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Abstract. A semantic quality attribute of a modelling language is areesse-
mantic characteristic that is common to all models specifiethat language.
A modeller can enjoy the luxury of not having to model the niwats of the
behaviour that are implicitly enforced by the semantic gyattributes. In this
paper, we introduce three semantic quality attributesHerfamily of big-step
modelling languages (BSMLs). In a BSML, a model’s reactmar environmen-
tal input is a sequence of small steps, each of which can stoofsihe execution
of a set of transitions from multiple concurrent componeBtsch of our three
semantic quality attributes specifies a desired propertyitabow the sequence
of small steps form a big step. We systematically enumeleteange of BSML
semantics that satisfy each semantic quality attribute.

1 Introduction

Often when modelling a software system, there are manynaltiee languages that
could be used. To narrow the range of alternatives, a modaedleds to answer the
question of why languagk, and not languagB, is a more appropriate choice in a cer-
tain context. In this paper, we consider this question ferdlass of Big-Step Modelling
Languages (BSMLs) [7]8] from a semantic point of view.

BSMLs are a class of state-transition modelling languaggisare suitable for mod-
eling systems that interact with their environments cardirsly. In a BSML model, the
reaction of a system to an environmental input is modelled big step that consists
of a sequence of small steps, each of which can be the exeaftaset of transitions
from multiple concurrent componerﬂfxamples of BSMLs are statecharis][10, 18],
its variants[[2], Software Cost Reduction (SCR)/[11, 121 #re un-clocked variants of
synchronous languages [9], such as Estélel [4] and Afgds The variety of seman-
tics for events, variables, and control states introdu@nge of semantics for BSMLs.
Previously, wedeconstructedhe semantics of this family of languages into a set of
high-level, orthogonal variation points, which we call setic aspects, and enumer-
ated the common semantic options of each semantic asp8ft [7,

A BSML provides a modeller with the convenience of descightime reaction of a
system to an environmental input as the execution of a sedgitions, facilitating the

1 The termsamacro ste@ndmicro stepare related to our big stggmall step terminology. We use
our own terminology to avoid connotation with a fixed semastissociated with these terms.



decomposition of a model into concurrent components. Hewévalso introduces the
complexity of dealing with the semantic intricacies rethtie theorderingof these tran-
sitions, making it dificult at times to recognize the global properties of theseeisod

A semantic quality attributef a modelling language is a desired semantic char-
acteristic that is common to all models specified in that leagg. Thus, a modeller
can enjoy the luxury of not having to model the invariantshe behaviour that are
enforced by the semantic quality attribute. Our first cdmittion in this paper is to in-
troduce three semantic quality attributes for BSMLs. TwdVBS can be compared
and distinguished based on their semantic quality ategkuUEach semantic quality at-
tribute exempts modellers from worrying about some of theaglications of ordering
in the sequence of the small steps of a big step.prfwity consistencyattribute guar-
antees that higher priority transitions are chosen oveetqgwiority transitions. The
non-cancellingattribute guarantees that if a transition becomes exelgutiaining a big
step, it remains executable, unless it is executed.determinacyattribute guarantees
that all possible orders of small steps in a big step haveaimegesult.

Each of our semantic quality attributes for BSMLs is a croging concern over
our semantic aspects for BSMLs. Our second contributiomis paper is to specify
the subsets of BSML semantics that satisfy each of the séoarlity attributes. For
each semantic quality attribute, we identify necessary afiicient constraints over
the choices of the semantic options in our deconstructian bsult in a BSML se-
mantics that has the semantic quality attribute. In previoork [7/8], we analyzed
the advantages and disadvantages of each of the semantinojidividually, to pro-
vide rationales to choose one over another. The analysiseofémantic quality at-
tributes in this paper reveals interrelationships amoegéegly independent semantic
options. It also provides rationales for language desigists that otherwise would
have seemed ad hoc. For example, the specification of nareltiag BSML semantics
highlights the role of concurrency in small-step executiohile the specification of
priority-consistent and determinate BSML semantics higtt the role of limiting the
number of transitions that each concurrent component of @elmzan execute in a big
step. A language designer or a modeller can either (i) ussgimantic quality attributes
to narrow the range of semantic options for a language, pgéin insights about a
language’s attributes after choosing its semantic options

Compared to related work, we introduce three novel semguo#tidity attributes for
a broader range of modelling languages than consideretpidy. A notable example
of introducing semantic quality attributes is Huizing anelrtd’s work on the semantics
of BSMLs that support only events. They introduced threeas#in quality attributes
for the semantics of events, therefore they only neededabvdth one semantic aspect
and not cross-cutting concerns. Similar semantic progett our semantic quality at-
tributes have been considered in primitive formalismis 4516/ 19], which are models
of computations rather than practical languages. Théset® characterize a class of
models that satisfy a property whereas we determine thef &b ML semantics that
satisfy each semantic quality attribute. For example, onrcancelling semantic qual-
ity attribute is similar tgpersistencdor program schemata[lL5] and for Petri Néts|[16].

The remainder of the paper is organized as follows. SeCtipre&ents an overview
of the common syntax and semantics of BSMLs, together witbvemview of BSML



semantic aspects and semantic options. Selction 3 fornvalbepts the semantic quality
attributes together with the specification of the subseBIWNIL semantics that satisfy
each of the semantic quality attributes. Secfibn 4 discusskated work. Sectiohl 5
concludes the paper.

2 Background: Big-Step Modelling Languages (BSMLS)

In this section, we present an overview of our deconstraafthe semantics of BSMLSs.
Sectior 2.1l presents the common syntax of BSMLs. Setfidpr2gents the common
semantics of BSMLs, with Sectign 2.3 describing its sentaraiiation points through
our deconstruction into semantic aspects and their sec@ptiions. In our framework,
an existing BSML is modelled by translating its syntax int@ fnormal form syntax
and its semantics into a set of semantic options. Our prewgark contains a more
comprehensive and a formal treatment of these condepth [6—8

2.1 BSML Syntax

We use a normal form syntax to model the syntax of many BSMhsur normal
form syntax, a BSML model is a graphical, hierarchical, agted finite state machine,
consisting of: (i) a hierarchy tree of control states, afida(set of transitions between
these control states. In this section, we adopt a few syntdefinitions from Pnueli
and Shalev’s work [18].

Control states.A control stateis a named artifact that a modeller uses to represent a
noteworthy moment in the execution of a model. A controlestas aype, which is
one of And Or, or Basic The set of control states of a model form a hierarchy tree.
The leaves of thdierarchy tree of a model, and only they, afgasiccontrol states.

In a hierarchy tree, aAnd or anOr control state has a set ¢hild control states. A
control state is @escendanbf another control state if it is its child through transityv
Similarly, theparent andancestorrelations are defined. Two control stataserlap if
they are the same or one is an ancestor of the other. TheehitdianAnd control state
are separated by dashed lines graphically. One of the ehilolr anOr control state is

its default control state, which is signified by an arrow without a soufég.[1 is an
example BSML model that we use for illustration. The modeldifies the behaviour
of a system that controls the safety of an entrance to an tnduarea. The system

is either in theAutomaticor in the Manual control state. The children of control state
AutomaticareOr control stateFemp Lock andFan. The default control state demp

is Low, which is aBasiccontrol state. Control stat®ff is one of the descendants of
the Automaticcontrol state. Théeast common ancestoof a set of control states is
the lowest (closest to the leaves) control state in the tdbyatree such that each of the
control states is its descendant; e.g., the least commasamofLockedandUnlocked

is Lock Two control states amrthogonal if neither is an ancestor of the other and their
least common ancestor is &md control state; e.gL,ockedandOff are orthogonal.

Transitions. Each transitionf, has asource control state src(t), and adestination
control state, desft), together with the following four optional elements: (igaard
condition (GC), gc(t), which is a boolean expression over a set of variablespsadl
by a “[1”; (i) a triggering condition, trig(t), which is the conjunction of a set of events
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Fig. 1: Example: Industrial entrance control system.

and negation of events; (iii) a set @éiriable assignmentsasn(t), which is prefixed by
a“/”, with at most one assignment to each variable; and (iv) asgénerated events
gen(t), which is prefixed by a™. For example, in the model in Fif] 1, is a transition,
with src(ts) = Locked destts) = Unlocked gd(ts) = (hot = false, asnts) = 0,
trig(ts) = (requ A =hea), andger(ts) = {unlock. When a set is a singleton, we drop
its curly brackets; e.gasnt;) = hot:= true. The scopeof a transition is the least
common ancestor of its source and destination controlsst@teearena of a transition

is the lowestOr control state that is an ancestor of its source and desimatntrol
states. Theoot of the hierarchy tree of a model, which is not always exglicghown,

is anOr control state so that the arena of each transition is deffr@mdexample, in the
model in Fig[1, the scope of is Lockand the arena df is the rootOr control state
not shown in the figure. Two transitions an¢hogonal if their source control states are
orthogonal, as well as, their destination control states; g andts. A transition,t, is
aninterrupt for another transitiont’, if the sources of the transitions are orthogonal
and one of the following conditions holds: (i) the destioatbft’ is orthogonal with
the source ot, and the destination dfis not orthogonal with the sources of either
transitions; or (ii) the destination of neither transitisrorthogonal with the sources of
the two transitions, but the destinationtaé a descendant of the destinationtofFor
example, in the model in Fif] 15 is an interrupt fotts, according to condition (i).

2.2 Common Semantics of BSMLs

A BSML model describes the continuous interaction of a sysigth its environment.
A BSML model reacts to an environmental input throudbigstep, which consists of
an alternating sequence of snapshotsandll steps with each small step consisting of
the execution of a set of transitions. Anvironmental input consists of a set of events
and assignments from the environment that are used thromighug step. In the model
in Fig.[, eventigh, low, req.u, reg.l, manua) andautomaticare environmental input
events. Asnapshotis a collection ofsnapshot elementseach of which maintains
information about an aspect of computing a big step. Theaesisapshot element that
maintains the set of current control states of a model: If alehoesides in a\nd



control state, it resides in all of its children; if a modesides in arOr control state,

it resides in one of its children, by default in its defaulhtol state. The execution of

a small step causes a set of control states in the snapsho¢r@l¢o beexited and a

set of control states to lentered These sets are computed based on the scopes of the
transitions in a small step. There are other snapshot elsrf@rvariables, events, etc.
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Fig. 2: Big stepTl = (I, Spy, T1, SPL, - - Tk» SPX)-

Fig.[2 depicts the structure of a big step, which relates acgosnapshotsp, and
an environmental input,, with a destination snapshatp. The dfect of receivingl,
which is captured in snapshsety, generates a sequence of small steps until there are
no more small steps to be executed. Funciiatential specifies the set of afloten-
tial small stepsat a snapshot, one of which is non-deterministically ch@setie next
small step. Each big step or small step hasarce snapshoand adestination snap-
shot. Formally, we represent a big stép, as a tupleT = (I, Sp, 71, SPL, - - » Tk> SPX)-
We use the accessor functiohength smallstepsandtrans, to access the number of
small steps of a hig step, the set of sets of transitions septang the small steps of
the big step, and the set of all transitions executed by thal steps of the big step,
respectively. We use “.” to access an element of a tuple. Asxample, for a big step,
T, T.sp, where 1< i < lengti(T), is the destination snapshot of it small step. For a
BSML modelM, we denotall its possible big stepsashigstep$éM). This set includes
all possible big steps in response to all environmentalt&ptiall possible snapshots.
In our examples, we refer to a big step via its constituenierge of sets of transitions.

2.3 BSML Semantic Variations

Fig.[34, adapted from[7], describes our deconstructioh@temantics of BSMLs into
six stages that each corresponds to a semantic variatiahthat dfects how a big step
is created. We call these variation pois&mantic aspectsand the possible variations
of each itssemantic options Table[3b, which we will refer to throughout the rest of
the paper, lists our semantic aspects and their semanimngptogether with a brief
description of each. We use tBans Serif and the SiaLL Cap fonts to refer to the name
of a semantic aspect and a semantic option, respectively.

A big step is created by iterating through the stages of thvectiart in Fig[3h. One
iteration of the flowchart corresponds to one small step.damh transitiont, stage
1 determines whethdrig(t) is true with respect to the statuses of events, according
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(a) Semantic variation points in the operation of a big step
|AspectOption |Description |
|Event |Specifies the extent that a generated event is present instdpg |
REMAINDER In all snapshots of the big step after it is generated.

NEXT SMALL StEP

In the destination snapshot of the small step that it is geadrin.

NexTt Bic Srep

In all snapshots of the next big step after the big step it iegated in.

Specifies the snapshot from which values of variables faikihg the guar

nose

GC variable condition of a transition are obtained:
GC BiG Srep Obtains the value of a variable from the beginning of the kég s
GC SuarL Srep  |Obtains the value of a variable from the source snapshoeditiall step.
[Maximality |Specifies when a sequence of small steps concludes as afig ste |
TakE ONE Once a transitiory, is executed during a big step, no other transition w!
arena overlaps with the arenatafan be executed.
Take Many No constraints on the sequence of small steps.
|Concurrency |Specifies the number of transitions that can be taken in al steq: |
SINGLE Exactly one transition per small step.
MaNy More than one transition possible per small step.
|Preemption |Specifies whether interrupting transitions can executesmall step: |
PrREEMPTIVE Two transitions, one an interrupt for the other, cannot kenidogether.

NoN-PrEemMPTIVE

Two transitions, one an interrupt for the other, can be ta&gather.

|Priority |Specifies if a transition has a higher priority than another: |
For a pair of transitions, andt’, t is assigned a higher priority thahby
NEGATION T . . . . -
conjoiningtrig(t’) with the negation of a positive eventfirig(t).
Scope-CHILD The lower the scope of a transition, the higher its priosty i

ScopPE-PARENT

The higher the scope of a transition, the higher its priasty

No Priority

Neither Sope CuiLb nor Sope ParenT is chosen.

RHS Variable

Specifies the snapshot from which values of variables foluatiag the
right-hand side (RHS) of an assignment are obtained:

RHS BiG Srep

Obtains the value of a variable from the beginning of the bég s

RHS SuaLL Srep

Obtains the value of a variable from the source snapshoeditiall step.

(b) Semantic aspects (Bans Serif font) and their options (in@L. Cap font).

Fig. 3: Semantic variations in the operation of a big step.



to theEvent semantic aspect. The three semantic options of this setresyect each
determines a dlierent extent of a big step (the current big step or the nex thra¢ a
generated event is considered as present. Stage 2 detemviigtgheigd(t) is true with
respect to the values of variables, according toGi@eVariable semantic aspect. The
first semantic option for this semantic aspect uses the saliariables from the begin-
ning of the big step, whereas the second option uses the-ulat® values of variables
from the source snapshot of the small step. Stages 1 and&hsrgvith the current set

of control states of a model, determine the enablednesslvidiual transitions. Stage

3 checks whether the current big stepriaximal, according to thélaximality seman-

tic aspect, in which case, the big step ends. The first semaption for this semantic
aspect requires that if a transitidnhas been executed in a big step, no other transition
whose arena overlaps witls can be executed. As an example, according to the first
semantic option, in the model in F[d. 1 tifis executedts cannot be executed because
the arena ofs overlaps with the arena ¢f. The second semantic option places no con-
straint over the maximality of a big step: A big step can cmmi as long as there are
enabled transitions that can be executed.

If the big step is not maximal, stage 4 determines the setaps$itions that can be
taken together. Each such set@mpletein that no transition can be added to it with-
out violating the two related semantic sub-aspects o€irecurrency and Preemption
semantic aspect. ThHeoncurrency sub-aspect specifies the number of transitions pos-
sible in a small step, with two possible semantic optiong @ many. When the latter
semantic option is chosen, two transitions can be includdod same small step if they
are orthogonal. Th@reemption sub-aspect determines whether a pair of transitions
where one is an interrupt for another can be taken togetheotorAmong the sets of
transitions produced by stage 4, the sets that have thedtigherity, according to the
Priority semantic aspect, are chosen by stage 5; the result is thé peteotial small
steps at the current snapshot. The options for priority s¢icginclude using the nega-
tion of events to assign a transitidna higher priority than a transitioti, by including
one of the positive events imig(t) as a negated event trig(t’). For example, in the
model in Figld,tz has a higher priority thaty, denoted bypri(t3) > pri(ts), because
trig(ts) includesheatwhile trig(ts) includes—heat Additionally, if the No PrioriTy
semantic option is not chosen, one of the twerarchicalpriority semantic options is
used to compare the priority of two transitions based o gapes. Stage 6 evaluates
the right-hand side (RHS) of an assignment, according t&rth8 Variable semantic
aspect, when executing one of the potential small stepsléBisemantic options as the
ones for theGC Variable semantic aspect are possible for RigS Variable semantic
aspect, but are used to evaluate the RHS of assignmentadrstéheir GCs.

We use the following notation to describe the semantic guattributes. Theset of
enabled transitionsof a model at a snapshatp, denoted byenabledsp), is the set of
all transitions such that, for each transition, its soui@etiol state is in the current set
of control states and it passes stages 1 and 2 of flowchargiiBRi Similarly, theset
of executable transitionsat snapshosp, denoted byexecutablésp), is the set of all
transitions that belong to a potential small stegatFormally,Vt € executablésp) <
dr € potential(sp) - t € 7. By definition,t € executablésp) = t € enabledsp), but not
vice versa, because of tiMaximality andPriority semantic aspects.



In this paper, we consider BSML semantics in which the exadiility of each small
step relies only on its source snapshot [6]. A few of the sdimaariations that are not
considered here lend themselves toféedent set of semantic quality attributes, as will
be briefly discussed in Sectibh 4.

3 Semantic Quality Attributes for BSMLs

In this section, we formally describe three semantic qualitributes for BSMLs. For
each semantic quality attribute, we enumerate all comioinabf the semantic options
in Table[3b that each results in a semantics that satisfiesethantic quality attribute.

3.1 Priority Consistency

In a priority-consistenBSML semantics, higher priority transitions are chosenxto e
ecute over lower priority transitions. A model cannot hawve big steps;T; and T,
whereT; includes transitions that are all of lower or incomparablenty thanT,’s. A
priority semantic option enforces a priority semanticg/anlthe individual small steps
of a big step, but not in the whole big step. A priority-cotesig BSML semantics is
useful since it exempts a modeller from worrying about a fpgbrity transition be-
ing executed in some big steps but not others. We call a s@&sahat is not priority
consistentpriority inconsistent

Example 1.The two models in Fig.4 are used to demonstrate examplesiaitpr
inconsistent behaviour. Both models are considered whenrisside in their default
control states, environmental input evens present, and, for the first model, when
x = 0. In the model in Fig[d4(a), we consider a BSML semantics shdscribes to
the Many concurrency semantics, thake Many maximality semantics, thecSpe-
Parent priority semantics, and the GGusii. Srer GC variable semantics. Two big
steps are possibl&y = ({t1, t4}, t2, ts) and T, = ({t1, ta}, 3, t5). This behaviour s priority
inconsistent sinceri(ts) > pri(ts): the scope ofg is the parent of the scope &f and
T, executess but T, executess. For the model in Fid.J4(b), the same semantic options
as for the model in Fid.]4(a) are considered, plus theaRper event semantics. Two
big steps are possiblé; = ({t1, 2}, ts) and T, = ({t1, t3}, t4). This behaviour is priority
inconsistent sinceri(ts) > pri(ts) according to the Ksarion semanticstrig(ts) includes

b while trig(ts) includes—b, andT; executeds but T} executedy. If the Next Bic
Srep event semantics had been chosen, which requires a genevateicto be present
only in the next big step, two priority-consistent big stepsuld have been possible:
T = ({t1, t2}) and T = ({ty, t3}), followed by big stepsgts) and(ts), respectively.

Definition 1. A BSML semantics igriority consistentf for all BSML models, M,

¥T1, T € bigstep$M) -(T1.l = To.l) A (T1.Spp = T2.Sp) = trangT,) = trangTy),
where
T1=T2 = —|(‘171 > ‘172) A ﬂ(‘l?z > ‘IZ]_), and
Ty > T = (At € 11 -ty € 1o - pri(ty) > pri(t)) A =(Atz € 1o -3ty € 11 - pri(ty) > pri(ty)).
Intuitively,t; = 12 if it is not the case that; has a transition that has a higher priority
than a transition int, withoutt, having such a transition, and also not vice versa.
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Fig. 4: Examples of priority-inconsistent behaviour.

Priority-Consistent SemanticsPropositior 1L specifies the BSML semantics that are
priority consistent. We use the name of a semantic optiorpasosition to specify all
BSML semantics that subscribe to it.

Proposition 1. A BSML semantics is priority-consistent if and only if itsstituent
semantic options satisfy predicd®e= P1 A P2, where

P1 = —No Prioriry = Take Ong, and P2 = Nexr Bic Srep.

Proof Idea.Predicaté”1is a necessary condition for a BSML semantics to be priority-
consistent. This can be proven by contradictio®1fis not true in a priority-consistent
BSML semantics, @ounter example modalith a priority-inconsistent behaviour can
be constructed. For example, for any BSML that subscribethéo Sope-PARENT
priority semantics and theake Many maximality se-

mantics, the model in Fid.]5 is such a counter exams A ta

ple model: when the model resides in its default contro e
states, two big step3; = (t1,t3) andT, = (t,), are pos- B

sible, buttrangT;) > tranqT,) becausepri(ts) > pri(tz). t2 ﬂ

PredicateP2 is a necessary condition for a priority-

consistent BSML semantics, because for a BSML s&i9- 5 A counter example.
mantics that subscribes to an event semantics other thaNgheBic Srer seman-
tics, regardless of its other semantic options, there isumtes example model with
a priority-inconsistent behaviour. For example, the madédtig.[4(b), in Examplé&]l,
would have a priority-inconsistent behaviour even if the&: concurrency an@r the
NEext SvaLL Step event semantic options are chosen. PredidaleandP2 are also suf-
ficient conditions for priority-consistent BSML semantiescording to a hierarchical
and the Mcarion priority semantics, respectively. This can be proven bynshg that
if P is true in a BSML semantics, a high-priority transition isher executable and
taken during a big step, or it cannot become executableglthat big step. If a BSML
semantics subscribes to theo8e-Parent (Scope-CHiLbp) priority semantics, a transition



10

that has a higher (lower) scope than an already executesitttamcannot become ex-
ecutable because of thekk One maximality semantics. Similarly, for thegNarion
priority semantics, if a high-priority transition is notasled due to the absence of an
event, it cannot possibly become enabled in that big stegguse the statuses of events
do not change. As such, a BSML semantics is priority consistand only if P. O

3.2 Non-Cancelling

In anon-cancelling@3SML semantics, once a transition of a model becomes exgleuta
in a big step, it remains executable during the big step,ssnii¢ is taken by the next
small step, it cannot be taken any more because of the matimahstraints, or its
scope is the same as or a descendant of the scope of a tnamsiouted in the next
small step. A non-cancelling BSML semantics is useful sih@xempts a modeller
from worrying about an enabled transition of interest nkistdy becoming disabled.
We call a BSML semantics that is not non-cancellicancelling

Example 2.We consider the model in Fif] 1 when it is in its initial contstates and
when eventseq.u andhigh are received from the environment. We choose thee T
Many maximality semantics. Initiallyt, is executable. If; is executed in the first small
step, makindheatpresent andhot= true, t; would not be enabled any more, although
the big step is not maximal and the scopetpfloes not overlap withy’s. This is a
cancelling behaviour, which can be averted by execttimgdt, together.

Definition 2. A BSML semantics ison-cancellingf for all BSML models, M,

VYT € bigstepéM) - Vi (1 < i < length(T)) - Vt € executablésp-1) =
(te ) Vv (t € executablésp)) v (At’ € 7i.tookondt’, t) v dominatedt’, t)),

where tookon@, t) is true, if by executing tt cannot be taken because of fhae One
maximality semantics of the BSML; and domindted) is true, if the scope of t is the
same as or a descendent of the scopé;@.g., sr¢t) = destt’).

The rationale for including the third disjunct in Definiti@his twofold; when predi-
catetookonét’, t) is true,t is not a transition of interest any more; and when predicate
dominatedt’, t) is true, the execution df has entered aridr exited the scope df As
such, whichever predicate is true, it is natural to condiderenabledness bafresh.
Achieving a non-cancelling BSML semantics not only reliesemabledness and
concurrency semantics but also on hierarchical semaasdbe next example shows.

Example 3.We consider a modified version of the model in [Eiy. 4(a) in \Wlgjc(t,) =
gc(ts) =true. We consider this new model when it resides in control stAtesind Ay,
andx = 2. If a BSML semantics that subscribes to thesse concurrency, the &pe-
Parent priority, and the GC SawL Srep GC variable semantic options is chosen, initially
bothts andt, are executable, but tp is executedts becomes unexecutable becatise
becomes enabled amiti(tg) > pri(ts). If the Many concurrency semantics had been
chosen, instead of then&Le concurrency semantics, the above cancelling behaviour
would have been averted becatisandts would have been executed together.
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Non-Cancelling SemanticsA non-cancelling semantics can be achieved by one of
the following two approaches: (i) once a transition becomexutable, the execution
of other transitions does noftact its executability; or (ii) once a transition becomes
executable, it is immediately executed, precluding thesipdity of becoming unexe-
cutable. For example, by choosing thexiN Bic Srep event semantics together with the
No PrioriTy semantics, a non-cancelling semantics via approach (ipeaachieved.

By choosing the Nxt SuaLL Srep semantics together with a concurrency semantics that
ensures that an executable transition is executed imnedgiatnon-cancelling seman-
tics via approach (ii) can be achieved. Formally,

Proposition 2. A BSML semantics is non-cancelling if and only if its constitt se-
mantic options satisfy predicabé = N1 A N2 A N3, where

N1 = (Take Many A =No Prioriry) = Maximizer
N2 = NexTt SvaLL Ster = Maximizer
N3 = GC SuaLL Srep = Maximizer and

Maximizer= Many A [(Take Many A No PrioriTy) = NoON-PREEMPTIVE].

Proof Idea.PredicateN is a suficient condition for a non-cancelling BSML seman-
tics because it characterizes only non-cancelling BSMLasdits. WherN1, N2, and
N3 are all satisfied through their antecedents being false nacaacelling semantics
according to approach (i) above is achieved, otherwise acaogelling semantics ac-
cording to approach (ii) can be achieved. When the antetcedéN1, N2, andN3 are
all false, it can be proven that if an executable transiti@t is not executed in the im-
mediate small step becomes unexecutable, it is because ofidkimality semantics,
and not because it is not enabled or does not have a hightpramy more. When the
antecedents of at least oneM1, N2, or N3 is true, predicatélaximizerrequires the
Many concurrency semantics to ensure that as many as possililkeén@nsitions are
executed immediately. The second conjunct of ki@ximizer predicate ensures that
when the kke Many semantics is chosen, a pair of executable transitions tag h
the same priority and one is an interrupt for the other arertakgether in the same
small step, according to theoN-Preemprive semantics; otherwise, the execution of the
lower-scope transition can disable the higher-scopeitiansTo prove that predicats

is also a necessary condition for any non-cancelling BSMhas#ics, it can be shown
thatN characterizes all possible non-cancelling BSML semantiibg can be proven,
via proofs by contradiction, to show that: (a) approachear(d (ii) above are the only
ways to achieve a non-cancelling semantics; and (b) prexfitdoes not over-constrain
the choices of semantic options. m]

3.3 Determinacy

In adeterminateBSML semantics, if two big steps of a model in response to dimees
environmental input execute the same (multi) set of traorsstin diferent orders, their
destination snapshots aequivalent An equivalence relation, denoted by™ can be
defined with respect to any subset of the snapshot elemeptsowsider determinacy
for both events and variables. A determinate BSML semaigtigseful since it exempts
a modeller from worrying about thefect of an out-of—order execution of the transitions

in a big step. We call a BSML semantics that is not determjmate-determinate



12

Definition 3. A BSML semantics determinatef for all BSML models, M,

¥T1, T2 € bigstep$M) - [(T1.l = To.l) A(T1.Spp=T2.5p) A
(H’Jrlesmallstep(sTl) T1 = H’Jrzesmallstep(st) 72)] = Tl-spengtk(Tl) = T2-5pengtk(T2),

where “w” is the sum operator for multisets.
To have determinacy, a BSML must create osilygle assignmemhodels.

Definition 4. A big step, T, isingle assignmerit there are no two transitions in the
big step that assign values to the same variable. A BSML mbgés single assignment
if all big steps Te bigstep$M) are single assignment.

A crude way to achieve single assignment models is to rethugr@ ke One maximality
semantics and that at most one transition of a model assigalsi@to each variable.

Example 4.The model in Fig[b controls the operation of a chemical [ﬂaﬁhe en-
vironmental input eventsic_oneandinc_two indicate that the amount of a chemical
substance in the plant needs to be incremented by one or titg) taspectively. We
consider the model when: it resides in its default contitiestinc=inc; =inc, =0, and
the environmental input eveniisc_oneandinc_two are received together. The model
is single-assignment only if environmental input evessetis received neither with
inc_onenor withinc_two. If a BSML semantics subscribes to thei, the Take M any,
the RemaiNDeRr, the GC $1aLL Srep, and the RHS 8aLL Srep semantic options, two big
steps are possibl&; = (i, ts, {to, t7}, t3,t2) and T, = (i3, 15, {t4, t7}, t1, t2). T1 assigns
the value one tinc while T, assigns value two, which is a non-determinate behaviour
becausd; andT, execute the same set of transitions. If the RHS®&p semantic op-
tion had been chosen, instead of the RH81S Srer semantic option, the assignment
to inc by ts would have read the values iofc; andinc, from the beginning of the big
step, and thus a determinate behaviour would have beernvadhie

/inc, = 2" start tg: reset

/{incy := 0,inc; := 0}

A
T
A LA 3 As
A |
12 ) ) | ts: start 3 As
t: [inc, = O]inc.one Jinc := inc; +inc, ! !
/incy ;= 1" start ' > "{done proces$ I tg:
.—> | :
to: done t3: [inc, = 0] inc_two 3 . o reset
7.
| 3 process
! I
! I
! I
! I
! I

t4: done

Fig. 6: An example of a non-determinate behaviour.

Determinate Semantic&irst, we present a lemma that explains why the first senm&ntic
in Example[# is not determinate, but would have been so if the Dne semantic
option had been chosen. We then specify the class of allrdatate BSML semantics.

2 This model is adapted from the sequence-chart model in thiwating example in[[1].
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Lemma 1. In a BSML semantics that subscribes to e One and Many seman-
tic options, starting from the same snapshot, if two big stdp and T,, of a single-
assignment model consist of the same sets of transitioms ey are the same.

Proof SketchThis claim can be proven inductively by traversing over teg@uence of
small steps off; andT,. Starting from snapshofE;.spy and T,.sp, their first small
steps,T1.71 and T,.71, should be the same. If not, let us assume that there exists a
transition,t, such that € (Ty1.71 — T2.71). However, such & cannot exist: Transitioh

can only be not taken bY,.r; if it is replaced by & € T,.7r; such that andt’ cannot

be taken together according to tGencurrency andPreemption semantics. But if that

is true, T, can never executebecause the sAke ONe maximality semantics precludes
the possibility of such & being taken aftet’ had been taken. Thus, it should be the
case thafT1.71 = To.7r1. Similarly, it should be the case that dl}.7i's and T.7i's,

1 <i < length(T,), are the same. Therefore, andT, are the same. O

Proposition 3. A BSML semantics is determinate if and only if its constitsemantic
options satisfy predicat = D1 A D2, where

D1 = RHS B Srep vV (RHS SuaLL Srep = (Take ONE A MaNy)), and
D2 = (Remanper V Next BiG Step) V (NExT SvaLL Step = (Take ONE A MANY)).

Proof Idea.PredicateD is a suficient condition for a BSML semantics to be determi-
nate. Predicat®1 deals with determinacy for variables, while predicagdeals with
determinacy for events. The first disjunct@1i achieves determinacy for variables be-
cause of the single-assignment assumption and the facednigt assignments do not
affect the later ones. Similarly, the first disjunctd? achieves determinacy for events
because the iamnper and Next Bic Step semantics both accumulate all of the gener-
ated events of a big step. The second disjunc8béndD?2 are valid characterization
of determinate BSML semantics because of Leriiina 1. Predx&elso a necessary
condition for a determinate BSML semantics.DfL does not hold for a determinate
BSML semantics, then it means that it subscribes to the Ril&1SSrep assignment
semantics but not to both thede One maximality semantics and the Ady concur-
rency semantics. If the BSML semantics does not subscritheet®ke One maximality
semantics, then the model in Examiple 4 shows a non-deteterbeaaviour for such a
BSML semantics, which is a contradiction. If the BSML sen@ntioes not subscribe
to the Many concurrency semantics, but subscribes to tkee One, a counter exam-
ple model can be constructed, as follows. We consider thewolg three orthogonal
enabled transitions in a modél,: /a := 1,t,: /b := 1, andtz : /c := a+b, when
a=b= 0. Based on the order of the executiontgft,, andts, the value ofc is either
zero, one, or two, which is a non-determinate behaviouril&ity, it can be proven that
D2 is a necessary condition for a determinate BSML semantiess,D is necessary
and stficient condition for a BSML semantics to be determinate. m]

4 Related Work

Huizing and Gerth identified the three semantic criterigesponsivenessnodularity,
andcausalityfor the SncLE concurrency semantics, thek One maximality seman-
tics, and events semanti€s [13] only. Their modularityeciitn requires that a generated
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event by a model is treated the same as an event received lianvironment. The
two semantics in their framework that are modular, namelyanticsA andD, can be
shown to be also non-cancelling. Semanfiosorresponds to theiXt Bic Srep event
lifeline semantics; semantid3 corresponds to the WLe event lifeline semantics. In
the WhoLe event lifeline semantics, which we informally considene@ur deconstruc-
tion [7[8], a generated event is present throughout thetbjgia which it is generated.

Pnueli and Shalev introducedgiobally consistenevent semantics [18], which is
the same as thedRainoer semantics except that if the absence of an event has made
a transition enabled in a small step, the event is not gesrbtater. Global consistency
and priority consistency with respect to thedxrion priority semantics are comparable.
The diference is that the former is defined at the level of individiglsteps whereas
the latter is defined at the level of all big steps that haveséime source snapshot.

Synchronous languagese used to modgdrogram reactive systems that are meant
to behave deterministicallj[9]. We have categorized th&locked variations of syn-
chronous languages, such as Estérel [4] and Arigds [17], &LBShat support the
Whote event lifeline semantics[[7, 8]. A model is deterministitsfreaction to an envi-
ronmental input as a big step always results in a uniquerdggin snapshot. Determin-
ism is related to determinacy: A deterministic semantidsyiglefinition determinate,
but not vice versa. A determinate semantics does not prethedpossibility of a model
reacting to a single environmental input via two big stepthwlifferent sets of transi-
tions. In the presence of variables, determinism can beiderel only as a property
of a model but not of a semantics, because, as opposed tesevaritbles can have
infinite ranges, making it impossible to handle determinédrthe level of the descrip-
tion of a semantics. In the absence of variables, howevesrmaistic semantics for
Esterel[3,20] and Argo$[17] have been developed.

Similar concepts as our semantic quality attributes haea bensidered in dierent
models of computation, but at the level of models insteaceafantics. For example,
in Petri nets, the notion giersistencd16], which requires a transition to remain en-
abled until it is taken, is similar to our non-cancelling setic quality attribute. In
asynchronous circuits, the notions sgmi-modularityand quasi semi-modularitare
similar to our non-cancelling semantic quality attribigad the notion oépeed inde-
pendencés analogous to our determinacy semantic quality attriffES]. Janicki and
Koutny introduce the notion afisablingin the context of a relational model of concur-
rency [14], which is similar to our priority consistency samtic quality attribute. Lastly,
the notions obersistenceanddeterminacﬂ for program schemat{l5] are analogous
to our non-cancelling and determinacy semantic qualitybaities, respectively. In gen-
eral, compared to the aforementioned concepts, (i) our stenguality attributes are
defined for semantics, rather than individual models; ahth@y are aimed at practical
requirements modelling languages, instead of models opcbation.

5 Conclusion and Future Work

In this paper, we introduced three semantic quality attebunamely, non-cancelling,
priority consistency, and determinacy, for the family oftstep modelling languages

3 We have adopted the name of our semantic quality attribate this work.
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(BSMLs). When a BSML supports a semantic quality attribntedellers are exempt
from worrying about certain complications of the orderiffitransitions in a model. We

formally specified the subsets of BSML semantics that se¢iaEh semantic quality at-
tribute. Next, we plan to identify combinations of meanimglyntactic well-formedness
constraints and semantic options that achieve a semardlitygattribute. For example,

if the syntax of a BSML is restricted ®impletransitions, where a transitiof js simple

if paren(src(t)) = paren{destt)), then predicat&l1 in Propositiod 2 can be dropped.
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