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Abstract— This paper introduces Triggered Message Sequence As an example, consider the MSC in Fig. 1. This MSC
Charts (TMSCs), a graphical, mathematically well-founded describes one scenario of message exchanges for a system

framework for capturing scenario-based system requiremets consisting of three processes (also caliestancesin MSC

of distributed systems. Like Message Sequence Charts (MSEs . . .
TMSCs are graphical depictions of scenarios, or exchangesf o terminology): a writerlV, a serverS, and a reader. Each

messages between processes in a distributed system. Unlik&/ertical axis represents the life-line of the correspogdin
MSCs, however, TMSCs are equipped with a notion ofrigger that  instance, while the arrows connecting these lines repteisen
permits requirements to be madeconditional; a notion of partiality messages exchanged. In the depicted scerfdfiopdates the
indicating that a scenario may be subsequently extended; & 5,6 of a variable: by sending the message(z) to S and
a notion of refinement for assessing whether or not a more R sends a request of form(z) to readz. S can receive the
detailed specification correctly elaborates on a less deted one. oo ’
The TMSC notation also includes a collection of composition Messages in either order, as represented by the dashed box at
operators allowing structure to be introduced into scenard the beginning ofS, which is called aco-region and responds
specifications, so that interactions among different scemms to () with a message of formal(z) containing the new
may be studied. In the first part of this paper, TMSCs are \g1ye of 2. In the mean timgV fails for some reason (the
introduced, and their use in support of requirements modelng is box representing #ocal actior), and sends anbtd message
illustrated via two extended examples. The second part delaps R EeE - ;
the mathematical underpinnings of the language. to S Indlcatlng that it is abortlngS Subsequently rolls back
x to its previous value (by performing the local actiob),
and sends a message iv asking it to abort, sinca? has
been using airty value of 2. This scenario, which can be
delicate to explain clearly in words, becomes much easier to
comprehend when depicted as an MSC.
The clarity of MSCs has made them a popular vehicle for
Message Sequence Charts (MSCs) [3], [40] are a viswgnveying requirements of distributed systems, and thigipo
formalism for scenario-based specifications of distritigeft- larity has led to the development of standards for reprasgnt
ware systems. A single MSC depicts an exchange of mégem [3] and to their inclusion in system modeling notations
sages that the processes in a system should engage in wigh as the Unified Modeling Language [7]. Research has
the system is implemented; such an interaction, or scenadso focused on equipping MSCs with a formal semantics, so
represents a required facet of eventual system behavioa Athat they may be reasoned about in a mathematically precise
notation for recording scenarios precisely and clearlyQdS fashion [26], [32], [36], [40].
have great appeal, as they permit the temporal relatiosaship The evident utility of MSCs has also spurred the study
among message exchanges to be conveyed graphically. Tnbydifferent extensions to the notation to further enhance
are thus easier to review and to share with non-implemenitsr usefulness. One may specifically identify two respects
system stakeholders than more textual requirements apsati in which the notation could be improved as a requirements
At the same time, by describing scenarios in terms of ti@tation.
individual activities that system entities perform, MS@seey 1) Conditionality. MSCs excel in describing patterns of

Index Terms—Message Sequence Charts, scenarios, require-
ments modeling, formal semantics, refinement.

|I. INTRODUCTION

high-level design guidelines to engineers responsibletter message exchanges. They are not well-suited, however,
eventual implementation of system components. Other well- to describing conditional scenarios in which one ex-
known graphical representations of behavioral aspectysf s change of messages entails the immediate occurrence
tems include SDL [31], Petri Nets [39], Statecharts [23] etc of another. For example, a typical requirement for a
telecommunications system might specify that if a caller
w S R activates a telephone connected to the system, then a dial
M‘j () tone will be emitted. MSCs are not equipped to convey
Lﬂm such “triggering” behavior; one can only convey that the
given sequence of exchanges between caller and handset
E@ is one possible behavior of the system. Consequently,
abtd MSC specifications must include ancillary commentary
relaying such causation information.
b 2) Evolution.During the elicitation process a requirements
abort specification for a system may undergo several iter-
5 ) ations. On the one hand, basic system functionality

may be enriched; on the other hand, more abstract,
Fig. 1. An example MSC. user-level requirements may be translated into more



detailed, developer-level ones. Even after a specificatisafely be done “in context”), and sensitivity to deadlockin

is deemed complete, it often still continues to evolve ibhehavior. Also, while the refinement relation is not decldab
response to feedback from system stakeholders. In sdohthe full TMSC theory (for essentially the same reasois th
cases one should ensure that subsequent requirememtsiel checking of High-Level MSCs is not [5]), reasonable
specifications are consistent with, ogfing previous restrictions may be imposed on the TMSC notation that
ones. Such a capability is absent from traditional MS@Quarantee that the relation is computable. We discuss these
specifications; as reflected in the technical developmdssues in more detail in Section V. Other useful notions of
of [5], [36], [40], MSC system specifications are viewedMSC refinement (e.g. message refinement, structural refine-
as complete elaborations of system behavior that allawent [32], [35]) that have been proposed in the literaturgy m

no deviation. also be suitably adapted to our framework.

Moreover, unstructured collections of MSCs quickly be- We also show how our theory may be naturally used in
come incomprehensible, leading to the possibility for cant support of two different requirements modeling paradigms.
dictory specifications on the one hand (because contragictin the first, conjunction and conditional TMSCs are used to
scenarios have been specified) and incomplete specifisatisdpport the “gluing together” of existing TMSC component
on the other (because the overhead of ensuring that a repgcifications into coherent system specifications. Mogeiép
MSC does not contradict any pre-existing one can dissuagdglly, component sub-specifications, when composed heget
engineers from making such modifications). It would be usefmay exhibit undesirable interactions that an implemeoati
to have structuring mechanisms for MSC specifications sb tigould eventually remove. We show how additional TMSCs
related scenarios may be grouped together. We thus needh@t remove undesired execution may be conjoined with the
build on the set of operators offered by the MSC standard ag@mposition of sub-specifications to yield a specificatian-h
provide practitioners with a rich set of constructs for mging ing only desired behavior. In this case, the ancillary TMSCs
complex specifications. may be viewed as “filters” that remove bad computations. The

The goal of the present work is to develop a visual, scenargecond requirements modeling approach illustrates hotiapar
based requirements formalism that retains the benefits spfecifications and refinement may be used to define a prin-
MSCs while also supporting conditional requirements, weltipled, feature-by-feature design of a system while avgjdi
defined mechanisms for structuring requirements specifigroblems with feature interaction. In this case, featunes a
tions, and a rigorous framework for reasoning about evolipitially modeled very coarsely as “stubs” (single message
tionary development. At the heart of the resulting fornmalis activating the given feature, with the remaining compofrati
which we call Triggered Message Sequence Ch&mMSCs), left completely unspecified). These stubs are then “filléd in
lie conditional scenariasTMSCs include a facility for repre- with the required high-level behavior; our refinement opmra
senting requirements that dictate system behavior onlynwhean be used to check that this filling in process yields a
certain “triggering behaviors” occur. They also allow sty refined system that does not introduce any unwanted feature
definepartial scenariosthat leave aspects of system behavidnteractions.
unspecified. Finally, we give an extensive account of the mathematics

To structure TMSC-based specifications, we introduce comraderpinning our TMSC theory. This treatment serves two
position operators, such as choice, sequential composiind purposes. On the one hand, it unambiguously defines the
parallel composition, for combining sub-specificationsv&al meaning of our notation. On the other, it also provides a
of the operators have also been studied by MSC researchgagform-independent reference point for future toolsttha
(e.g. [40]), and we show how these may be adapted to aupport the design and analysis of TMSC-based requirements
framework. We also define a novebnjunctionoperator that, documents.
while of little interest in a pure MSC setting, has important The rest of the paper is divided into two parts. Sections |-
uses in TMSC specifications. IV present the syntax and intuitive meaning of TMSCs and

We then define a refinement notion that may be used foMSC refinement and describes via two extended examples
determining when one TMSC specification is a consistehow the notation may be used in requirements modeling.
elaboration of another. The refinement relation we use confggction V then gives the precise mathematical foundatiéns o
from the process-algebra community, which has long studigte language. The results in the current paper improve and
notions of refinement and compositionality for distributegxtend those in [9], [10].
systems. The particular relation in our case is calledntiust
preorder[22], [27] and defines one process as refining anothéf: DEFINING TRIGGEREDMESSAGESEQUENCECHARTS
if the former is “more deterministic than” the latter. The Like MSCs, TMSCs describe system scenarios in terms of
intuition underlying the must preorder is that nondeteigmn the sequence of atomic actions (message sends and receives,
represents “open development choices”; as choices are aad local actions) that each parallel processinstancemay
solved, requirements specifications become more definde angage in. TMSCs, however, enrich the graphical notation of
thus more refined. The must preorder, and its close relativeSCs by introducing capabilities for expressingnditional
the failures preorder [29], have been extensively studiedl aandpartial behavior. Graphical constructs are also introduced
shown to possess a number of desirable characteristics, sfar organizing collections of TMSCs into hierarchical sst
as safety and liveness property preservation (i.e. refinemepecifications. This section introduces TMSCs and the epera
is property-preserving), compositionality (i.e. refinarhean tors used to structure TMSC system specifications.



A. Visual Syntax of TMSCs corresponding receive) occurring in the trigger of anoiher

Fig. 2 gives an example of a TMSC. TMSCs enhance skance (above the dashed_ Iine_). This leads to “upward” arow
syntax of MSCs with alashed horizontal linéhat cuts through SUch @s the one labeledin Fig. 2. The presence of these
the instances and amptional bar at the foot of an instance upward arrows should not be misconstrued as representing

(the bar is always present in an MSC). These simple syntactitn® flowing backward™ they are merely used to record
extensions are explained below. action-trigger dependencies between different instaneéh

one instance being seen as “triggering” another. The events
I I, Iy in individual instances still occur in the usual top-to-oot
order as represented in the syntax.

It should be noted that traditional MSCs may be represented
as TMSCs whose trigger is empty (i.e. the dashed trigger line
is at the very top of the diagram) and whose instance lines all
b contain a termination bar at the foot. Thus TMSCs represent
d an extension of traditional MSCs. It also implies that MSCs

and TMSCs may be freely intermixed within TMSC system
specifications.

)
Fig. 2. An example TMSC. B. TMSC Expressions

Single TMSCs by themselves do not specify entire systems,

a) Conditional ScenariosTMSCs partition the sequencebut rather single aspects of intended system behaviore®yst
of atomic actions for each instance in a scenario into twapecifications comprise collections of TMSCs, one for each
subsequencesitagger and amaction This partition is effected scenario the system is expected to engage in. Two questions
by a dashed horizontal line running through the instances othen naturally arise.

TMSC as shown in Fig. 2. A TMSC scenario stipulates thatin 1) What is the intended meaning of a “collection” of
any system execution, if an instance performs the sequdnce 0 TMSCs?

events constituting it¢rigger, then the subsequent behavior 2) How can collections of TMSCs be structured?

of the instance must include the sequence of events whighe first question is important because an answer to it will
constitute itsaction; otherwise there are no constraints on thgetermine when an implementation indeed satisfies a TMSC-
behavior of the instance. The requirement that the action Bgsed requirements specification. The second question-is im
performed is thusonditionalon the occurrence of the trigger,nortant for practical reasons: large systems will gengizive

and represents eonstraintthat the instance needs to satisfynany requirements, and structuring them so that they can be
in the scenario depicted by the TMSC. understood and reasoned about effectively is essential.

b) Partial Scenarios: TMSCs have the ability to express |n this section we address these questions by defining a
whether a scenario is complete, or whether ip&tial and set of operators for building system specifications out of
thusextensible This is achieved by the presence/absence ofcgjlections of TMSCs. The operators are driven by three
small bar at the foot of each instance in a TMSC. The presenghsiderations for organizing system definitions.
of a bar (as in instancg in Fig. 2) indicates that the instance
cannot proceed beyond this point in this scenario, while the
absence (as in instandg) means that the behavior of this
instance beyond the TMSC is left unspecified, i.e. there are,
no constraints on its subsequent behavior.

o Structural. A system might consist of interacting (par-
allel) components, each with its individual requirements
specification.

Temporal. A system might consist of several phases (e.g.
initialization, operation, termination), occurring in agn

Fig. 2 may now be read as follows: order and specified independently.

If I; sendsa to I, then it should receivé from I « Alternative. Multiple specifications might be provided

and terminate; ifl> receivesa from I; andc from for a given behavior description, with the understanding

I3, then it should send to I; andd to I3, and its that some or all of the requirements must be met.

subsequent behavior is left unspecifiedifsends: Table 1 lists the TMSC operators, and Fig. 3 defines the

to I and receivesl from I, then it should perform graphical form of a TMSC system specification. (For termino-

the local-actiona and terminate. logical convenience we often use the term “TMSC expression”
Note how the trigger/action requirements are localizedaithe to refer to TMSC system specifications.) In general, a TMSC
instance. expression is a graph consisting of an operator enclosed in

In designing the visual syntax of TMSCs, we were cora circle that is connected to other TMSC expressions, each
fronted with representing conditionality on the one hanénclosed in a rectangular box and which should be thought
(triggers “imply” actions), and the passage of time on thef as “subexpressions”. In most cases the edges in the graph
other (the events within the instances of a TMSC occare undirected and unordered. The sequential composition
in “top-to-bottom” order). These notions are orthogonal; ioperator requires directed edges, with exactly one incgmin
particular an event (say, a send) occurring in the actiomef oand one outgoing, and the recursion operator has only one
instance (below the dashed line) may lead to an event (thége incident upon it.



TABLE |

is sometimes called deterministic, or angelic, choice aag m
TMSC OPERATORS ! 9 ! gt

be found in [3], [40] in the context of MSCs, as well as
in the setting of refinement-oriented process-algebrastesy
specifications [27], [29]. Internal choice is also sometme
referred to as demonic choice and has been studied extBnsive

Symbol Meaning
; Sequential composition

X Recursion in the context of process algebra [27], [29], where it hasibee
I Parallel composition shown to have many of the properties of “logical or.” Operato
F Delayed choice A denotes conjunction, or “logical and”; a specification buil
® Internal choice with this operator indicates that each sub-specificatiostmu
A Conjunction be satisfied independently by an eventual implementation.

Type 4 and Type 5 diagrams are related. In many cases
1. Single TMSC one wishes to specify ongoing (i.g. nonterminating) bed)‘rav.i
an example might be the requirements for a transaction-
2. Sequence processing system dictating that the system repeatedtepso
] transactions without halting. Recursion diagrams allovg th
i @ S possibility. Specifically, Type 4 diagrams introduce a abke,
X, that can then be used inside its sub-specification

3. Collection ¢p is ||, F, @, A) Wherever such a variable (Type 5 specification) appears, thi
is an indication that the body of the associated Type 4 diagra
@ should be inserted at this point. Iterative behavior mag bks

found in [40]. Fig. 4 contains a sample TMSC expression.

sl [s

4. Recursion X a variable)

X—s

5. Variable

Fig. 3. The form of TMSC system specificatiors.S1, ..., S, are TMSC
system specifications

TMSC expressions have the following intended meaning.
(In what follows, the type / diagram numbers refer to the
numbers in Fig. 3.) Type 1 expressions are just single TMSCs,
as defined earlier in this section. Diagrams of Type 2 repitese
“instance-wise” sequential composition; in such a diagesm Fig. 4. A sample TMSC expression, wheké —Mg are TMSCs.
depicted in Fig. 3 an instance #y is intended to execute to
completion before being resumed $3, although an instance TMSC expressions have similarities with the graphical
that terminates irb; may “continue” inSy even though other notation of High-Level Message Sequence Charts (HMSCs)
instances inS; have not finished. This operator may also bf8]; in both cases, arrows are used to specify the flow of
found in [3], [5], [40], and it is sometimes calledynchronous control through the specification. The main difference lies
concatenationType 3 diagrams involve an application of ondwow the composition operators are represented. In HMSCs,
of the four given operators to the sub-diagrasis...S,. the operators are implicit: two specifications are composed
Operator|| denotes parallel composition. The operatgrand sequentially if they are connected by an arrow; they are in
@ represent different forms of choice, with the former rederr parallel if they are placed next to each other in an enclosing
to as “delayed choice” and the latter as “internal choica”. lframe; they represent an alternative choice if there is more
each case, the over-all specification indicates that a etegin than one outgoing arrow from a preceding node. In TMSCs,
be made among the sub-specifications; the operator indicdtewever, the operators are explicitly mentioned in the esAn
whether the choice can be made immediately, before executtion nodes (Types 2 and 3 in Fig. 2 above). This generalized
begins (as in®), or whether it should be delayed until asyntax may be used to represent and distinguish between all
difference in execution forces one to be made (asfin the composition operators, including the two kinds of ckhoic
More preciselyF+ may be seen as forcing synchronization onperators £ and &) in TMSCs, without having to define
shared actions of sub-specifications, with one sub-spatidit implicit representations for each. Again, our represéomadf
being selected and the others discarded when the forniterative behavior (Type 4 of Fig.2) is different from that i
engages in an action that the others cannot. Delayed chditdSCs, where loops are used to specify any behavior that is
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repetitive. subexpression to terminate before allowing instances én th

Textually Representing TMSC ExpressionSraphical second subexpression to commence execution. Note théat if
diagrams have great appeal, but referring to them in largeere modified toM] by omitting the bar at the foot of,
documents can be problematic. To ease reference to diagrahesn M7; M> would no longer be semantically equivalent to
“in-line” we also introduce a textual representation of-diall,. The reason is that after finishing the “receb/esvent in

rec X.S (recursive operator) han(_j, sinc_eMﬁ isa cond_itional scenario (“if an is sent, then
X (variable) await receipt oft”) I; might perform an action other than
N . . o after finishing M;, or even terminate; in this caséf; does
Specifically, we writeS; S, for diagrams of Type 2 in Fig. 3 not constrainz; any further, andl; can behave completely
, S10p --- 0p S, for diagrams of Type 3, andec X.S for  pondeterministically.

diagrams of Type 4. We also use parentheses when necessary p5raiiel: Consider TMSC expressionl; || Ms. The||

grams using the following BNF-like grammar. M, instancel; would then be allowed to nondeterministically
§ .= M (single TMSC) perform any number of arbitrary events before resuming
| S;8 (sequential composition) exegunon |nM2. _ _
| S| s (parallel composition) Finally consider the TMSC expressidi, ; Mg. In this case,
| SF¥S (delayed choice) after completing)M; instancel; has a choice. If it emits,
| Ses (internal choice) then it must await receipt of and then terminate, since in
| SAS (conjunction) Mg the trigger forl; involves the sending af. On the other
|

to disambiguate expressions. operator specifies parallel execution; in this case theifipec
cation would have behavior equivalent ids.
C. Examples What about); || M,? Since the instances are shared, the

In the remainder of this section we present several simgarallel operator in effect requires that each instanceemak
examples illustrating the different TMSC operators defingdterleaved internal choices among the possibilitiesretieoy
above. The examples refer to the sample TMSCs containkti andM,. Thus, whenl, receivess, it can internally choose
in Fig. 5. Note thatM; and M; differ only in the names of to send either & or ac to I; in the next step. This is thus
their instances. Also, all scenarios excégi and M, are in another source of non-determinism in the TMSC language,
fact usual MSCs, since they have empty triggers and terminavhich may be removed during refinement (e.g. by fixing the
(This is primarily because illustrating the intuitive befa of order of messagesandc).
most of the constructs is simpler with MSCs.) Choice: Consider the TMSC expressioig; = M- and

Sequential compositionConsider the TMSC expressionsM; & M. Note that both\/; and M, start with the delivery
My; My and M;; Ms. The behavior of the former may beand receipt of a message they differ on the behavior
seen as equivalent to the TMSW,, while the latter mirrors afterward. The first TMSC expression requires that I
that of M5. This is due to the fact that the sequentiaéngage in the send / receipt afand, afterward, to enable
composition operator does not require all instances in te fiboth possibilities present in/; and Ms; this is because the



F operator requires choices to be delayed as long as possible.

M, & M, on the other, does not impose this constraint; thus, 1 oa |
an implementation that mimics the behavior only 4, for

example, would be deemed correct. Note that a traditional b
MSC specification of a system given as a §&f1,..., M,} &

of MSCs corresponds to the TMSC expressidnF- - - F M,,. Emust M,

Conjunction: Consider TMSC expressioff; A M,. A
successful implementation of this expression should fgatis
both M; and M. In fact, no such implementation can execute I I _ I I
both « followed only byb anda followed only bye¢, so this a ' a
specification is impossible to meet. Indeed, one may shotv tha ~ Emust
for any pair of distinct MSCs (as opposed to TMSCs), this is b b
the case.

Now consider TMSC expressiaiA M. Mg indicates that = - E
if I; sends am to I, thenl; must respond with &, with both -]
instances then terminatind4; says thatl; should send an M;

a to Iz, and that afterward anything can happen. Conjoining -
these requirements yields a system in whighsends am

to Iy (because ofM7), and in responsel> sendsb to I, S
and both instances terminate (because the initial sersfisati E c

the trigger of Mg). In other words, this TMSC expression is

behaviorally equivalent td/;.

Recursion: Consider expressionec X.(Mi; X), which M
is represented graphically as: _ .
Fig. 6. Refining a TMSC.
M,

@ @ To illustrate these points, consider Fig. 6. The requirdmen
that M, expresses is: if; sends to I, then it should wait to
receiveb from Iy, and oncel; receives, it should terminate;

also, if I, receivesa from I;, then it should send to I,
and there are no constraints on its subsequent behavior. One
This expression describes a systéfy; My; M;; - - consist- W&y to satisfy this requirement would be to make the trigger

mandatory i.e. we place the trigger line at the very top (as
in TMSC M), so thatl; and I, satisfy M; by actually
exchanging the messagesand b as shown.\/; indeed is a
Ill. REFINING TMSCs valid refinement of\/y; this is reflected in the diagram via the

The TMSC theory includes a notion akfinementfor use of theC s Symbol. Similarly, M3 also refines\M;: since
determining whether one TMSC specification is consisten is allowed any behavior once it senblsl; may perform a
with another. This section introduces this refinement i@tat local-action! and terminate. Finally)/,, wherel; sendsc to
which is based on thenust preordergiven in [22], [27]. A I, also vacuously refinesd/; by ensuring that the trigger of
full mathematical treatment may be found in Section V. I, or I, is not satisfied.

ing of an unending sequence of occurrenced/hf

There are other refinements fdr;; in general, unlike a
A. Refinement and Single TMSCs MSC, a TMSC may be satisfied in many ways. But then,

Intuitively, a TMSC specification should refine another ifvhat do these refinements have in common? To answer this
it allows “fewer” implementations: any implementation of aquesuon_ we retur_n to the basic |ntu!t|on behind cond|tlo.na}
more refined TMSC specification should also be allowed by20d Partial scenarios. As long as an instance has not satisfie
less refined one. We elaborate on this idea for single TMSES {rigger in a conditional scenario, and after it has peried
in this subsection; TMSC expressions are considered in tife rigger, followed by the action in a partial scenariogré
next. are no constraints on its behavior. Semantically, we imé&trp

One may identify at least two respects in which TMSC%UCh a behavior as bei.ng completei;an—deterministica}nd
admit multiple implementations. On the one hand, the condi@ch 0fM2, Mz and M, is a refinement of\/;, as each is at
tionality of a TMSC allows different implementations, sina €25t @s deterministic a¥/; .
system that fails to satisfy the trigger of a TMSC vacuously To sum up, conditional and partial behavior give rise to
satisfies the TMSC. On the other hand, TMSCs may also ben-determinism by allowing multiple implementationsdan
partial: a designer should then be free to “fill in” the pdrtiawe refine a TMSC byeducingthe non-determinism inherent
aspects of a TMSC in whatever manner he or she wishes.in it.



B. Refining TMSC Expressions in the TMSC notation. TRIM is implemented on top of
TMSC expressions, like single TMSCs, may be norihe Concurrency Workbench of th_e_ Ngw Century (_C\_NB-NC)

deterministic, and hence refinable in more than one way. TH&!: [17], an easy-to-retarget verification tool for finteate

non-determinism in an expression may arise from a constitu€YStems.

TMSC (conditional/partial) scenario, as well as from the us

of operators like® (non-deterministic choice) anﬁi (non- A Constraint-Based Requirements Elicitation

deterministic interleaving). Since scenario-based rwitatike ) o

TMSCs are heavily used for early stage specifications, such! Nis methodology is intended for systems that have pre-

non-determinism may be useful in representirgparseinitial ~ €XiSting components whose requirements have been dedelope

model, which is successively refined as design progressesin isolation. The functionality of the overall system may
Given two TMSC expressions; and S», we say thatS, then .t.)e Qescrlbed by appropriate composition of trmsia}

refinesS; (written S; Cmust S2), if S» is more deterministic specifications However, thg specification thus obtalneq may

than S;. As in the case of single TMSCs, the definition of?Ot @ccurately capture desired over-all system behaviaigiw

Cmust Will be made precise in Section V; intuitively, howeverMay need to preserve additionglobal constraints. In the

for any two TMSC expressionsy, Sa: S1 & Ss> Tmust Si, early _phase_s of the deve_I(_)pment of such a system, one would

51685 Crnust S2, 51852 Crmust S1F 52, S1 || S2 Crmust 1 S not_ W|§h to impose specific cqmponent-level r_nechamsms for

etc. One of the useful features Gfnys is that it is composi- satisfying these global cqnstralnts, but would msteaclepre

tional: if S1 Crmust So, thenS; 0p.Ss Cmust S2 0pS3, whereop Means merely of recording the global constraints on system

maybe any TMSC operator. This allows us to refine a TMSeehavior.

expression by independently refining its subexpressions. The TMSC language offers a natural framework for sup-
porting the above methodology. Modeling such systems using

TMSCs is a three-step process. We first identify the sub-
) i systems and give a specification of each. Next, we “glue”
TMSC expressions are intended to capture system requifigsse specifications together to obtairc@arse specification

ments. As engineers move to design and implementatigoyerall system behavior, which we call the initial, loase
phases, the notations used will change to more state-eden{ecification. The sub-system specifications are composed
ones (state machines, etc.). A virtue of our refinement mgerusing TMSC operators (.4, ; @, F) in a way that reflects

is that can be used to relate such “downstream” systqR functionality of the whole system. Note that althougé th
artifacts to TMSC expressions or even relate heterogeneQygnarios that describe the individual sub-system behedy
specifications involving multiple notations, as has beewsh o deterministic and look like normal MSCs, a sub-system
elsewhere [14]. This point is not elaborated on further is thspecification may be non-deterministic (e.g. may involve a
paper, but it relies on the fact that the original definitioRsn_geterministic choice): how the sub-system behaveisgiur
of the must preorder [22] relies on a very generic semanticsystem run may depend on ttentexi.e. its interaction with
model of system behavior, nameBcceptance treesAs a e rest of the system. Finally, since the base specificatiayn
consequence, any notation that can be given a semanticg,#yyerly permissive, we inspect this specification to deiee
terms of acceptance trees can use the must preorder &gere are undesirable execution traces that may be gietera

C. Relating TMSC Expressions and Implementations

refinement relation. If so, we “weed-out” these incorrect execution sequencegjus
conditional scenario constraints, and refine the initizree
IV. REQUIREMENTSMODELING USING TMSCs specification by adding these constraints using/thaperator.

Having introduced TMSCs, TMSC expressions, and our The methodology outlined above has several appealing
refinement relation, we now illustrate how these concepts cteatures. Firstly, by identifying the architectural compats,
efficiently capture requirements specifications for disttéd practitioners can focus on specifying the behavior of senall
systems. In particular, we show how the TMSC frameworsub-systems to start with, and can also re-use existingyega
naturally supports two different methodologies in requieats specifications. Secondly, the conditional scenarios ¢oagbto
modeling. The first approach, based on conditional scesarithe base specification explicitly record global behaviat the
interweavesonstraint-basedndprescriptivesystem require- eventual system should exhibit without prescribing a djmeci
ments within a single specification; it is useful when globahechanism (in the form of modifications to sub-specificatjon
system requirements must be preserved during the compuosifior doing so.
of sub-systems. The second approach supgatensible spec-
ifications in which partial descriptions of requirements may be
elaborated on in a succession of steps; it is thus suitabthéo Case Study
incremental development of complex system behavior. Bothln this section we illustrate the utility of constraint-leas
methodologies are based on the refinement notion of TMS$€guirements capture for a version of the Automated Resusci
expressions. In both cases we define the basic methodoltayon and Stabilization System (ARSS) given in [10]. ARSS i
and illustrate its application on concrete case studies. intended to be part of the integrated Life Support for Trauma

All claimed refinements presented in this section have beand Transport (LSTAT) patient stretcher system [2] and is
checked using the TRIM tool [12], [8], which provides autoresponsible for automatically tracking a trauma victimsda
mated support for analyzing system requirements expresgedssure and transfusing fluids as necessary to stabileze th



internally by R, depending on its interaction with the rest of
the system. Note that/; usesco-regionsin specifying the
delivery and receipt of the messages betw®eand D. These
are the dashed boxes on tReand D axes; as explained in the
Introduction, a co-region specifies that all the actionsdieot
upon it must occur, but their order is unspecified. In thise¢as
R D R D both thepval andfrate messages must be sent Byto D, but
they may be sent in either order.

d) Base SpecificationWe now assemble the TMSCs

query

perr

| ifrate | | almi, ; ) B - MR
described above to obtain an initial specification of the ho
system. R begins by queryingB about the current blood-
Ms M pressure of the patient. It then sends messagésdad D to

control the flow-rate of the pump and to display appropriate
messages or warn the care-giver. An initial specification of
ARSS for a single cycle of operation is thus given by

Fig. 7. Basic interaction between R, B, P and D

patient's condition. ARSS consists of a blood pressure mea- 15— (M F M,); (Ms @ My) || (M5 ® Ms)).

suring device B), an infusion pumpP), a display and alarm )

unit (D) and a componenR that controls the resuscitationAt the end of a cycle, the system has to begin a new cycle to
process.R operates in cycles, communicating with the othépaintain an appropriate flow of fluid to the patient. We specif
units during a cycle: withB to poll the current pressure, with this iterative behavior by applying recursion to the sirgyele

P to maintain a suitable flow rate of fluids through the patentsPecification/ S to obtain the base specificatighs:

body, and_withD to display appropriate messages or sound BS = recX.(IS;X)

an alarm, if necessary. _ 0 _

To develop a requirements specification for ARSS, we first ©) Constraints:The base specification described above
model the basic interactions betwe@hand the other units 9ives a high-level view of how the different sub-systems
during a single cycle of operation (Fig. 7). interact. However, by leaving out low-level details (e.dhaw

a) R and B: The possible interactions betwednh and Causesk to choosel; over My, or vice versa, in any cycle

B are depicted in MSC-like TMSC3/, and M,. R sends of operation), the specification becomes too permissive; fo
a query message td3 and B responds by either sending theexa@mple, it allowsR to sound the alarm even whef has
current blood-pressurpval to R (as in M;), or sending an correctly read the pressure. This is becailiSewas obtained

error messageerr to R (as in M,) in case there was an by gluing together several Ioca! views and does not properly
error in reading the pressure (e.g. if the pressure sourostis @ccount for global system requirements. _

for some reason). If? receives the correct value, it uses the This is where TMSC based conditional scenarios are useful:
current pressure to determine the rate at which fluids sho¥§ can eliminate the undesirable execution sequences by
be supplied to the patient; this is indicated by the locsieac 2PPropriately constraining system behavior under differe
comp The possible interactions betwedhand B are then triggering conditions. There are two such conditions in ARSS,
given by the TMSC expressioRB = M, F M,. We usex during any cycle of operation.

because the choice betwedi, and M, is delayeduntil B 1) B reads the pressure value correctly, which corresponds
sends eithepval or perr. to the trigger in the conditional scenarg).
b) R and P: R may send two types of messagesRo 2) There is an error in reading the pressure which is
1) under normal operation, it sends the rdtatg) at which captured byC. ) )
P should supply fluids to the patiend4;) In the first case, the corresponding action ensures that the

2) if R is unable to compute the correct rate, it agkso correct flow-rate is computed and displayed. Similarly, the

set the rate to a pre-determined default vatifit,(11,). action in Cy ensures that ifB has lost the pressure source,
hen theD unit sounds the alarm to warn the care-giver, while

maintains a safe fluid-infusion rate till help arrives. Werth
elaborate our initial specification by adding in these caiists
é% get a detailed specificatidRSfor a single cycle.

In each caseP responds by performing appropriate local
actions to adjust the flow. We specify this behavior By’

= M3 ® My; here® is used because whethB&rcan correctly
compute the flow-rate or not depends on factors (in this ca
R’s interaction with B) which are outside the purview of the RS = ISANCLANCy

mteril;:tllgnak;lzthe.eg% Sgd ]ijﬁteract withD in the followin In addition, it may be shown thatS Cyst RS, i.e. thatRS

' y n L 9 refinesIS and is thus consistent with the original very high-
ways. Under normal operating cond|t|od%_,sends the curr_ent level “architectural” specification of the system.
pressure valupval and flow-ratefrate for display toD. This Final Specification. The finalARSSspecification £.S) may

scenario is depicted id/5. If the immediate attention of the . c T . )
care-giver is requiredg instructsD to sound an alarmif) now be obtained by considering iteration over the refined
9 q 6/ single-cycle behavioRS:

The interaction betweeR and D is thus expressed bitD =
Ms @ Mg. As before,® is used as the choice will be made FS = recX.(RS;X)
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Fig. 8. TMSCs representing constraints on ARSS.

The TMSC semantics being compositiondly Tyt RS refinement relation ensures that desired behavior intredlirc
implies that BS Chyst F'S. Note that since inter-instanceearlier refinements is preserved in later stages. Moredwer,
communication and TMSC sequential composition are botlonstructing a chain of refinements, each refinement el&bora
“asynchronous” and the system behavior is cyclic, we wouldg on a particular aspect of system behavior, designers aav
need to bound the size of the message buffers to compute theord of what changes were made when, thereby facilitating
above relation in practice. subsequent changes and maintenance.

B. Elaboration-Based Requirements Specification Case Study

Elaboration-based requirements specification involves th We illustrate the application of TMSCs in elaboration-lzhse
iterative development of required system behavior in afeat requirements capture using the example of the Center Tracon
by-feature manner; while one feature is fully defined, atheAutomation System (CTAS) [1][11]. Another case study
are left unspecified until later in the process. For exampli@yolving the specification of a steam boiler may be found
normative system behavior might be defined, with exceptiom [10].
handling left unspecified until afterwards. The main mdtom CTAS is a set of tools designed to help air-traffic contraller
behind this approach is to facilitate a separation of desigmanage complex air-traffic flows at large airports. The antr
concerns, and thereby permit the development of complprocess in the CTAS is the Communications Manager (CM).
systems to be broken down into manageable pieces. It aMarious other processes act as clients and communicate with
supports the addition of subsequent new features to egistime CM through sockets. The communication begins with
systems. For these reasons, elaboration-based requiemtre client establishing a socket connection to the CM, and
development is quite routinely employed, albeit withouy anone aspect of the subsequent interaction is the natification
formal support, leaving open possibilities for unantitgzh of weather forecast updates to the client. For each update,
“feature interactions” to be introduced in different refiments. a Weather Cycle is invoked; it begins with a pre-initialinat
In this section, we show how TMSCs can be used to “fophase, and proceeds through initialization, post-irnzion,
tify” the elaboration-based specification process by miiogj updating and post-updating phases.
precise support for determining when a subsequent iteratio In what follows, the interaction between CM and a generic
preserves the behavior introduced in a previous iteration. weather-aware clienCL will be specified incrementally via

TMSC support for partial scenarios, together with th&MSCs, each step adding more detail to the previous one
TMSC refinement relation, are the key ingredients in a formtddrough an elaboration and refinement scheme. The TMSCs
elaboration-based process. In particular, partial TMSE- save use are shown in Fig. 9.
narios describe an incomplete interaction sequence betweeFirst Stage. CL initiates the communication by sending a
instances: the behavior of the system beyond that depict@NNECTION on) message to CMX/;). On reception,
in the scenario is left unspecified. The refinement relatid@M sets the Weather Cycle status and CL's weather status to
may then be used to compare a TMSC specification with &pore-initializing”, (for simplicity, we model this by a comon
elaboration of it in which some partiality has been elimagtat local-actionpre-init). It thendisablesa manual weather control
Furthermore, because TMSC refinement desmpositiongl button so that no manual changes are made. Next, it sets the
we may take an initial specification, replace a partial subVeather Cycle status and the CL's weather status to “ini-
specification within it by its more elaborate refinement, anthlizing” (local-actioninit), and sends a CTAS-GET-NEW-
thereby obtain a refinement of the overall specificationwwe WTHR (gethw message to CLN/;). This message contains
may refine a specification by refining parts of it in isolationCL’s initial weather state. On reception, CL will send back a
We may repeat this process for any aspect of system behavitgssage indicating what the GET-STATUS is: we gséfail
that has been partially described, till we reach the findbr failure andget-succfor success. In case of failure, CM
complete specification. sets the Weather Cycle status to “done” and sends a CLOSE-

Such a step-wise development supports a natural separa@dNNECTION ¢lose-cof message to CM, which effectively
of concerns during the derivation of a specification, whiile t terminates the communicatiod ). In case of success, the
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get-fail

done|
close-con
cM cL = M,

oM cL cM cL

,,,,,,,,,,,,, - use-fail
get-succ
post- Eone

init
close-con

usenw

M

= o M

wind-set

M
alt-set

Fig. 9. TMSCs for CTAS

interaction proceeds to the next phase. We do not model tb@mponent WS). CM would then need to convey the new
now, but indicate it through the partial scenakify. Our initial weather information to CL; this may be done by subsequently
specification is thus given by the TMSC expression extending the partial scenarid/fg) as appropriate, following
the same approach. We have
i = My;(MyF M;) PP

Second StageWe now specify the behavior once the first Ry = Mz Mg
stage has successfully completed. CM sets the Weather Cygdean elaboration af/s. We now get
status and CL'S weather status to “post-initializingioét-
init), and sends a CTAS-USE-NEW-WEATHERISgny to Ry = My (MsF Ry)

CL (My). On reception of this message, CL responds Wltha% a refinement oy, and S; — M: (Ms T R}), as our

message |nd|cat|_ng what the USE-STATUS is: we represer{gw specification. We would thus get a refinement sequence
failure by use-fail and success byise-succ As before, in

. . S1 Cmust S2 Emust S3 ... as we build the specification in a
case of fa|Iu_re, .the. Weather Cycle status_ IS setdtmg stepwise manner, extending the behavior of the system one
and communication is terminated/); otherwise, the partial h :

. . ) C ase at a time.
scenario {/g) points to possible future communication. ThéJ
behavior at this stage is then given by

Ry = My;(MsF Ms)

V. FORMAL SEMANTICS OF TMSCs

The purpose of this section is to develop the mathemat-
R, represents an elaboration of the partial scenafig and ical foundations of TMSCs, TMSC expressions, and TMSC
it may be shown thadfs Cpyst R1. We substituteR; for M3 refinement.
in S; to obtain MSC semantic accounts often rely dracesas the basis

S, = My (MyT Ri) for defining the semantics of MSC system specifications [5].

2 L (M2 F A trace is a sequence of possible actions (message sends
as our new specification. The compositionality of our semaand receives, and local actions); an MSC system specificatio
tics ensures tha$| Cust So. may then be seen as a set of traces that can arise in any

Third Stage. If CM receives ause-sucanessage, then it eventual implementation. One may find variations of thisdas
indicates the successful completion of the post-initlan framework; single MSCs naturally define a partial order on
phase. CM responds by setting both the Weather Cycle stagwents [6] and thus sets of MSCs also define partial order
and CL's weather status one enables the manual weathetanguages that determine valid traces. However, a defining
control button, and sends a GROUND-WIND-SETTINGharacteristic of trace-based approaches and associatteds
(wind-se} message and an ALTIMETER-SETTINGI{-se) of refinement (based on set inclusion, equality or reverse co
message to CL, to convey the client’s initial surface-windgsinment), is that in some sense, all traces in the spedditat
and altimeter readingsM7). The next phase (“updating”) are deemed “equal”; the specified behavior may be considered
would start only whenC'M receives a weather update/-( either optional (i.e. allowed) or required (i.e. mandajamthe
upd) from a weather source (represented here by the genexentual implementation (depending on the refinement notio
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chosen), but there is no easy way to specify behavior that is {{a}}

a heterogeneous mix of mandatory and optional content using a« = " D
pure trace-based semantics. ) )
S (ONCRUGIN
In contrast, the TMSC language provides rich facilities fon, c b ¢
interweaving required and optional behavior. TMSCs with (0 0} {0}

empty triggers may serve as the basis for defining behavior
that is mandatory in an implementation, but TMSCs with non- L; T[L4]
empty triggers may be safely avoided by an implementaticl):p 10
whenever possible; TMSC expressions with internal choice”

can be refined by selecting one choice and omitting others,

while a refinement is required to offer all alternatives inea d
layed choice till execution forces a choice to be made. Again

Themustpreorder:L1 Cmust L2

w,wi, ws € A*.

terminating scenario embodies exact behavior that thesyst — €@ empty, single-element sequence

is required to perform on satisfaction of the trigger, while ~ — fSt(w), Ist(w) first, last elements i 7# e

partial scenario allows several options for further exi@ms|f — W1 W2 sequence concatenation

we interpret TMSC expressions as simply sets of traces, them [Wla number of occurrences af in w
conveying this mix of mandatory and optional behaviorabeac — @ € w holds if a is an element inv

stage of execution becomes difficult, sometimes impossible— w1 = w2 holds if w; is a prefix ofw,

(for example trace-based semantics is unable to distihguis — subseqw)  the set of (not necessarily contigu-
between internal and delayed choice). On the other hand, the ous) subsequences of

testing-based framework for process refinement [22], [28d £, ¢ A* andS C A, w—S represents the sequence obtained
allow distinctions between required vs. allowed behavide by removing all occurrences of each elementSifirom w.

easily mgde, and we use this work to define TMSCs precisely. b) The Must PreorderThe must preorder arises in the
The testing framework models systems @xeptance trees theory of process testing given in [22], [27], where tests,
which, in addition to recording trace behavior, also refleginich may also be thought of as processes that are capable of
the nondeterministic choices available to the system afteqorting “success”, interact with a process under testeth
such traces. These choices are encodedc@eptance SefS processes and tests are nondeterministic a process may be
which represent the different choices for next actions that 5haple both of passing and failing a test, depending on how
system can select from. Acceptance trees include a nOtionn‘E;;]deterministic choices are resolved. A progesst pass
refinement, themust pr.e(?rd_e,r’ reflecting a notion of “more (et if, regardless of how such choices are made, the process
refined is more deterministic”; the must preorder ensures thyasses the test. One process refines another with respbet to t
a refinement satisfy all required behavior, but gives freedqy st preorder if it must pass every test that the less refined
in the choice of optional behavior. As a byproduct of OUbrocess must. This subsection presents some of the theory of

approach, we can easily adapt this notion to define refinemeft relation in a simplified setting in which there are no (1)
of TMSC specifications. unobservable actions and (2) divergent processes.

We therefore use acceptance trees and the must preorder dd€ must preorder may be characterized in termaoctp-
the formal framework on which the semantics of the TMSE&nCce setsTo define these we first introduce below some of
language will be based. We show how to interpret individu#€ basic concepts from [27].

TMSCs as acceptance trees, and how operators on TMSCRefinition 1: A labeled transition system (LT$) a tuple
can be seen as functions over acceptance trees that resplect: —pr), whereP is a state setf” an event set,—C

the refinement ordering. We also include some remarks énx £ x P the transition relation, angy < P the start state.
decidability of this theory. An LTS describes the execution behavior of a system, with

P representing the states a system may beHnthe set
The semantics presented here both extends (by definingfaevents that may spark state transitions» the actual
recursive operator) and modifies (by improving the definitioransitions that are possible, apg the initial system state.
of + and A) the technical development in [9]. We write p - 7’ in lieu of (p, e, p’) e— and extend—
to sequences of events in the usual mannew & a; - - - a,,
thenp — p/ if p =5 ... 2% /.

The must preordef_mus, Of [27] relates different LTSs in
terms of their responses to tests. The acceptance-setcehara
terization of this relation relies on the following notions

Definition 2: Let P = (P, E, —, p;) be an LTS, withp €

A. Background P andw € E*. The following may then be defined.
L(P) = {weE*|3p € Pp; — p'} (Language)
Sp(p) = {a|3p' € Pp-— p'} (Successors)

a) Sequencesltf A is a set thend* is the set of finite , w
sequences oved. We use the following, where € A and  Acc(P,w) = {Sp(p') [ pr — p'} (Acceptance set)
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The language of a system contains its “execution sequences/ents that can appear in TMSCs is defined to be
while the successors of a state are the events enabled in the

) E=SURULUT, where
state. The acceptance set of a system after a sequence is
a measure of nondeterminism: for each state reachable via

w from the start state oP, Acc(P,w) contains the events S = {_OUt(Ii’Ij’m) | Li, Ij € I,m € M}
that are enabled in that state. Note thawif¢ L(P) then R = A{in(li,I;,m) | I;;I; € T,m € M}
Ace(P,w) = 0. L = {loc(l;,0)|; €Z,leL}
We now define asaturation_operato,rsat, on a_cce_ptance T = {end(l;)|I; € T}
sets. LetA C 2F; thensat(A) is the least set satisfying:
1) A C sat(A).
2) If Ay, Ay € sat(A) then Ay U As € sat(A). Intuitively, S, R andIL contain the set of all send, receive and
3) If A1, Az € sat(A) and 47 C A C Ay, then A € local events, respectively. Eveout(l;, I;,m) represents the
sat(A). sending of message by instancel; to I;, whilein(I;, I;, m)

denotes the receive of messagdrom I; by I; andloc(Z;, ¢)
reflects the execution of local eveatby I;. Our semantics
also uses events of forrand(Z;), which instancel; emits
when it terminates. Finally, we use “potential events” afnfio
wait(r), wherer € R, to denote that an instance is capable of
» performingr once the corresponding send event occurs. By
W = {wait(r) | » € R}, we denote the set of allait events.
\We also define a functioactive : E — 7 as follows; this
function records which instance “performs” a given event

The definition ofC,st may now be given as follows [27].
Definition 3: Let P, = (P, E1,—1,pr,) and Py =

<P2,E2, —>2,p]2> be two LTSs, and letF = E; U Es.

Then Py Cmyst P2 iff for all w € E*, sat(Acc(Py,w)) 2

sat(Acc(Pa,w)).

Intuitively, P, refinesP; if it has “less nondeterminism.
This definition forms the basis for representing processes
acceptance tree$27], which map sequences of events t
acceptance sets.

Definition 4: Let £ be a finite set of events. Then an I; if e = out(l;, I;,m), loc(1;, £),
acceptance tred is a function in€* — 22° satisfying: active(e) = or end(/;)
1) For anys € £*, sat(T(s)) = T(s). I if e =in(l;, 1;,m)
2) For anys,s' € £, if T'(s) =0 thenT(s - s') = 0. active(r) if e = wait(r)
3) Foranys € &%, e € &, T(s-e) # 0 iff there exists ForanyE C E, I C Z, we write E; for {e € E | active(e) €
A € T(s) such thate € A. I}, the subset ofF in which some instance id is active.
We say thatly D Ty if for all s € £%, Ty(s) D Ta(s). We call a set”’ C E a co-regionif C' is nonempty and every

It should also be noted that acceptance trees have strong d@#€nt inC' involves the same active instance — formally, if
nections to the theory of failure sets developed for CSP.[29pr everyei,ex € C,active(e;) = active(es). We write C
For any LTSP there is an immediate way to construct afor the set of all co-regions and extend the functaxstive
acceptance tre@[P]: T[P](s) = sat(Acc(P,s)). It immedi- to co-regions in the obvious manneictive(C) = I; if for
ately follows thatP; Cust P2 if and only if T[P] D T[P,]. €verye € C,active(e) = I;. Also, if I; € 7 is an instance
For example, in Fig. 107'[L,] is the acceptance tree extracte@ndC C C is a set of co-regions, we usg, for the set of
from L; sinceL; can non-deterministically choose to perforn¢0-regionsC' such thatactive(C) = I;. We now define the
b or ¢ after execution ofa, T[L1](a) = {{b},{c},{b,c}}. Mathematical representation of TMSCs as follows.
In contrast,L, is deterministic, and'[Ls](a) = {{b,c}}. It Definition 5: A Triggered Message Sequence Chaiftis a
follows thatL; Cust L2 becausel'[L,] D T[Ls]. tuple (7, trig, act term), where:
Acceptance trees are often used in support of proofs ofl) I C T is the set of instances;
substitutivity Suppose thaP;, P, and Q are LTSs. To show 2) Trigger function trig: I — C* satisfies:trig(l;) €
that op is substitutive with respect tQmus, it must be shown (Cy,)* for all I; € 1, and similarly foraction function
that if P; Cust P2, thenop(P1, Q) Crustop(Pa2, Q). One way act: I — C~.
to do this is to define a binary operatfy, on acceptance trees 3) termC I is theterminating set
that ismonotonicwith respect tod and has the property thatMathematically, a TMSC consists of a set of instances, func-
Tlop(P, Q)] = fop(T[P], T[Q)). tions trig and act assigning sequences of co-regions (sets of
events that can occur in any order, recall) to each instamzk,
a set of instances that are intended to terminate. Thea&stri
on trig and act ensure that an instance can only be assigned
In this section we first formally define TMSCs and thero-regions in which that instance is active. Any graphical
show how they may be assigned meanings in the form ®MSC can be translated into this formalism, although some
acceptance trees. In what follows we fix finite SBfg\f andL mathematical TMSCs cannot be represented graphically.
of instances, message types and local actions and reqgatre thIn the remainder of this section, we show how to construct
all TMSCs draw their instance sets, message sets and loaalacceptance tree from a single TMSC. In what follows we
action sets from these. (In practice this restriction pases fix TMSC M = (I, trig, act term). We begin by introducing
problem: any TMSC specification will contain a finite numbenotions of language and acceptance set for TMSCs; these rely
of TMSCs, each with a finite set of instances.) ThelSaif on a notion of language of co-regions and co-region seqence

B. From Single TMSCs to Acceptance Trees
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Definition 6: Let C' € C. enabled. To capture this behavior, we introduce an addition

1) The languagd.(C) C E* of C is defined as: parametere R C R, into the acceptance-set function. A receive
) event ineR is deemed enabled; otherwise, it is defined to be
L(C) = {e} if C={e} disabled. We also define theondeterminism setf £ C E
(€) e )
Ueecle-w|we L(C —{e})} ow. and enabled receivesk? C R as follows.
2) Let W € C*. Then the languagé&(W) C E* of W is
) . _ guagé (W) ND(E,eR) = sat({{e}|ec EN(ecR=¢e€ceR)}
defined as: _
(e} it W= U{{wait(r)} | r € (ENR) —eR)})
L(wW) = Uz_ueL(C){w -’ /| w' e L(W')} ND(E,eR) is the acceptance set of a system that can non-
) ftw=c-w deterministically decide to perform argnabledevent in E,
L(C) contains all sequences in which every elementin \yhere any send, local or terminating event, and any recaive i
appears once. IV = C - ---C, then L(W) consists of .p is enabled, owait for any receive event it that is not
words of the formw; - --- - w, where eachu; € L(C;). The gnapled.

next definition introduces the notions trfigger and action Definition 9: Let I € I. w € E* and eR C R. Then
languages of instances . ’ ’ -

i~y ) ) Ace(I;, M,w, eR) is defined as follows.
Definition 7: Let I; € I. ThentrigLyas(I;), the trigger

language of I; in M, is given bytrig L/ (I;) = L(trig(L;)). Ace(l;, M,w,eR) =
The action languageactl,,(I;), of I; in M is defined as 0 if we Ly(L;)
actLy, (I;) = L(act(1;)). ND(nex{Ly(I;),w),eR) 0.wW.

The language L (I;), of an instancel; records the pos- Acc(l;, M,w,eR) is the acceptance set of instanég in
sible sequences of events the instance might generate aSMISC M after w. The first clause handles the case when
executes. Intuitively, if a sequence does not “satisfy” thg is incapable of performingv, whereas the second clause
trigger of I;, then it will be admitted as a sequence. Otherwisepmputes the acceptance set based on events that are @ossibl

it will be constrained to “satisfy” the action. “next” after w, together with any potential receive events that
Definition 8: Let I; € I. ThenL,,(I;) C E* is defined as are not enabled. This definition simplifies the correspogdin
follows. one in [9], although it is semantically equivalent.
Lu(L) = {we B}, | (wlenar,y <1) The above definition associates acceptance sets with the set

A ([wlenaqr) = 1 = Ist(w) = end(I;)) of instances in TMSCV/. This definition, however, does not
A (Vujl e trigLas (). w1 < w = say anythln_g about th_e behavior of instances not mentioned
(Jws € actly (1) in M (i.e. instances inZ — I). We assume that any such
instance has empty trigger and action languaged/irand

(w 2wy - wg) ) / RN ;
must terminate. This assumption simplifies the semantics of

V (I; € termA w = wy - wy - end(1;)) A, . oo .
vV (I; € termA wy - ws < w)))} the ; operator while still ensuring compositionality, adl W
_ ' o N noted later.
The maximal languagef I; is given by: Definition 10: Let I, € T — I, w € E* andeR C R. Then
maxLy (I;) = {w € Ly(I;) | Ist(w) = end(;)}. Acc(I;, M, w,eR) is defined as follows.
To understanq these definitions, it shOL_JId fir_st k_Je no_ted that ({end(I,)}} if w=ec
L (I;) contains sequences of events in whighis active. Ace(l;, M,w,eR) = {0V if w = end(I;)

These sequences must also vkell-terminated they contain 0 otherwise

at most one occurrence ed(/;), and this event, if present, Haying given the semantics of individual instances within
must be the last event in the sequence. Finally, if the_semwelTMSC M we now give an account a¥/ itself by composing
includes an element of;’s trigger language as a prefix, thenne acceptance trees of individual instances. We firstize
the sequence must also include at least part of a sequencgryperator) on acceptance setst L B = sat(AU B). We

the action language. If the sequence includes a complétaciefine an indexed versidn), . in the obvious manner, with
sequence and; is terminating, the sequence can also |nclqullC KAk =0if K =0.
anend(I;) action; _if I;is nonterminating, any sequence after Leet A and B be acceptance sets. Then
the completed action sequence is allowed.

To define acceptance sets for instances we need the fol- A B = |_| {AUB}
lowing operation on languages. Lét C A* andw € A*. Ac A BEB
Then thenext setnex{ L, w) C A, of L afterw is given by: ] ] o
nex(L,w) = {a € A | Juw' € L.w-a < w'}. We now It can be shown thak is commutative and associative. We use
define how to associate an acceptance set with an instafige @S the “indexed” version aks, with e Ax = 0 if
from the traditional one for LTSs given previously in that iP€4U€NCes. .
is given relative to a set of “enabled receives”. An instance Definition 11: Let w € E*.
can only emit a receive event if another instance has emittedl) Theprojection w|I;, of w ontol; € 7 is the longest (not
the corresponding send; otherwise, this receive eventts no  necessarily contiguous) subsequenceuofcontaining



only

wLIZ

2) The

|w|out(1i71j7m) > |w|in(1i71j7m). We useeR(w) to stand

events in whichl; is active:

€ if w=¢

= e- (W) if w=e-w, active(e) =1I;
w'[1; if w=e-w', active(e) # I;

receive evenn(l;, I;, m) is calledenabledby w if

for all receive events enabled hy.

3) w is calledwell-balancedf for every w’ < w such that

w =w"-in(l;, I;,m), in(I;, I;, m) € eR(w").
In a well-balanced sequence of events, every receive is pfés, an element in an acceptance set may contain not only

ceded by an “outstanding” send. We now define the acceptaé@nts as in Definition 4, but also “potential events” of form
set Ace(M,w) as follows.

Definition 12: The acceptance setcc(M, w), of M after

weE*is

Ace(M,w) =

defined as:

¢ if w is not well-balanced

Example:In Fig. 8 TMSC(}, let us consider

w = out(R, B, query) -in(R, B, query) - out(B, R, pval)
‘in(B, R, pval) - loc(R, comp) - Out(R, P, frate)
‘in(R, P, frate)

Then,
w|R = out(R,B,query)-in(B, R,pval) - loc(R, comp)
-OUt(R, P, frate)
w|B = in(R, B, query) - out(B, R, pval)
w|P = in(R,P, frate)
w|D €
We define
Ar = Acc(R,Cr,w| R, eR(w)¢ry)
= {{out(R, D, pval)}}
Ap = Acc(B,Cy,w|B,eR(w)(p})
= {{end(B)}}
Ap = Acc(P,Cy,w|P,eR(w)(py)
= {{loc(P,setf)}}
Ap = Ace(D,Cr,w|D,eR(w)py)

sat{{wait(in(R, D, pval)) }{wait(in(R, D, frate)}
{end(D)}}

where, we assume that

E¢py
Then, we

TG ](w)

= {in(R, D, pval),in(R, D, frate),end(D)}
have

AR > .AB > Ap > .AD

= sat{{out(R, D,pval),end(B),loc(P, setf),
wait(in(R, D, pval)) }{out(R, D, pval),
end(B), loc(P, setf),wait(in(R, D, frate)}
{out(R, D, pval),end(B),loc(P, set f),
end(D)}}

>r, ez Acc(l;, M, w|I;, eR(w){s,3) O.W.
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C. The Must Preorder for TMSCs

Given Acc we may now define a version of the must
preorder on TMSCs. This must preorder is a variant of the
one presented in Section V-A.

Definition 13: An acceptance tree is a functidh : E* —
227" satisfying the following.

1) For anyw € E*, sat(T(w)) = T'(w).

2) For anyw,w’ € E*, if T(w) = () thenT (w - w') = 0.

3) Foranyw e E*, e € E, T(w-e) # 0 = A € T(w)

such thate € A.

wait(r),r € R. Also, Clause 3 in the above definition relaxes
the corresponding clause in Definition 4; this is necesgitat
by the fact that TMSC expressions may containthaperator,
which is absent in traditional testing theory [22], [27].

It is easy to associate an acceptance ff¢&/] to TMSC
M: TIM)(w) = Ace(M,w). We sayT'1l O T2 when for all
w € B, T1(w)) D T2(w). We now define the must preorder
on TMSCs.

Definition 14: Let M7, M5 be TMSCs. Them; C st Mo
iff T[M;] 2D T[Ma).

D. Semantics of TMSC Expressions

To define the semantics of TMSC expressions we show how
to interpretF, @, A, ; andrecX as operations on acceptance
trees. For brevity, we do not include the formalization of
the || operator here, but this definition may be found in [9].
The TMSC semantics presented here enhances the formal
semantics in [9] in several respects. Firstly, the semantic
for =+ in [9] was incomplete in the sense that it did not
take the possible non-determinism of the sub-specification
into account. Our definition here removes that shortcoming.
Secondly, forA, we have added a constraint to ensure that
the generated acceptance trees satisfy Definition 13. Most
importantly, the TMSC expressions considered in [9] did not
contain the recursion operator and hence could only model
finite, terminating systems.

Technically, we show how a TMSC expressich may
be converted into an acceptance tfEdS], whereo is an
environment mapping variables to acceptance trees. The nee
for o arises because TMSC expressions may contain variables.
We consider each form of TMSC expression in turn.

a) Single TMSCM: T,[M] = T[M] as defined in the
previous section. For example, the acceptance tree of TMSC
M in Fig. 7 is shown in Fig. 11, where we assurie=
{R, B}.

b) Delayed Choice:The operator was originally de-
signed as a deterministic choice construct for MSCs. Tradi-
tional MSCs are deterministicF was intended to preserve
this property. However, TMSCs may be non-deterministid, an
hence, when assigning an acceptance tre®, tg S2, (where
S1 and S, are TMSC expressions) we need to account for
non-determinism inS; and S,. To do this, given a TMSC
expressionS and environmentr, we first define predicate
may_reject(S, o, w) to hold when

Jwy, e, we.w = wy - e-wy AJA € T, [S](wr).e € A.



{{out(R, B, query), wait(in(R, B, query))}}
out(R, B, query)
{{wait(in(B, R, pval)),in(R, B, query)}}
in(R, B, query)

{{wait(in(B, R, pval)),out(B, R, pval)} }
out(B, R, pval)

{{in(B, R. pval),end(B)}}
end(B)
in(B, R, pval)
in(B, k. pual) {{in(B, R, pval)}

{{loc(R, comp)}}

{{loc(R, comp),end(B)}}
loc(R, comp)

end(B)
{{end(B),end(R)}

loc(R, comp) {{loc(R, comp)}}
loc(R, comp)

{{end(R)}} {{end(Rr)}}

Fig. 11. Acceptance Tree of TMS®&/; in Fig. 7

Intuitively, S in the context olx may rejectw if, after execut-

ing a proper prefix ofw, S may reach a state where the next

event inw is not enabled. Note thatpay_reject(S, o, w) =
true does not mean thak, [S](w) = 0.
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¢) Internal Choice:The @ operator, in contrast to the de-
layed choice operator, represents non-deterministic choice.
Given two TMSC specification$; and S, and a sequence
of eventsw, let T, [S:](w) = Ay and T,[S2](w) = Az. We
defineT, [S1 @ Sa](w) assat(A; U Ag).

d) Conjunction: The A operator allows the definition of
composite specifications in which both sub-specificationstm
be satisfied. 1fS1, Sy are TMSC expressions, we define

Tg[Sl A SQ](’LU) =
{ 0 if Jwy, e, wew =wy -e-wse, T,[S1 A Sa](wy) =0
sat(T,[S1](w) N Ty[S2)(w)) 0.w.

The first condition in the definition states that if there is
a proper prefixw; of w such thatT,[S; A Sa](wy) = 0,
thenT,[S1 A So](w) = 0; this ensures that acceptance trees
generated fof; A Ss satisfy the second clause in the definition
of acceptance trees (Definition 13). In case there is no such
proper prefix ofw, T, [S1 A S2](w) is given by the intersection

of T,[S1](w) and T,[S2](w). Note thatT,[S1 A S2](e) =

T, [S1](e) N T,[S2](e) by the above definition.

e) Sequential Compositionthe ; operator connects two
TMSC expressions sequentially. Given a TMSC expression
S1;S2, any instancd € Z may perform an event i§; only if

To define + formally in our setting, let uS assUMEit hasterminated ir$,. Let A, B C E. We define the sequential

inductively that we have constructed, = 7,[S;] and
Ty = T,[S2]. We now set:

T5[S1 F S2](w) =
sat( {A1U A | A € Th(w), As € To(w)}
U{A4; € Th(w) | may_reject(Ss,o,w)}
U{As € To(w) | may-reject(S1,o,w)})

compositionA#DB, of A andB asA#B = E, whereVI; € Z,
FE¢1,, is given as follows.

By =
{ Aqr,y if I; € activeset(A) Aend(];) & Aqr,y
(A{]l} —{end(;)}) U B{Il} O.W.

The # operator may be explained as follows: we may think

T5[S17 Sa](w) is computed in three parts: the first part, giver A as one possible state a TMSC expressigris in, while

by the pairwise union off,[S1](w) and T, [S2](w),
when bothT, [S1](w) and T, [Ss](w)

qpplles B represents a state of an expresstgnwheresS; follows S;
are non-empty; since the

choice betweers; and S, is delayed we take the pairwise-

sequentially.A# B then defines the staté which represents
one possible state &f;; S>. Any instancel;, which is active

union, rather than the simple union, of the acceptance S8[SA but not yet ready to terminate i, is in one possible

However, if So may rejectw, then the choice betwee$y and
S2 may already have been resolved in favorsafduring the
execution ofw, and hence the acceptance sesphfterw may
represent possible internal statesSefr Ss on execution ofu;
the second part in the definition @f,[S; F S2|(w) captures
this intuition. The third part captures the complementarye;
when.S; may rejectw.

Example:Let us consideRB = M, F M,, whereM; and
M, are as shown in Fig. 7, and let; = out(R, B, query) -
in(R, B, query), we = w; - out(B, R, pval). Then,

T[Mi](wy) {{wait(in(B, R, pval)),out(B, R, pval) } }
TMs)(wy) = {{wait(in(B, R, perr)),out(B, R, perr)}}
T[Mi](w2) = {{in(B,R,pval),end(B)}}

T[Ms)(ws) 0

TIRB])(wy) = {{wait(in(B, R, pval)),wait(in(B, R,

perr)),out(B, R, pval),out(B, R, perr)}}
{{in(B, R, pval),end(B)}}

state: its state iM. If I; has already terminated i, then
its current state is its state 8. Finally, if 7; is in a position
to terminate inA, then it may choose to continue iy (if
possible) without terminating, or to proceed asdnNote that
anend(l;) eventin A will not be emitted ad; can terminate
in S1;.S2 only when it terminates irb5.

We now lift the notion of sequential compaosition to accep-
tance sets. If4 and B are acceptance sets, we defide 15,
the sequential composition of and B as

A:B = || A#B

AcA,BeB

Let activeseq(w) be the set of instances that have performed
at least one event iw € E*:
activeseq(w) = {I; | e € w.active(e) = I,;}

We now define the following.
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sequwi,w, I) = take theleast upper bounaf these approximations. In order

0 if 3I, € activeseq(ws).end(l,) & w: for this approach to work we first must show that seblains
{a-w'[w" € sequwy, ws, I)} of acceptance trees ordered by the must preorder indeed have
if wy = a-w, Apa = end(), wo = b wh, |east upper bounds. We do this by proving that the set of
active(b) ¢ I acceptance treeg ordered by s form acomplete partial
{a-w'|w' € sequt,ws, I)} order (cpo) (It should be noted that we need to establish this
U{b-w' | w' € sequwy, wy, I)} even though [27] also establishes that acceptance trees are
if wy = a-w, A0 = end(Ly), wy = b wh, cpo. This is because our notion of acceptance tree differs in
active(b) € I certain key respects.)
seqwy, wa, I U{1,}) Theorem 1:(7, Cusy iS @ cpo.
if wy = a- wy, Ip.a = end(lp), wy = b wj, Proof: We first show that(7,Cmusp contains a least
active(b) ¢ I element. The least acceptance tree within our frameworieeor
seqwy, wa, I U{I,}) sponds to the TMSC where each instance has an empty trigger
U{b-w' | w' € sequwy, wh, ) and an empty action sequence, and none of the instances
if wi = a-wy, 3p.a = end(lp), w2 =b-wh  terminate in the TMSC. We usé to denote the acceptance
active(b) € 1 . tree for this TMSC; it is defined as follows.
{wr —{end(L,) | I, €I} if we =€
{we} ifwy=¢,I=7T T[L](w) =

D7, e{nlend(1)gw} ND(Eqr,1, eR(w))

Given two TMSC expressions; and S., we now define if w is well-balanced and well-terminated

T, [S1; S2](w) as follows: 0

0.W.
T, [S1; So](w) = |_| (T [S1](w1)#T 5 [S2](w2)) To see thatl Cnus T for any T € 7, observe that for
(wr,wa)€L any other acceptance tr&g and any well-balanced and well-
where terminated sequence of eventsif A € T'(w), thenA;,, €
ND(E¢p,3,eR(w)) for any I; for which end(I;) ¢ w. Thus
L = {{wy,w2) [ To[S1](w1) # 0, To[S2](w2) # 0, A€ T[L](w).
w € seqwy,ws,?)} Next, we prove that any chain of acceptance trEBes myst

To Crust T3 Cinust - - -, has a least upper bouifldb) written as

L contains tuples of the formw;,ws), representing all T,. Consider| |, T; defined by(| |, T;)(w) = (,(T:(w)).

possible ways in whichv may have been produced by th tis easy to see tha(), T))(w) C Tj(w) for all i = 1,2, ...

sequential execution of; and 5. For each such wple, we hence, it is indeed an upper bound. To prove that it is a lub,

use the operator to compute the corresponding acceptance .o ic another upper bound such tHAf Ty

set of 51; S2. The overall acceptance set is then given by HEI-T‘ and| |, T; Zmeet T'. Then there ares and A € 7" (1)

non-deterministic choice.of all the possible acceptante se SUZChl thatA ;g EU ”&‘j:)‘(w) This implies thatd ¢ T(w) for

AL ot e Shown i Fio 3 and lof — out(t B query . SOMEi, and thal s, which s a contradiction. m

in(BR B, query), T = {R B P,D}. Then W’e r;gveLy: For technical reasons, we also need to be able to “relativize
T ' _ ol the approximation process just described to a subset ofthe s

Hwn,wz)}, wherew, = w, wy = of all instances. We begin with a few definitions. Given a

T[Mi](wy) = {{wait(in(B, R, pval)),out(B, R,pval), TMSC expressiors, Ins(S) returns the set of instances that
end(P),end(D)}} are explicitly mentioned ir5 and is defined as follows.
T[Ms)(e) = {{out(R,P, frate),end(B), Ins(S) =
wait(in(R, P, frate)), end(D)}} I if 5= (I, trig, act term)
T[My; Mo)(w) = {{wait(in(B, R, pval)), Ins(51) U Ins(52) '{f@‘g; il f?f 2, whereop €
out(B, R, pval), wait(in(R, P, frate)), Ins(S) if ,S::7 Te’cj)é.S’
end(D)}} 0 0.W.

f) Recursion: The recursive TMSC operatorec X.S For any acceptance trég’ that has been computed with
may be used to represent nonterminating behavior. The vagspect to an universe of instanckswe maylift 77 to the
able X may occur freely withinS, and if it does so, every set of instances, with J D I, aslift(J,T7) = T”, where
reference to it results in a new cycle of operation (i.euan T (w)
rolling of rec X.S). Instances that are not explicitly mentioned 0
in S are only allowed to terminate, while those $htake part
in the actual recursion.

To characterizerec X.S5, we follow a traditional approach
used in programming-language semantics: we define a se-
ries of acceptance trees that approximate the meaningaoidS = {end(l;) | I, € J—IAend(l;) € w}. Intuitively, lift
T,[rec X.S] to greater and greater levels of detail, and thettifts” an acceptance tree defined using a restricted usier

if (i) Je € w.active(e) ¢ J, or (i) Je €
w.active(e) = I, Ae #end(I,) NI, € J—1, or
(iii) w is not well-terminated

{S} < TH(w|I) o.w.
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of instanced to the larger universe of instancdsby adding This implies thatT;,[S; N S3](w) = T,[S1](w) N T,[S3](w).

in end(I,) eventsvl, € J —I. Thus,T,[S2 A S3](w) C T,[S1 A S3](w). [ |
We are now in a position to defifg, [rec X.S]. As in [27], The next theorem establishes properties of the operators.

we first compute successive approximatidisTy, Ts, . .. of Theorem 3:OperatorsF, &, A and || are commutative and

rec X.S, but in the universe of instancds = Ins(S), and associative; is associative, and-, © and A are idempotent.

with L’ the bottom element in this restricted setting. We use Proof: We will prove the theorem for the operator; the

TI[S] to emphasize thaf is the restricted set of instances. arguments for the other operators are similar.

J_I

To

Tit1 T x oy 1S]

Since L is the least acceptance tree in the universe
instancesl, Ty Emust 1. Also, since the TMSC composition

operators are substitutive with respect to the must preordg¢ow assumd, [(S1 A S2) AS3](w) = Ty[S1 A (Sa AS3)](w)

(Theorem 2 in Section V-E), anfly Crnyust 71, it follows that
T1 Cmust T2, and, by induction, thaf; Cyyet 7541 for any .
We thus have a chaifiy Crustt Tmustl2 Tmust - - -

Instances that are not explicitly mentioneddrare assumed
to terminate inrec X.S. To define this in our framework,
consider the functio@Q(T) = lift(Z,T). We then haved),
= ||ft(Z,T0), Ql = ||ft(Z,T1), Cee Ql = ||ft(Z,R), ..., as
the successive approximations: X.S. Intuitively, eachQ); is
the same ag; for instances in/, while instances irZ — I,
which are absent ifl;;, are allowed to terminate i€);. Since
To CTrmust Tt Trmust - -+ Cmust T3 Cmust - - -, it follows that
Qo Cmust @1 Crmust - - - Emust @5 Emust - - .. We now define
Ty[rec X.S] = ||, Qi.

E. The Must Preorder and Properties of the Semantics

We may lift Cystto TMSC expressions as follows.

Definition 15: Let S;,S5, be TMSC expressions. Thenlo

S1 Emust S2 if and only if T,,[S1] D T, [S2] for any o.

We now show several properties of our semantics of T™MSE
expressions. The first shows that the must preorder is subdti

tutive, and hence that our semantics is compositional.

Theorem 2:Let 51,52 andS3 be TMSC expressions such

that S1 Chust S2. Then the following hold:

1) S1F S3 EmustS2 F 53

2) S1® S3 CmustS2 ® S3

3) S1 A Sz EmustS2 A S3

4) S1 | Sz Cimust S2 || S3

5) S1; 53 Emust S2; S3 and S3; 51 Emust 35 52

6) If Ins(S1) = Ins(S2) thenrec X.S1 Cmust rec X.Ss.

Proof: We prove case 3; the others may be establish
as in [27], and we omit the details here.

S1 Chust S2 meansVw, o, T,[S2](w) C T,[S1](w). If
w = ¢, then TG—[SQ A\ 53](’11}) = TG—[SQ]('U}) n TU[S3](’U}),
and TU[Sl A\ 53](’11}) = Ta’[Sl](w) n TU[S3] w), SO TU[SQ N
53](’11}) - Tg[Sl A\ 53](11}) Otherwise, ifT, [Sg AN 53](11}) = (),
then obviouslyT,[S2 A S3)(w) C T,[S1 A Ss](w). Else, if
T,[S2 A S3l(w) # 0, then, Vuwy, e, we.w wy - e - Wa,
T, [S2](w1)NTy [S3](wr) # 0. Thus,Yws, e, we.w = w -e-wo,
T5 [S1)(w1) N T [Ss](w1) # 0 (@8, T [S2](w1) € To[S1](w1))

Commutativity follows immediately, sinc&,[S:](w) N
T, [Sa)(w) = T [Sa](w) N T5[S](w).

Regarding associativity, we must show that for any
w, T,[(S1 A S2) A S3](w) = T,[S1 A (S2 A Ss)](w). We prove
the result by induction ow. Whenw = € we argue as follows.
Ta’[(Sl N SQ) A\ Sg](e) Ta’[Sl A\ SQ](E) n Tg[Sg](E)

T, [S1)(e) N T, [S2](€) N T5[Ss](€)
Tg[Sl A\ (Sg A\ 53)](6)

of

A; we must show the result fas-e. If A =0, thenVe,T,[(
Sg) N 53](11} . 6) = Tg[Sl A\ (SQ A\ 53)](’11) . 6) =0.1f A
we know T[Sy A Sa](w) # 0, To[Ss](w) # 0. Then,

Tg[(Sl A\ SQ) A Sg](’w . 6)

T [S1 A S2](w - e) N Ty [Ss](w - €)

Ty [S1](w - e) N T,[Seo](w - €) N Ty[S3](w - €)
TU[Sl A\ (Sg A\ 53)](’11} . 6)

The argument for idempotence is similar and is omittad.
The next theorem shows that our semantics/Aamincides
with logical conjunction.
Theorem 4:Let S1,.S; andS; be TMSC expressions. Then
S1 A So Emust Sz if and only if S; Tiust.S3 and .S Tiust Ss.
Proof: We first prove thatS; A Sy Chust S3 implies
S1 Cmust S5 and Sy Cust S3. S0 assumerw, o, T, [S1 A

A
0

51
£

Sg](’w) D) TU[S3](’U}). If TU[Sl A\ Sg](ﬂ)) = (), then
T, [S5](w) = 0, i.e. Ty [Ss](w) C T, [Sy](w) andT, [Ss)(w) C
[SQ](U)) If Ta’[Sl A SQ](U)) }é @, then Ta’[Sl A SQ](U)) =
T, [S1](w) N Ty[S2](w), and this implies, T,[S1](w) N
{52}(10) S T[S (w), ie. Ty[Ss)(w) C T,[Si](w) and

Ss)(w) C Ty[S2](w). Thus,S1 Cmust S3 and Sa Cmyst Ss.

We now prove,S; Chust S3 and So Crust S3 = S1 A
S9 Cmust S3. If TU[Sl A\ SQ](’UJ) #+ @, thenTg[Sl A\ Sg](’w)
T,[51)(w) N T, [S2](w). Thus,T,[S1 A So](w) 2T, [S3](w). If
T,[S1 A S2](w) = (), there are two possibilities:

e T,[S1 A Sa](e) = 0: This implies thatT,[S1](e) N
T, [S2)(e) = 0, i.e. T,[Ss](e) = . Thus,Vw, T, [S3](w) = 0.

o T,[S1 A So)(e) # 0. Then,Jwy, e, wo.w = wy - € - wa.
Tg[Sl /\Sg](wl) #* @/\Ta—[sl /\Sg](’wl '6) =0, i.e. Ta’[Sl](wl .
e)NT,[Ss](wy - €) = 0. Hence,T,[Ss](w; - e) = 0, and thus
T, [Ss](w) = 0. [ |
edFinally, we consider the notion of decidability of the re-
finement ordering on TMSCs and TMSC expressions. For in-
dividual TMSCs, the relation is computable, using algaorith
like the one given in [15]. For arbitrary TMSC expressiohs, t
relation is not computable, for essentially the same reattat
model checking of High-Level MSCs is not [5]: the possibilit
of cyclic behavior in the presence of asynchronous secgienti
composition allows message buffers to grow without bound.
In the case of TMSCs, another complicating factor is that re-
cursive expressions involving parallel composition alperns
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up the possibility for unboundedly many instances of pafallfor the parallel operator), it is straightforward to encoale
TMSCs to be active (this problem has been well-studied HMSC as a TMSC expression. Section II-B contrasted the
the process algebra community [37]). On the other hangkaphical syntax of these languages. Some of the other model
reasonable restrictions can be placed on TMSC expressiofi€oncurrency that have been proposed as a semantic domain
that ensure decidability: buffers may be bounded, varg@blor MSCs include Petri Nets [26], Buchi automata [33], etc.
inside recursive expressions may be guarded, and the use dflarel et. al [21], [28] and Krueger [32] have also proposed
sequential and parallel composition restricted. The goabi MSC variants that support trigger/action -like behaviooris!
ensure that the language of the resulting system is regularecisely, [21] introduces Live Sequence Charts (LSCs),
in the automata-theoretic sense of the word; it may thevhich primarily seek to distinguish between “live” or manrda
be shown that our refinement relation is also computabtery behavior and provisional behavior. The work is moteeht
We have implemented a tool, TRIM [12][13], that computeby the view that a designer’s interpretation of behavioeoft
this relation for TMSC expressions that are restricted is thundergoes a shift from “existential” to “universal”, as ®m
manner. design proceeds and knowledge about the system evolves;
accordingly, the authors propose the notions of “univérsal
charts (behavior that must be satisfied in all “runs” of aesygt
and “existential” charts (behavior that must be satisfied in
TMSCs, and MSCs, formalize scenario-based approactaseast one run), and also associate with these, trigger-li
for requirements modeling, an active area of research agtivation messages or pre-charts. A LSC specification is
software engineering (e.g. [30], [24], [38], [43], [42]). Athen defined as a set of such LSCs, and separate notions of
framework for classifying these approaches has been pedposatisfaction are defined for universal and existential tsha
in [20]. Several researchers have explored the use of psgstem “satisfies” a specification by satisfying each irehliail
and post-conditions to relate scenarios [18], [19], [4]. lohart therein. [28] proposes a trace-based semantics f65LS
particular, scenario networks [4] use sequential and awanti  and also shows how an equivalent semantics may be expressed
relationships between textual scenarios to describe al®v using temporal logic.
system behavior. Scenarios in such networks are labeldd wit Krueger [32] proposes a variant of MSCs that is based on
pre- and post-conditions, which have superficial simiesit the mathematical model of “timed streams”. The work has
with the TMSC notion of trigger/action, but the purpose ofeveral features that go beyond the standard language e.qg.
such conditions (typically state predicates) is to detaamiguarded MSCs, guarded alternatives and loops, preemption,
which scenarios can occur next at any given point, rather thérigger” composition etc. It also proposes three notioris o
to constrain and refine coarse specifications, as in TMSCsrefinement: property, message and structural. Property re-
In the rest of this section, we will discuss related workinement addresses the reduction of possible behaviors of
mainly in the context of MSCs. The formal MSC language aphe overall system (e.g. by removing alternatives), messag
pears in a recommendation of the ITU [3]. A detailed descripefinement denotes the substitution of a whole interaction
tion of the history, syntax and semantics of the language msgquence for a particular message, and structural refitemen
be found in [40]. The account first presents the graphical syoccurs when a single instance in a MSC is replaced with a
tax of the language, starting with basic MSCs, and describest of other instances. Property refinement is shown to be
ways to compose MSCs into High Level Message Sequermmpositional, with the exception of the “trigger” openato
Charts or HMSCs. The formal semantics of the language isAlthough the notions of trigger/actions in TMSCs have
then defined in a deterministic process algebraic settirtgléeN similarities with the notions of pre-chart/chart body inC$S
the formalization in [3], [40] is a very crucial step in theand trigger composition in Krueger’s work, our perspective
evolution of the MSC language, it also presented oppoigsit distributed system modeling is different, and this is reédc
for further enhancement. For example, basic MSCs in theth in the way we interpret triggering behavior, as also the
ITU standard are expressively weak, offering only a visuaemantic model we adopt to formalize TMSCs. First, the
partial ordering of events. As mentioned in the Introduttio chart-body in [21] and [32] needs to be activated only after
the technical development there does not provide a natanal vihe pre-chart/ triggering chart has been completely execut
for expressing conditional/partial behavior, and for tiheps This corresponds to “strong” triggering, in analogy withe th
wise refinement of system behavior. TMSCs were motivat&ddSC terminology of “strong” sequential composition [32]
by a need to extend the MSC language along these directioofs;the pre- and post charts. In contrast, the trigger/action
in particular, we chose the acceptance tree framework lsecatequirements in TMSCs are localized to individual instance
of its natural support for representing non-determinisgistem and this may be interpreted as “weak” triggering, in linehwit
behavior (inherent in conditional and partial scenariog) the the “weak” sequential composition we support. Our decision
precise notion of refinement encapsulated withinrthestpre- was motivated by the fact that scenario-based specification
order. Note that, since process algebra lies at the heahteof &re most heavily used for distributed systems, where inst&n
acceptance tree model, there is a natural synergy betweenhhve localized control and execute asynchronously. Nt th
TMSC semantics and the standardized MSC semantics. Alfts approach is synergistic with the MSC standard [3] that
since the TMSC language includes the structural construptescribes the use of the weak sequential composition tmpera
(e.g. weak sequential, parallel, delayed choice etc.)daan  Again, trace-based semantics (used in LSCs) is weaker than
the ITU standard (with only a slightly different semantic¢esting semantics (adopted in TMSCs); in particular, trace
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based semantics is not sensitive to deadlock (a criticgdgrty Another recent approach that supports the use of assume-
for distributed systems) unlike testing semantics (which, guarantee mechanisms within scenario-specificationsns Te
fact, is the coarsest semantics, as compared to trace demantlate MSCs [6]. This extends the TMSC notation with the
that has this property [34]). As such, our semantics is weltotion of “gaps” that can be interleaved with message sends
tailored for extensions like Compositional MSCs [25], andnd receives, and allow an arbitrary but finite amount of
also for other notations like Communicating State Machinesommunication to be expressed. This extension can allove mor
where such properties may become relevant. This, in fasd, atoncise specifications to be written, through the use of only
makes the semantics very suitable for explotieterogeneous those events that are strictly needed to identify a scenario
specificationsf such notations, a concept we have begun #nd the use of gaps as placeholders for other messages that
explore. Moreover, LSCs do not support HMSCs, a point alsemain unspecified. [6] also illustrates how Template MSCs
noted in [32]. The TMSC language, on the other hand, proiay be used in the TMSC setting, where a system description
vides strong support for developing structured specificati is obtained through the combination of MSCs depicting local
and this makes it useful when dealing with large requiresieritehaviors of directly interacting processes, and then rsupe
specifications. Methodologically, LSCs seem more suited fonposing assume-guarantee template formulas to reskrict t
temporal-logic style satisfaction-based approacheslewthe combination of local behaviors.
TMSC framework, as evident from the technical developmentFinally, [41] presents a notation feregative scenariothat
in this paper, is geared more towards refinement-based apes trigger-like preconditions. However, the motivatias
proaches. stated in that paper, is primarily “to provide a language for
The MSC language defined in Krueger's work [32] doedocumenting rejected implied scenarios and elicitinghfeirt
provide operators for developing structured specificationmplied scenarios,” and unlike our work, is for determining
and also considers the refinement of behavior. However, tiveether certain system behaviors, not present in a scenario
timed-stream theory in [32] is similar in essence to tracspecification, may appear in possible implementations.
based semantics in the sense that it also treats MSCs as
representations of executi@equencesThe theory is thereby VII. CONCLUSIONS
unable to support the notion of “delayed” choice prescribed We have presented Triggered Message Sequence Charts
by the MSC standard, which requires the branching behavi@MSCs) as a flexible formal basis for scenario-based reguir
of executiontreesto be considered. The TMSC theory, ifments modeling. TMSCs introduce notions of conditionality
contrast, is able to support both internal (non-deterrtiz)is and partiality through simple syntactic extensions to MSCs
and “delayed” (deterministic) choice, and this brings #élity The language also offers a suite of operators to structure
to the development process. Also, the basic “building bl@ék requirements specifications. The semantics is defined hg-tra
the timed stream theory of MSCs is a single message occurrlating TMSC expressions to acceptance trees, which yields a
on a channel, as opposed to a basic MSC, and appropriatecise notion of refinement. A useful feature of the TMSC
operators are used to specify temporal order, or the laskmantics is that it is compositional; a TMSC expression may
thereof, between messages occurrences; however, noiexpiitus be refined by refining its sub-expressions.
distinction is made between message sends and receives (d88VSCs naturally support two different styles of require-
in TMSCs, or standard MSCs), and as such, expressing fimeents modeling. In the first, a coarse base specification of
grained ordering between send and receive events assbcitie overall system is initially developed by gluing subtsys
with different messages is difficult. models; this is then refined by adding conditional scenarie ¢
Another approach to MSC refinement may be found in tretraints to eliminate undesirable execution sequencethdn
refinement ordering for interworkings [35]. Interworkinggy second, partial scenarios are used in support of an incramen
be seen as a close variant of MSCs, with the key diffestyle of requirements specification, in which features are
ence being that interworkings support synchronous instéadincrementally elaborated on in a requirements specifinatio
asynchronous communication. [35] defines a refinementmotio The TMSC framework offers a number of possibilities
based on selective hiding of communications and collapsifay future research. For example, it would be interesting to
of several instances into a single one. Intuitively, ongesysis investigate how our notion of refinement may be used to
said to refine another if it is possible to collapse the form&r extract specifications for the individual instances from\aSIC
an interworking that is semantically equivalent to thedgtt expression. Another natural extension of our work would
with bisimulation [37] being the base equivalence used @t thbe to generate test suites from a TMSC specification that
paper. The intuition behind this refinement ordering is thatay be used to check its proposed refinements. It would
refining a specification may involve adding more structurée especially useful if these tests could be derived in a
ensuring consistency with an earlier specification amotmtscompositional manner. Another avenue for research ingolve
showing that when the new structure is “ignored”, the betravithe adaptation of other operators from process algebra to
is the same. This notion differs significantly from ours,ce&in the MSC / TMSC setting. In particular, process algebras
its focus is on structural changes to MSCs rather than thgically include ahiding operator that permits the hiding
modification of behavior of instances within an MSC. Similaof implementation details. Introducing a hiding operatutoi
notions could easily be adapted to our framework, with ththe TMSC theory, for example would allow more flexibility
equivalence induced by the must preorder used in lieu iof determining refinement relationships among TMSC expres-
bisimulation. sions, since “extraneous” elements (such as “local insihc



“unobservable actions”, etc.) could be hidden. Finallye th2s)
semantic framework presented here is highly suited for the

study of heterogeneous specifications, where scenaredbagg

TMSC specifications may be seamlessly integrated with other
modeling notations that may be given a similar semantics.

ok

While we investigate such a heterogeneous framework E]
TMSCs and state-machines in [14], it would be interesting to

study how to extend the framework to cater to other notations
as well (9]
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