � dom pde
ls = dom initAnnotation:All Wired: All transa
tion s
hemas are wired.All Initialized: Ea
h pro
ess is initialized. (The initialization of a pro
ess in-
ludes not only the variables but also an initial 
ontrol state.)valuewf Gds and Chts: Prog0 ! Boolwf Gds and Chts(prog) �let (pde
ls,tde
ls, , ) = prog in8 t:T�t 2 dom tde
ls )let (gd,
ht) = tde
ls(t)(
htn) indom gd = instan
es(
ht) = parti
ipants(t)(prog) ^wf Gd(gd)(pde
ls) ^ wf Cht(
ht)(pde
ls)end endwf Gd: Gd ! PDe
ls ! Boolwf Gd(gd)(pde
ls) �8 p:P�p 2 dom gd ) 8 ap:AP � ap 2 xtr APs(gd(p))) wf AP(ap)(pde
ls(p))Annotation:wf Gds and Chts: The guards and 
harts are well-formed.wf Gd: Examines whether a guard is well-formed.valuewf Cht: Cht ! PDe
ls ! Bool=� see later �=wf Wiring: Prog0 ! Boolwf Wiring(prog) �let (pde
ls, ,wiring, ) = prog in8 t:T�t 2 dom wiring )parti
ipants(t)(prog)�dom pde
lsend



458 13 Message and Live Sequen
e ChartsAnnotation:wf Wiring: The wiring is well-formed.valuewf Init: Prog0 ! Boolwf Init(prog) �let (pde
ls, , ,init) = prog in8 p:P�p 2 dom init )let (s,varinit) = init(p) in(9 t:T,s0:S � (s,s0)=wiring(t)(p)) ^ wf VarInit(varinit)(varde
l(p))end endAnnotation:wf Init: The initialisation is well-formed (the initialisation in
ludes both ini-tial 
ontrol states and initial values of variables).valuewf VarInit: VarInit ! VarDe
l ! Boolwf VarInit(varinit)(varde
l) �dom varde
l = dom varinit ^8 var:Var�var 2 dom varde
l )typeof VAL(varinit(var))=varde
l(var)typeof VAL: VAL ! TypAnnotation:wf VarInit: All variables are initialised to values of the de
lared type.typeof VAL: Similar to typeof.Well-formedness of Chartsvaluewf Cht: Cht ! PDe
ls ! Boolwf Cht(
ht)(pde
ls) � wf Evs(
ht)(pde
ls) ^ wf SendRe
v(
ht)(pde
ls)Annotation:wf Cht: All events are well-formed and so are all send-re
eive pairs.valuewf Evs: Cht ! PDe
ls ! Boolwf Evs(pevs, )(pde
ls) �8 p:P,ev:Ev�p 2 dom pevs ^ ev 2 elems pevs(p) )
ase ev of
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ating Transa
tion Pro
esses (CTP) 459mkSe(q,exp)!q 2 dom pevsnfpg^wf Exp(exp)(pde
ls(p)),mkRe(q,var)!q 2 dom pevsnfpg^is de
l(var)(pde
ls(p)),mkA
t(a
t)!wf A
t(a
t)(pde
ls(p))endAnnotation:wf Evs: All events are well-formed (with respe
t to sour
e/target pro
esses,expressions, et
.)� Sends and re
eives are between di�erent instan
es, that is, pro
esses.� Corresponding expressions are well-formed and 
orresponding vari-ables are de
lared.� Internal a
tions are well-formed.valueis de
l: Var ! VarDe
l ! Boolis de
l(var)(varde
l) � var 2 dom varde
lwf SendRe
v: Cht ! PDe
ls ! Boolwf SendRe
v(
ht)(pde
ls) �Well Mat
hed(
ht)(pde
ls) ^ All Mat
hed(
ht) ^ �is 
y
li
(
ht)Annotation:is de
l: Examines whether the variable is properly de
lared.wf SendRe
v: The send-re
eive mat
hing relation is well-formed.valueis 
y
li
: Cht ! Boolis 
y
li
(
ht) � ::: =� straightforward �=Annotation:is 
y
li
: The transitive 
losure of the send-re
eive and instan
ewise mes-sage ordering relation 
ontains 
y
les. (The spe
i�
ation of this predi-
ate is 
lear from item /*6*/ (Page 387) of Se
t. 13.1.6 \Synta
ti
 Well-formedness of MSCs".)valueWell Mat
hed: Cht ! PDe
ls ! BoolWell Mat
hed(pevs,sendre
v)(pde
ls) �
ard dom sendre
v = 
ard rng sendre
v ^8 (p,i),(q,j):P�Pos � sendre
v((p,i))=(q,j) )9 exp:Exp,var:Var�pevs(p)(i) = (q,exp) ^pevs(q)(j) = (p,var) ^typeof(exp)(pde
ls(p)) = pde
ls(q)(var)



460 13 Message and Live Sequen
e ChartsAnnotation:Well Mat
hed: The mat
hing is proper.valueAll Mat
hed: Cht ! BoolAll Mat
hed(pevs,sendre
v) �dom sendre
v = f(p,i)j(p,i):P�Pos � is Send Ev(pevs(p)(i))gAnnotation:All Mat
hed: All send/re
eive events are mat
hed.valueis Send Ev: Ev ! Boolis Send Ev(ev) � 
ase ev of mkSe( , ) ! true, ! false endAnnotation:is Send Ev: Examines whether an event is a send event.Dynami
 Semanti
s, TypesSemanti
 TypestypeP	 = P !m 		 = � � � � �Annotation:P	 : The 
urrent \stage" of a CTP program is given by asso
iating with ea
hpro
ess, a stage, 	 .	 : The pro
ess stage 
onsists of a triple: the 
urrent program point, � , the
urrent values of all its variables, �, and the (evaluated) values of expres-sions of exe
uted output (send) events, �.type� == mkS(s:S) j mkT(t:T,
htn:Chtn,i:Pos)� = Pos !m VALPos = NatAnnotation:� : The program pointer (of a pro
ess) either designates a pro
ess 
ontrolstate mkS(s:S) or a position i:Pos within a transa
tion 
hart 
htn:Chtn ofa transa
tion s
hema t:T; i=0 indi
ates that the pro
ess has just enteredthe 
hart.



13.6 Communi
ating Transa
tion Pro
esses (CTP) 461�: The output value queue (of exe
uted output events) is a map from posi-tions, Pos, of output events to values VAL.Pos: Position of events (input/output events and internal a
tions).typeP� = P !m �Annotation:P� : For ea
h (invoked) pro
ess P we re
ord its stepwise progress �.type� = T � Chtn � �� == mkEnter j mkEv(i:Pos) j mkExitAnnotation:� : The stepwise progress within a transa
tion 
hart, Chtn, of a transa
tions
hema, T, is re
orded by a quantity �.� : Either the pro
ess, at an instan
e, is at the point of entering, mkEnter, orleaving, mkExit, or is at some event position, mkEv(i:Pos).Well-formednessvaluewf P�: P� ! Prog ! Boolwf P�(pÆ)(prog) �let (pde
ls, , , ) = prog indom pÆ � dom pde
ls ^8 p:P�p 2 dom Æ ) wf �(p)(pÆ)(prog)endAnnotation:wf P� :� The invoked pro
esses must �rst have been de
lared.� And for ea
h su
h pro
ess its progress must be well-formed.valuewf �: P ! P� ! Prog ! Boolwf �(p)(pÆ)(prog) �let (pde
ls,tde
ls, , ) = prog, (t,
htn,�) = pÆ(p) int 2 dom tde
ls ^ 
htn 2 dom tde
ls(t) ^ p 2 parti
ipants(t)(prog) ^
ase � ofmkEv(i)! let (pevs, ) = tde
ls(t)(
htn) in i 2 inds pevs(p) end! 8 q:P�q 2 parti
ipants(t)(prog) ) pÆ(q) = pÆ(p)end end



462 13 Message and Live Sequen
e ChartsAnnotation:wf � : For the invoked pro
ess� the designated transa
tion s
hema and transa
tion 
hart (of thats
hema) must be de
lared, and the designated pro
ess (name) mustbe an instan
e of that 
hart.� In addition the program point (ppt) must be well-formed:? if an event index it must be into the pro
ess instan
e, otherwise? all pro
esses of that transa
tion 
hart must be in the same (eitherentry or exit) state.Dynami
 Semanti
s, Fun
tionsAuxiliary Fun
tionsvaluextr preS: Prog ! T ! P ! Sxtr preS( , ,wiring, )(t)(p) �let (s, ) = wiring(t)(p) in s endpre t 2 dom wiring ^ p 2 dom wiring(t)Annotation:xtr preS : Extra
t from a transa
tion s
hema, the pre
ondition (a 
ontrolstate) 
orresponding to a pro
ess.valuextr postS: Prog ! T ! P ! Sxtr postS( , ,wiring, )(t)(p) �let ( ,s) = wiring(t)(p) in s endpre t 2 dom wiring ^ p 2 dom wiring(t)Annotation:xtr postS : Given a� program, a transa
tion s
hema (name) and a pro
ess (name)� yield the output 
ontrol state (from the wiring).valuextr Ev: Prog ! (T � Chtn � P � Pos) ! Evxtr Ev( ,tde
ls, , )(t,
htn,p,i) �let ( ,(pevs, )) = tde
ls(t)(
htn) in pevs(p)(i) endpre t 2 dom tde
ls ^ 
htn 2 dom tde
ls(t) ^let ( ,(pevs, )) = tde
ls(t)(
htn) inp 2 dom pevs ^ i 2 inds pevs(p) endAnnotation:
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ating Transa
tion Pro
esses (CTP) 463xtr Ev : Given� a program,� a transa
tion s
hema name (within that program),� the name of a 
hart (within that s
hema),� a pro
ess (name) and� a position (within the designated 
hart),yield the designated event.valuextr Prop: Prog ! (T � Chtn) ! P ! Propxtr Prop( ,tde
ls, , )(t,
htn)(p) �let (gd, ) = tde
ls(t)(
htn) in gd(p) endpre t 2 dom tde
ls ^ 
htn 2 dom tde
ls(t) ^let ( ,
ht) = tde
ls(t)(
htn) in p 2 instan
es(
ht) endAnnotation:xtr Prop :� Given? a program,? a transa
tion s
hema name (within that program),? the name of a 
hart (within that s
hema), and? a pro
ess (name)� yield the designated proposition.valuelast Pos: Prog ! (T � Chtn) ! P ! Poslast Pos( ,tde
ls, , )(t,
htn)(p) �let ( ,(pevs, )) = tde
ls(t)(
htn) in len pevs(p) endpre t 2 dom tde
ls ^ 
htn 2 dom tde
ls(t)^let ( ,
ht) = tde
ls(t)(
htn) in p 2 instan
es(
ht) endAnnotation:last Pos :� Given? a program,? a transa
tion s
hema (name, within that program),? a 
hart (name, within that s
hema), and? a pro
ess (name, within that 
hart)� yield the position of the last event of the designated pro
ess instan
e.valuextr Send: Prog ! (T � Chtn) ! (P � Pos) ! (P � Pos)xtr Send( ,tde
ls, , )(t,
htn)(p,i) as (q,j)pre t 2 dom tde
ls ^ 
htn 2 dom tde
ls(t) ^let ( ,(pevs, ))=tde
ls(t)(
htn) in



464 13 Message and Live Sequen
e Chartsp 2 dom pevs ^ i 2 inds pevs(p) endpost let ( ,( ,sendre
v))=tde
ls(t)(
htn) insendre
v((q,j)) = (p,i) endAnnotation:xtr Send : Extra
t the mat
hing send event, given a re
eiving event.� The transa
tion s
hema and 
hart names must be de
lared and theevent position be appropriate.� The mat
hing send event (q,j) is then found from the send-re
eivemapping.Initializationvalueinit P	 : Prog ! P	init P	(prog) �let ( , , ,init) = prog in[ p7!
onvert 	(init(p))jp:P�p 2 dom init ℄ end
onvert 	 : (S � VarInit) ! 	
onvert 	(s,varinit) � (mkS(s),varinit,[ ℄)Annotation:init P	 : To initialise a program is to 
reate the 
olle
tion of all pro
ess initialstates.
onvert 	 : Mark the initial 
ontrol state, use the initial 
ontrol variablevalues and set the initial queues of values of expression of send events toempty.Enablingvalueis enabled: P� ! (Prog � P	) ! Boolis enabled(pÆ)(prog,p ) �8 p:P�p 2 dom pÆ ) let (t,
htn,�) = pÆ(p) in
ase � ofmkEnter ! is enabled Enter Chtn(t,
htn)(prog,p ),mkExit ! is enabled Exit Chtn(t,
htn)(prog,p ),mkEv(i) ! is enabled Ev(t,
htn,p,i)(prog,p )end endpre wf P�(pÆ)(prog)Annotation:is enabled : A program step, pÆ, is enabled at the 
urrent stage of the pro-gram, if every pro
ess step 
orresponding to pro
esses in the domain ofthis program step is enabled.
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ating Transa
tion Pro
esses (CTP) 465valueis enabled Enter Chtn: (T � Chtn) ! (Prog � P	) ! Boolis enabled Enter Chtn(t,
htn)(prog,p ) �8 p:P�p 2 parti
ipants(t)(prog) )let s = xtr preS(prog)(t)(p),pr = xtr Prop(prog)(t,
htn)(p),(�,�, ) = p (p) in(�=mkS(s)) ^ eval Prop(pr)(�) endAnnotation:is enabled Enter Chtn : A 
hart of a transa
tion s
hema 
an be entered if forevery pro
ess parti
ipating in this transa
tion s
hema, its 
urrent 
ontrolstate is the pre
ondition of this transa
tion s
hema, and the propositionasso
iated with this pro
ess in the guard asso
iated with this 
hart eval-uates to true with respe
t to the 
urrent values of variables.valueis enabled Exit Chtn: (T � Chtn) ! (Prog � P	) ! Boolis enabled Exit Chtn(t,
htn)(prog,p ) �8 p:P�p 2 parti
ipants(t)(prog) )let (mkT(t,
htn,i),�, )=p (p) in i=last Pos(prog)(t,
htn)(p) endAnnotation:is enabled Exit Chtn : A 
hart of a transa
tion s
hema 
an be exited if forevery pro
ess parti
ipating in this transa
tion s
hema, it has exe
uted allits events in this 
hart.valueis enabled Ev: (T � Chtn � P � Pos) ! (Prog � P	) ! Boolis enabled Ev(t,
htn,p,i)(prog,p ) �let (mkT(t,
htn,i0), , ) = p (p) in i0=i�1 ^
ase xtr Ev(prog)(t,
htn,p,i) ofmkRe(q, ) !let (q,j) = xtr Send(prog)(t,
htn)(p,i) inlet (mkT(t,
htn,j0), , ) = p (q) in j � j0 end end! trueend endAnnotation:is enabled Ev : An event at a position of a pro
ess in a 
hart of a transa
tions
hema is enabled, if this pro
ess has 
ome to the previous position, andin 
ase this event is a re
eive event, the mat
hing send event has beenexe
uted.



466 13 Message and Live Sequen
e ChartsFiringvalue�re: (Prog � P	) ! P� ! (Prog � P	)�re(prog,p )(pÆ) as (prog,p 0)pre is enabled(pÆ)(prog,p )post p 0=p y[ p7!upd 	(prog,p )(pÆ)(p)jp 2 dom pÆ ℄Annotation:�re : Firing an enabled program step updates the 
urrent stage of every pro-
ess.valueupd 	 : (Prog � P	) ! P� ! P ! 	upd 	(prog,p )(pÆ)(p) �let (�,�,�) = p (p), (t,
htn,�) = pÆ(p) in
ase � ofmkEnter ! (mkT(t,
htn,0),�,[ ℄)mkEv(i) !let �0 = upd �(prog,�)(p)(t,
htn,i),�0 = upd �(prog,�)(p)(t,
htn,i) in(mkT(t,
htn,i),�0,�0) endmkExit ! let s = xtr postS(prog)(t)(p) in (mkS(s),�,[ ℄) endend endpre :::Annotation:upd 	 : Upon �ring an enabled program step, the 
urrent stage of a pro
essshould be updated as follows.� If this pro
ess enters a 
hart of a transa
tion s
hema, then this pro
essgoes to position zero of this 
hart (in this transa
tion s
hema), retainsthe 
urrent values of variables and initializes an empty map of positionsto values of expressions of send events.� If this pro
ess exe
utes an event at a position of a 
hart of a transa
tions
hema, then this pro
ess goes to this position and updates the 
urrentvalues of variables and the map of positions to values of expressions ofsend events.� If this pro
ess exits a 
hart of a transa
tion s
hema, then this pro
essgoes to the post
ondition asso
iated with this pro
ess of this transa
-tion s
hema, retains the 
urrent values of variables and empties themap of positions to values of expressions of send events.valueupd �: (Prog � P	) ! P ! (T � Chtn � Pos) ! �upd �(prog,p )(p)(t,
htn,i) �



13.7 Dis
ussion 467let ( ,�, ) = p (p), ev = xtr Ev(prog)(t,
htn,p,i) in
ase ev ofmkSe(q,exp) ! �,mkRe(q,var) !let ( , ,�) = p (q),(q,j) = xtr Send(prog)(t,
htn)(p,i) in � y [ var 7! �(j) ℄ end,mkA
t(a
t) ! int A
t(a
t)(�)end endpre :::Annotation:upd � : Upon exe
ution of an event, the 
urrent values of variables shouldbe updated as follows.� Exe
uting a send event does not 
hange the value of any variable.� Exe
uting a re
eive event amounts to assigning the value of the expres-sion of the mat
hing send event to the variable asso
iated with thisre
eive event, and leaving the values of all other variables untou
hed.� Exe
uting an internal a
tion amounts to evaluating it with respe
tto the 
urrent values of variables, possibly leading to 
hanges in thevalues of variables.valueupd �: (Prog � P	) ! P ! (T � Chtn � Pos) ! �upd �(prog,p )(p)(t,
htn,i) �let ( ,�,�) = p (p) in
ase ev of mkSe(q,exp) ! � [ [ i 7! eval Exp(exp)(�) ℄,! � end endpre :::Annotation:upd � : Upon exe
ution of an event, the map of positions to values of expres-sion of send events is updated as follows. Exe
uting a send event amountsto adding to this map the value of the expression of this send event as-so
iated with its position. Exe
uting a re
eive event or an internal a
tiondoes not tou
h this map.13.7 Dis
ussion13.7.1 GeneralWe have 
overed two notions of sequen
e 
harts (SCs): Message SCs (MSCs)and Live SCs (LSCs).


