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Abstract

This paper addressesthe problem of formal veri�cation of UML models in the
semantics of Damm & Josko et al. (2003).The problem is two-fold in that it requires
on the onehand a speci�cation languagewhich is rich enoughto expressproperties
about entities that are only created during a run of the system and on the other
hand means to abstract the a priori unbounded state spaceto a �nite one which
avails itself to approved �nite-state methods.

As speci�cation language, the paper proposesto extend Live SequenceCharts
as presented by Damm & Harel (2001) and Klose (2003) by dynamically bound
instance lines and equips it with a formal semantics wrt. the UML domain.

For veri�cation, the paper proposesto transfer to the UML domain the method-
ology of McMillan (2000), comprising a �rst step which is basedon results of Ip &
Dill (1996) about symmetric data-typesand for which Xie & Browne (2002) coined
the term \Query Reduction" and, as secondstep, an abstract interpretation called
\Data-t ype Reduction" to construct a �nite-state over-approximation of the origi-
nal model for each query. The paper alsobrie
y discussescounter-measuresagainst
false-negatives occurring in the over-approximation.

1 In tro duction and Related Work

The increasinguseof UML or specialisedsublanguagesthereof in the domain
of safety-critical systemsdesignraisesa needfor rigorous techniques to for-
mally verify UML modelsagainst requirements speci�cations.

The necessarypre-requisitesto provide such techniques basedon approved
�nite-state methods are threefold: �rst, we needa formal semantics of UML
(or an adequatesublanguage),second,we need a speci�cation languageon
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the level of the UML model which is able to expressproperties about objects
that are only createdduring a run of the systemand which providesmeansto
explicitly specify object creation and destruction, and third, a methodology
to reducethe in general in�nite state spaceof UML models due to a priori
non-existingupper boundson the numbers of objects createdduring a run of
the system.

Wesatisfy the �rst pre-requisiteby usingthe UML sublanguageand semantics
of [1]. They basically consider (possibly active) classeswhosebehaviour is
given by 
at, i.e. non-nested,statecharts. The semantics of a UML model in
the de�nition of [1] is a Symbolic Transition System(STS). Each state of the
transition systemis a �nite number of unboundedarrays of records,one for
each class.

As a speci�cation languagefor inter-object communication we propose an
extensionof the Live SequenceCharts [2] language(LSC) wherewe interpret
instancelines asfree logical variableswhich are meant to be bound to entities
of the system in each state of a run. We equip them with a UML speci�c
mapping, i.e. explain in terms of the STS de�ned by [1], what it meansto, for
example,sendor receive an event as shown in the LSC.

In order to be able to employ �nite-state veri�cation methods, we proposea
two step approach exploiting symmetriesin the state spaceof the transition
systemrepresenting the formal semantics of a UML model. In the �rst step,
we observe that the in�nite number of bindings of objects to instancelines is
implied by a �nite, representativ e set of bindings. Each binding from this set
can be veri�ed separately for the yet unbounded state space.In the second
step, we apply, depending on the particular binding, a data-type reduction,
an abstraction which yields a �nite over-approximation of the original system.

1.1 Speci�c ation Languagesand Formal Veri�c ation for UML

The problem of an adequatespeci�c ation languagefor systemswith dynamic
creation and destruction of entities has beenaddressedin [3{7]. The authors
of [3,4] present an alternative approach to explain binding of instancesto
instancelines of an LSC with the sameunderlying intuition, but in addition
allow to quantify singleinstancelines.The descriptionis tailored for the appli-
cation in the play-in/pla y-out tool [4], that is, for observingor \pla ying-out" a
completesystem.In contrast, our approach is chosens.t. the theoriesof sym-
metry reduction and data-type reduction apply in order to yield �nite-state
veri�cation tasks.

From the �eld of Java veri�cation, the approach of temporal logic patterns
in the textual BanderaSpeci�cation Language(BSL) [5] is closelyrelated. It
lacks expressivenesscomparedto LSCssinceit is restricted to a rather small

2



set of patterns. A BSL pattern is basicallya �xed temporal logic formula over
arbitrary predicatesand universally quanti�ed variablesof classtype that are
bound at runtime.

The Evolution Temporal Logic (ETL) [6] is introducedto expresspropertiesof
systemswhich make useof a generalheapstructure, i.e. meansto dynamically
allocate memory without static namesfor the memory locations. The logic
provides a quanti�cation over all instancesof a type, operators to denotethe
point in time of creation and destruction, and a transitive-closureoperator in
order to expressreachabilit y betweenobjects by navigation expressions.For
ETL veri�cation, [6] proposesthe static analysis technique of shape analysis
which applies the abstract interpretation of a given program to an (always
�nite) shape graph representing the possibleruns of the programuntil a �xed-
point is reached.

The Allocational Temporal Logic (ATL) [7] can be seenas a predecessorof
ETL that abstractsfrom everything but allocation operationsand identities of
instances,thus in particular abstractsfrom the data-part of a system.It is in-
tendedto expressproperties over Allocational B•uchi Automata as introduced
in [7] together with a model-checking algorithm.

The problem of automatic formal veri�c ation of a signi�c ant sublanguageof
UML by standard �nite-state methods hasbeenaddressedby variousauthors
at di�erent levels of sophistication [8{16]. The works of [8{10,13{16] concen-
trate on di�erent subsetsof UML's state-machine languageand consideronly
a single object or an explicitly given �nite set of objects, i.e. do not address
dynamiccreationor destruction of objects.The speci�cation languagesusedin
theseapproaches range from temporal logic expressionsover variable names
on the level of the underlying model-checker's input language[13,15,16]to
temporal logic (resp. patterns) on the UML model level [11,14].

The tools presented in [9,12]employ, besidesa standard temporal logic, UML
Collaboration Diagrams to specify a desiredscenarioand provide automatic
search for a run which exhibits that the given scenariocan be observed (this
corresponds to existential veri�cation of LSCs), but they require a static re-
lation between the objects in the Collaboration Diagram and those in the
system. UML Collaboration Diagrams are closely related to the UML Se-
quenceDiagram languagewhich is covered by LSCs, thus they are in terms
of expressivenessa proper sublanguageof LSCs.

Recent achievements of [11] implement object creation and destruction expli-
citly in the input languageof the employed formal veri�cation tool basedon
\switching on and o� " objects like in [1] or, as in [17], translate the UML
model into an intermediate languagewhich provides constructs for this kind
of dynamics s.t. the problem of choosing a �nite representation is shifted to
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the translation-step from the intermediate languageto the employed formal
veri�cation tool. Both approachespresupposea �nite bound on the number
of objects alive in each snapshotof a run as long asthe target is a �nite-state
formal veri�cation tool.

1.2 Structure

The remainderof the paper is organisedasfollows. In Sec.2 we introducesig-
natures,expressions,and interpretations in order to beable to de�ne symbolic
transition systems[18], our computational model, and linear temporal logic
(LTL) over expressions.Sec.3 recalls the main motivations for the introduc-
tion of LSCs and provides the generalsemantics of LSCs without timers as
quanti�ed LTL formulae.The LSC languageis then specialisedfor the context
of UML in terms of [1]. In Sec.4 wegivea brief survey of the original literature
on exploiting systemsymmetriesfor formal veri�cation, provide the theory of
query reduction, contribute the yet neglectedproofs, and show how it applies
to LSCs in the context of UML. Sec.4.3 presents the theory of data-type-
reduction together with yet missingproofs and discussesthe commonclassof
\in terference" false-negatives causedby the data-type-reduction abstraction
and how, generalisingthe methodology of [19], interferencecould be avoided
by separatelyproving and then assumingnon-interferencelemmata derived
from information in the UML-model. Sec.5 concludes.

2 Preliminaries

As our computational model, we take symbolic transition systems(STS) [18],
which allow a purely syntactical description of a transition system by �rst-
order-logic expressionsover a signature. Sec.2.2 de�nes an STS as two �rst-
order-logicpredicatesover a signature,sowe�rst introducesignatures,predicate-
and �rst-order-logic expressionsand their interpretation in Sec.2.1. Sec.2.3
de�nes linear temporal logic and the satisfaction of LTL formulae by a sym-
bolic transition system in order to be able to explain the semantics of Live
SequenceCharts in the following sectionand to provide the formal foundation
of the proofs in Sec.4.

All de�nitions are standard, hencethe readermay safelyskip this sectionon
the �rst reading.
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2.1 Predicate- and First-order-logic Expressions

De�nition 1 (Predicate-logic expressions) Let V be a set of typed vari-
ablesand 
 a set of typed constants.The pair B = (V; 
 ) is called signature.
The set Expr(B) of typed expressionsover B is de�ned inductively as follows:

� Let v ∈ V be a variable of unstructured type � , record type � 1 × · · · × � n,
n ∈ IN = {1; 2; : : :}, or array type � 1 → � 2.
Then v is an expressionover B of type � , type(v) =df � , of type � 1×· · ·× � n,
type(v) =df � 1 × · · · × � n, resp.of type � 1 → � 2, type(v) =df � 1 → � 2.

� Let f ∈ 
 be a constant of type � 1 × · · · × � n → � , n ∈ IN0 = IN ∪
{0}. Let expri ∈ Expr(B), type(expri) = � i, for 0 < i ≤ n. Then expr =
f (expr1; : : : ; exprn) is an expressionover B of arity n, type(expr) =df � .
A constant f of type � 1 × · · ·× � n → IB = {true; false} is called predicate. 1

We useTB to denotethe set of all typesof variablesand constants in B. The
elementsof the set ExprPL(B) =df {expr ∈ Expr(B) | type(expr) = IB} are
called predicate-logicexpressionsover B . �

In the following, we assume
 ⊇ {true;∨;¬; false;∧; _∨; =⇒ ; ⇐⇒ } for each
signature, where the symbols f̀alse', `∧', ` _∨' (exclusive or), `=⇒', and `⇐⇒'
are usedas abbreviationswith the conventional de�nition for brevity.

De�nition 2 (First-order-logic expressions) Let B = (V; 
 ) be a signa-
ture. The set ExprFO(B) of �rst-order-logic (FOL) expressionsover B is de-
�ne d inductively as follows:

� Let expr∈ ExprPL(B) be a predicate-logic expression.Then `expr' is a �rst-
order-logic expression.

� Let expr; expr1; expr2 ∈ ExprFO(B) be �rst-or der-logic expressionsand � ∈
TB a type. Then `∃ x ∈ � : expr', `¬expr1', and `expr1 ∨ expr2' are �rst-
order-logic expressionsof type IB.
Each occurrence of the variable x ∈ V in `expr' is called bound.

Let expr∈ ExprFO(B). A variable x ∈ V occurring in `expr' is called free in
`expr' if not all occurrencesare bound.
We call a �rst-or der-logic expressionover B = (V∪V 0; 
 ), that is, an expres-
sion referring to both unprimed and primed versionsof the variablesin V , a
�rst-order logic transition predicateover B. �

In the following, we usethe conventional de�nition of the symbols `∀', `∧', ` _∨',
=̀⇒', and `⇐⇒' in �rst-order-logic expressionsfor brevity.

1 The symbol IB will be usedto denote both, the type and its domain DIB.
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De�nition 3 (In terpretation)
Let B = (V; 
 ) be a signature,D ⊇

⋃
τ2TB

Dτ a domain for all typesused in B,
and I : 
 →

⋃
n2 IN0

{(� n

i=0Dτi ) → Dτ | � 1; : : : ; � n; � ∈ TB} an interpretation
of the constants whichassignsto eachconstant f ∈ 
 of type � 1×· · ·×� n → � a
valueI(f ) : Dτ1 ×· · ·×Dτn → Dτ . The tupleM = (D; I) is called a structure
of B.
A function s : V → D is called (type-consistent) valuation of V if it assigns
each variablev ∈ V of type � a values(v) ∈ Dτ . The set of valuationsis called
� B (or � if the signature is clearly determined by the context).
We useM[[expr]](s) to denotethe canonical interpretation of the �rst-or der-
logic expression`expr' in the valuation s. �

The interpretation M[[expr]](s;s0) of a transition predicate is de�ned analo-
gously letting s provide the interpretation of unprimed and s0 the interpreta-
tion of primed variablesin expr.

In the following, we consideronly interpretations M which give the canonical
interpretation to the constants t̀rue', `∨', and `¬'.

2.2 Symbolic Transition Systems

De�nition 4 (STS) A symbolic transition system(STS) S = (B; � ; � ) con-
sistsof B = (V; 
 ), a signature with a �nite setV of variables,� ∈ ExprFO(B),
and � , a FOL transition predicate over B. The set of variablesv ∈ V which
are free in � or � are called systemvariablesof S. �

An STS induces a transition system on the set of valuations of its system
variablesas follows:

De�nition 5 (Runs of an STS) Let S = (B; � ; � ) be an STS and M a
structure of B.

(i) A valuation s ∈ � B of the systemvariablesof S is called snapshotof S.

(ii) A snapshots ∈ � B of S is called initial i� M[[�] ](s) = true.

(iii) Let s; s0∈ � B be snapshotsof S.
Snapshots0 is called S-successorof s i� M[[� ]](s; s0) = true.

(iv) A computation or run of S is an in�nite sequence of snapshots,
r = s0 s1 s2 : : : , satisfying the following requirements:
� Initiation: s0 is initial.
� Consecution:Snapshotsj+1 is an S-successorof sj, for each j ∈ IN0.

(v) The set of all computationsof S is called runs(S).
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For a run r ∈ runs(S) we user i, i ∈ IN0 to denotethe i -th snapshotand

r =i =df r i r i+1 r i+2 : : :

to denotethe in�nite sequence starting at r i, i ∈ IN0. �

2.3 Linear Time Logic

De�nition 6 (LTL) Let B be a signature. An LTL formula over B is de�ned
inductively as follows:

(i) expr∈ ExprPL(B) is an LTL formula.

(ii) ¬f and f ∨ g are LTL formulae if f and g are LTL formulae, and

(iii) X f (\next f "), Gf (\globally f "), and f U g (\ f until g") are LTL
formulae if f and g are LTL formulae. �

In the following we de�ne what it meansfor a run of an STS to satisfy an
LTL formula and in addition introduce the orthogonal notions of existential
vs. universal and initial vs. invariant satisfaction of an LTL formula. We will
usethis de�nition as foundation of LSCs without timers in Sec.3 instead of
their Timed B•uchi Automaton semantics [20] s.t. the theory of Sec.4 applies
directly.

De�nition 7 (Satisfaction of an LTL form ula) Let S = (B; � ; � ) be an
STS, � an LTL formula over B, and M a structure of B. Let r be a (su�x
of a) run of S.
We say r satis�es � wrt. M, denoted by r |= M � , i�:

(i) � ≡ expr and M[[expr]](r 0) = true, or
(ii) � ≡ f ∨ g and r |= M f or r |= M g, or

(iii) � ≡ ¬f and r 6|= M f , or
(iv) � ≡ X f and r =1 |= M f , or
(v) � ≡ Gf and ∀ i ∈ IN0 : r =i |= M f , or

(vi) � ≡ f U g and ∃ i ∈ IN0 : r =i |= M g∧ ∀ 0 ≤ j < i : r =j |= M f .

We say S existentially satis�es � invariantly , denoted by S |= M ,9 � , i�

∃ r ∈ runs(S) ∃ i ∈ IN0 : r =i |= M �;

and initially , denoted by S |= M ,9,0 � , i� ∃ r ∈ runs(S) : r =0 |= M �:
We say S universally satis�es � invariantly , denoted by S |= M ,8 � , i�

∀ r ∈ runs(S) ∀ i ∈ IN0 : r =i |= M �;

and initially , denoted by S |= M ,8,0 � , i� ∀ r ∈ runs(S) : r =0 |= M �: �
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3 Liv e Sequence Charts

Live SequenceCharts (LSC) are an extension of MessageSequenceCharts
(MSC), introducedto overcomeseriousde�cienciesof the MSC languagewrt.
formal veri�cation, so we begin with a short overview of the MSC language
and the MSC dialect of UML SequenceDiagrams(SDs).

In Sec.3.1, we recall the de�cienciesof both formalisms, followed by a brief
introduction of the subsetof the LSC languagewhich we consideras a speci-
�cation languagefor formal veri�cation of UML models for the scope of this
paper. Sec.3.2 provides a de�nition of general (domain-independent) LSCs
that abstracts from syntactical aspects and from the elements which don't
need a mapping, for example simultaneous regions that expresssimultane-
ity of elements. We do not elaborate on the temporal properties induced by
the relativeposition or partial ordering of the elements of an LSC but take for
granted that [20,21]provide uswith a Timed B•uchi Automaton that expresses
just thesetemporal properties.Actually we don't considerthis automaton but
the equivalent LTL formula [22] that exists since we only consideruntimed
LSCs. In general,the formula refers to unde�ned constants (\placeholders")
that are then given a domain dependent interpretation that explains, for ex-
ample, what it meansto sendor receive an asynchronousevent.

In Sec.3.3 we �rst de�ne LSCsfor UML models(in the senseof [1]) by giving
constraints on the annotations of the LSC elements `instance lines', `event
sending' and `event reception', and `conditions'. The satisfaction of an LSC
by the UML model is then de�ned in terms of the UML model's so-called
observer extension,binding objects to instancelines.

3.1 From MessageSequence Charts and Sequence Diagrams to LSCs

The MSC languageis a well-known visual formalism to describe behaviour of
a systemby visualisingthe inter-entity communication basicallyasarrows re-
presentingasynchronousmessagesbetweenvertical instancelinesrepresenting
entities within the system.Intuitiv ely, the semantics of an MSC is a (partial)
ordering in time of the observations of the messagesoccurring in it which is
derived from the relative positions of the messagearrows and their beginning
or ending at instancelines.

The syntax and semantics of MSCsis standardisedin di�erent versions[23{25]
that extend the core languageby meansto structure and composeMSCs in
order to expressloops and branches,by di�erent annotations for timers and
timing-constraints, by meansto explicitly state ordering informations, and by
di�erent kinds of messages,e.g. synchronousmessageswhich are for example
in the UML domain interpreted as representing method calls and replies.
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Although the MSC languagewas originally formalisedin the telecommunica-
tion domain to match this domain's system speci�cation language,it is not
inherently bound to a particular domain, design-language,or paradigm, but
the kind of entities represented by an instanceline can be chosenwhengiving
semantics for a particular domain. Typical kinds of entities are processesin
the context of process-oriented languagesand objects in the object-oriented
domain.

The SequenceDiagram language[26] of UML is an adoption of MSCs for
UML whereinstancelinesare in fact restricted to represent objects and where
messagetypesare provided to represent event basedresp. method call com-
munication.

The main de�ciencies of MSCs and SDs wrt. their use in formal veri�cation
are that their usual interpretation is as a requirement for the system being
able to perform the scenarioshown in the MSC whereone would like to also
expressthat the system always behaves as depicted in the MSC, and that
MSCs do not allow to expresslivenessproperties, i.e. to distinguish whether
progressis enforcedor not.

Furthermore, the MSC versionsexcept for MSC-2000do not allow to specify
an activation time thus it is left openwhena systemhasto show the behaviour
described by the MSC in order to ful�l it. The intention of an MSC describing
the error-handling behaviour, for example,is typically meant to be observed
only after a particular error-condition holds.No MSC versionallowsto express
this activation in terms of a sequenceof messages,for exampleto expressthat
error handling takes place after a sequenceof a particular number of error-
events have beenobserved.

Other major drawbacks are related to conditionsand simultaneity. Conditions
annotatedto locationson instancelinesaremerelycomments up to MSC-2000
(and not even present in SDs) and simultaneity of items like messagesand
conditions cannot be expressed,henceit is not possibleto e.g. specify that
the systemshouldbe in a particular state whensendingan event. Only MSC-
2000providessimultaneity but restricted to pairsof a messageanda timer. For
a completediscussionof the sequencecharts dialects and their shortcomings
the readeris referred to [20].

Note that, although LSCsalsoprovide a more sophisticatedsemantical treat-
ment of timers and time-annotations in comparisonto MSCsor SDs,we don't
consider timers and time-annotations at all in the following since the UML
semantics of [1] which our presentation is basedon, is an un-timed semantics. 2

2 An extension of our approach to integer timers interpreted as counting steps of
the underlying transition systemis straightforward and used,e.g., in [20] for formal
veri�cation of synchronous Statemate designs.
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LSCsas introducedin [2] overcomethe de�cienciesof MSCs and SDsnamed
above by employing the basic idea to distinguish mandatory and possible
behaviour per LSC element by introducing temperatures hot and cold for
instance-locations, messages,and condition, and for the whole LSC by intro-
ducing the quanti�cations existential and universal. For an exampleseeFig. 2
which will be discussedin detail in Sec.3.2.

Intuitiv ely, an existentially quanti�ed (possible)LSC is meant as a scenario,
just likeMSCs,i.e. it holdsif there is a run of the systemwhich compliesto the
LSC, while a universally quanti�ed (mandatory) LSC requiresthat, whenever
the LSC is activated by activation condition and pre-chart, the systemshows
the behaviour depictedin the LSC body. Fig. 2 shows a universally quanti�ed
LSC as indicated by the solid frame around the LSC body, existential LSCs
are drawn with a dashedframe.

The point in time whenan LSC shouldbe activated canbe speci�ed by giving
a boolean activation condition and a (possibly empty) so called pre-chart
which is itself a restricted LSC. The LSC body is activated whenever the
activation condition holds and then the behaviour depicted in its pre-chart
is observed. Additionally , the activation of an LSC dependson the activation
modewhich canbeoneof `initial', `initial �rst', `invariant', or `iterative' [20].In
the following we only considerthe activation modeswhich directly correspond
to our Def. 7: `initial', i.e. the LSC is activated at most onceper run and only
if its activation condition and pre-chart are observed from the initial step of a
run on, and `invariant', i.e. the LSC may be activated multiple times during
a run, there may even be overlapping activations. (Fig. 2 shows an LSC with
non-empty pre-chart, an activation condition denoted by AC and activation
mode (AM) invariant.)

Within an LSC, each location, i.e. each placeof an element on an instanceline,
e.g. a messagestart or end, is equipped with a temperature. A hot (manda-
tory) location enforcesprogress,that is, eventually the next location has to
be reached. A cold (possible)location allows to stay at the location forever,
that is, the behaviour following a cold location neednot be observed. Graphi-
cally, the temperature of a location ` is indicated by drawing the instanceline
segment between` and its successorsolid resp.dashedif ` is hot resp.cold.

A possibleor cold condition is a legal exit point of an LSC, i.e. if a run of the
systemadheresto the pre�x of an LSC up to a cold condition and the condition
doesnot hold, then the run is said to satisfy the LSC, sincethe LSC \exits"
and is no longeractivated. Reaching a location with a hot condition that does
not hold is consideredto be a violation of the speci�cation. As an extension
of conditions, LSCsalsoprovide (possibleor mandatory) local invariants, i.e.
conditions which are not bound to a single location but to a start and end
location, each inclusive or exclusive. For a completepresentation of the LSC
featuresthe readeris referredto [20].
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c:C d:D

E(1)

(a) Concrete Syntax

=

i1 i1

as1
ar1

+

m = f
i1 7! c 2 X,
c : TC ,
i2 7! d 2 X,
d : TD ,
as1 7! E(1),
ar1 7! E(1)g

(b) Abstract Syntax

 
3.2

sendmsg (m(i1 ), m(i2), expr1)
“and then”

receivemsg (m(i1 ), m(i2 ), expr1)
=

sendE (c, d, 1)
“and then”

receiveE (c, d, 1)

(c) LTL core without

binding

Fig. 1. Domain speci�c mapping of an LSC: The concrete syntax of an LSC
(1(a)) is a representation for an unmapped LSC and a mapping function m (1(b))
that provides a syntactical annotation. Based on the mapping function we assume
an LTL formula using constants sendmsg and receivemsg that act as “placeholders”
and get a domain-specific interpretation (1(c)). For UML, for example, sendmsg is
defined to refer to enqueing of event in Sec. 3.3. Furthermore we have to define
how c and d are bound. For UML, Sec. 3.3 chooses a quantification over all object
identities. �

In [2], the LSC languageis introduced as a conservative extensionof MSCs,
thus LSCs are as domain, design-language,and paradigm independent as
MSCs. In particular, [20,21]give the formal semantics of LSCs independent
from the mapping, thus abstract from what \sending a message"actually
meansin a concretesystemfrom a particular domain or what the \entities"
bound to instance lines are. Only the ordering and temporal constraints ex-
pressedin the LSC are considered.We continue this e�ort by separatingthe
syntactical annotation of an LSC from the �nal, domain speci�c semantics as
presented in Fig. 1.

Thusfor an application of the LSC languagein the UML domain,�rstly Def. 12
statesthat wecall an LSC rangingover a UML model if its mappingadheresto
certain well-formednessrules, e.g.the annotationsof instancelines have to be
of classtype, the annotation of asynchronousmessageshave to be taken from
the set of events in the model, and the annotation of synchronous messages
from the set of triggered operations. Secondly, de�nition Def. 14 provides an
interpretation of the constants sendmsg and receivemsg in terms of an observer
extensionof the UML model asde�ned in Def. 13. Which \entities" are to be
bound to instancelines is alreadygivenby the type of the constants annotated
to instancelines, in the caseof UML it is a classtype thus we end up with a
quanti�cation over all objects.

The topic of binding of instancelinesgoesbeyond the presentation of a special-
isation of LSCsfor the domainof Statemate-designsaspresented in [20]where
the author requiresan explicit static binding of instance lines to Statemate-
activities, which is possiblesince Statemate designshave a static structure,
i.e. there is no dynamic creation or destruction of \system entities" as there
is in the UML domain.
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3.2 Live Sequence Charts

In generaland independent from the design-languagedomain, the intuition of
an instanceline within an LSC is the denotation of an entit y of the systemthe
LSC is supposedto talk about. It dependson the domain what is considered
an entit y. If there are multiple instancesof the sametype of entit y, then we
want to take, for example,a universalLSC asan abbreviation for all possible
bindings of concretesystem entit y instancesto instance lines, thus instance
lines can be seenas free or logical variables of the speci�cation which are
quanti�ed over the entit y's type.

In the following, we formalisethis intuition by relating instance-linesto 0-ary
constants from the given signature. A concretebinding is then given by the
structure which interprets the LSC's signature, hencestrictly speaking the
quanti�cation in the semantics de�nition is then ranging over structures. In
addition to theseconstants for instance-lines,we allow to refer to a generalset
of constants called speci�c ation variables in the LSC which are also intended
to be bound to concretevalues.

De�nition 8 (LSC)
Let B = (V; 
 ) be a signature and `Msg' a set of messagenames. A Live
SequenceChart L = (`; ac; pch; m; X ; am; quant) over B and `Msg' consistsof
the following components:

� ` : The �nite body of the LSC, comprising the following body elements: in-
stance lines, synchronousand asynchronousmessagesendingand reception,
conditions, and local invariants.

� ac: The activation condition.
� pch: The (possiblyempty) body of the pre-chart.
� m: The annotation of body elementsas de�ned below.
� X = {x1; : : : ; xn} ⊆ 
 , n ∈ IN: A �nite set of 0-ary constants used as

logical variables.
� am∈ {initial ; invariant}: The activation mode.
� quant∈ {existential; universal}: The (chart-)quanti�cation .

The bodies ` and `pch' of L togetherde�ne the setsinsts(L) of instance lines,
sends(L) and recvs(L) of synchronous and asynchronous messagesendings
resp. receptions, and conds(L) ⊇ {ac} of conditions and local invariants in-
cluding the activation condition. Messagesendingsand receptionsare required
to be pairwise related, i.e. there exists a bijection � between sends(L) and
recvs(L), 3 and to be uniquely related to an instance line by �.

3 we will freely use µ to denote both µ and µ� 1, thus for each p ∈ sends(L) resp.
p ∈ recvs(L), µ(p) is the related messagereception resp. sending.
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The annotation m is a partial function which mapsinstance lines, messages,
and conditions of L to an expression4 obeying the following restrictions:

(i) If p ∈ insts(L), then m(p) = x ∈ X , i.e. instance lines are only annotated
by constants from X that are later subject to di�er ent bindings.

(ii) If p ∈ sends(L) ∪ recvs(L), then

m(p) = msg(expr1; : : : ; exprn) ∈
⋃

k2 IN0

Msg× Expr(B)k; n ∈ IN0;

where msg∈ Msg and expri ∈ Expr(B), i.e. the annotation of messages
providesthe nameof the messageand expressionsthat are typically inter-
preted as requirementson values(or parameters)carried by the message.

(iii) If p ∈ conds(L), then m(p) = expr∈ ExprPL(B) or

m(p) = ¬dest:msg(expr1; : : : ; exprn) ∈
⋃

k2 IN0

X ×Msg×Expr(B)k; n ∈ IN0;

where dest ∈ X , msg ∈ Msg, and expri ∈ Expr(B), i.e. conditions are
basically predicate logic expressions.The latter caseis used to require the
absence of messagesin a local invariant.

(iv) If p = ac, then m(p) = expr∈ ExprPL(B) or m(p) =

dest:msg(expr1; : : : ; exprn)∧expr∈
( ⋃

k2 IN0

X ×Msg×Expr(B)k
)
×Expr(B);

n ∈ IN0, where dest∈ X , msg∈ Msg, and expri ∈ Expr(B), and expr∈
ExprPL(B), i.e. the activation condition is basically an ordinary condition
with additional means to activate on messages.

An LSC is called unmapped if m is not de�ned for any of the body elements
and partially mapped if it is not de�ned for someof the body elements. �

The semantics of an LSC over signature B = (V; 
 ) and messageset Msg
is explained symbolically by [20,21] in terms of a Timed B•uchi Automaton
(TBA). Using the annotation m and �, the TBA can in our setting of LSCs
without timing annotations be translated [22] into an LTL formula �( L) over
(V; 
 ∪ {sendmsg; receivemsg | msg ∈ Msg}) using constant function symbols
sendmsg and receivemsg which act as \placeholders" for the domain-dependent
de�nition of messagesendingand reception.

By de�nition, the TBA, and hencethe formula �( L), dependson the chart-
quanti�cation quant of L: for an existential LSC, quant = existential, it ex-
pressesthe sequentialcomposition of pre- and main-chart, while for a universal

4 in the senseof not formally introduced \LSC annotation expressions",i.e. not of
one of the kinds introduced in Sec.2.
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Fig. 2. LSC example: A graphical representation of the unmapped LSC

L = ({inst1, inst2, inst3, sync snd1, sync snd2, sync rcv1, sync rcv2, async snd3,

async snd4, async rcv3, async rcv4, cond1, cond2, locinv1}, cond0, {inst1, inst2,
inst3, async snd1, async snd2, async rcv1async rcv2}, ∅, X, invariant, universal),

i.e. with quantification universal as indicated by the solid line around the body of
the LSC, activation condition cond0, activation mode invariant, and non-empty
pre-chart.

Note that the concrete graphical representation of LSCs generally follows MSCs,
but here we use a concrete syntax more similar to UML Sequence Diagrams. The
mandatory elements are, as usual for LSCs, depicted by solid lines and the possible
elements by dashed lines.

Independent from the mapping, the LSC L is satisfied by all runs in which, any time
after the two asynchronous messages in the pre-chart have been observed, a syn-
chronous communication takes place between inst1 and inst2, and eventually – since
the location between sync rcv1 and async snd3 is hot – an asynchronous communi-
cation takes place between inst2 and inst3. cond1 is a cold condition (as indicated by
the dashed border) in a simultaneous region with async snd3, hence if at the same
point in time, when async snd3 is observed, cond1 does not hold, then the LSC is
“exited successfully”, i.e. the run satisfies the LSC.
Below async rcv3, there is a cold cut, i.e. the current location on each instance line
is cold hence the following communication need not take place as long as the local
invariant locinv1 holds. locinv1 is mandatory (as indicated by the solid line), thus
if the condition locinv1 is violated after async rcv3 but before async snd4, then the
whole LSC is not satisfied.
The condition cond2 is a mandatory condition, i.e. if async rcv4 is observed and
cond2 does not hold at the same point in time, then the run does not satisfy L.
Since the subsequent locations are hot, both sync snd2 and sync rcv2 have to be ob-
served in order to exit the LSC successfully.

Note that L may be activated multiple times in a run and even overlapping, for
example if we had m(async snd1) = m(async snd4). A run satisfies the LSC only if
it is not violated in any activation. �
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LSC, quant= universal, it statesthat an observation of the pre-chart implies
the main-chart.

For example,considerthe messagearrow (asyncsnd3; asyncrcv3) in the LSC
body in Fig. 2 betweeninstancelines inst2 and inst3. An annotation

m(asyncsnd3) = m(asyncrcv3) = msg(expr1; : : : ; exprn)

resultsin sendmsg(m(inst2); m(inst3); expr1; : : : ; exprn) andreceivemsg(m(inst2);
m(inst3); expr1, : : : , exprn), both occurring in �( L). The former is meant to
be replacedby an expressionwhich characterisesthe sendingand the latter
the receptionof msg.

Note that synchronous and asynchronous messagesare not distinguished on
this level of predicates. The distinction is incorporated into the TBA and
hencethe LTL formula: for synchronousmessages,sendingand reception are
required to occur in the same snapshotwhereasfor asynchronous messages,
receptionhas to occur at least onesnapshotlater than sending.

When explainingLSCsfor a particular application domain, it is often a matter
of choice which of the domain's \observable events" are better mapped to
synchronous and which to asynchronous messagesof the LSC as we will see
in Sec.3.3 for the UML domain.

De�nition 9 (Compatibilit y between Signatures and LSC and STS)
Let B1 = (V1; 
 1) and B2 = (V2; 
 2) two signaturesand X a �nite set of 0-ary
constants. We call B1 compatible with B2 wrt. X , B1 ⊆X B2, i� V1 ⊆ V2,

 1 \ X ⊆ 
 2, and 
 2 ∩ X = ∅.

Let L = (`; ac; pch; m; X ; am; quant) be an LSC over signature B = (V; 
 )
and messages̀Msg'. Let S = ((V; 
 ); � ; � ) be an STS. The LSC L is called
compatible with S i� B is compatible with (V; 
 ) wrt. X . �

De�nition 10 (Satisfaction of an LSC)
Let S = ((V; 
 ); � ; � ) be an STS. Let L = (`; ac; pch; m; X ; am; quant), X =
{x1; : : : ; xn}, n ∈ IN, be an LSC over signature B = (VB; 
 B) and messages
`Msg' compatible with S and let �( L) be the LTL formula representationof L.

Let M0 = (D0; I0) be a structure of (V; 
 ) and M = (D; I) with D = D0 ∪⋃
x2X Dtype(x), I|Ω = I0, I de�ned on {sendmsg; receivemsg | msg∈ Msg}, and

I not de�ned on X . The model S satis�es the LSC wrt. M, S |= M L, i�

� quant= existential and
- am = initial and

∃ x01 ∈ Dtype(x1); : : : ; x0n ∈ Dtype(xn ) : S |= M ′,9,0 ac∧ X �( L), or
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- am = invariant and

∃ x01 ∈ Dtype(x1); : : : ; x0n ∈ Dtype(xn ) : S |= M ′,9 ac∧ X �( L), or

� quant= universal and
- am = initial and

∀ x01 ∈ Dtype(x1); : : : ; x0n ∈ Dtype(xn ) : S |= M ′,8,0 ac =⇒ X �( L), or

- am = invariant and

∀ x01 ∈ Dtype(x1); : : : ; x0n ∈ Dtype(xn ) : S |= M ′,8 ac =⇒ X �( L);

where M0 = (D; I ∪ {xi 7→ x0i | 1 ≤ i ≤ n}). �

3.3 LSCs for UML

In the following we refer to UML models in the de�nition of [1], i.e. a UML
model is a tuple

M = (T; F; Sig; <; C; croot; A);

with T a set of basic types, F a set of prede�ned primitiv e functions, e.g.
arithmetic operations on T, Sig a �nite set of signals, < ( Sig × Sig a
generalisationrelation on signals, C a �nite non-empty set of classesc =
(c:isActive; c:attr ; c:ops; c:sm) comprisinga predicatethat indicateswhether c
is active (cf. [1]), a �nite set of typed attributes, a �nite set of triggered opera-
tions, and a state-machine. croot ∈ C is the classof the root object and A ⊆ C
the set of active classescalled actors. The completede�nition is provided by
the companionpaper [1]. In order to explain syntactical transformations on
the transition predicate of STS(M ) in Sec.4.3, in the following we assume
F to contain =: � × � → IB; the comparisonfor equality on all types, and
( · ? · : · ) : IB × � 2 → � , the if-then-elsefunction.

We denote by Tc the type of references to objects of class c ∈ C and by
TC = {Tc | c ∈ C} the set of all Tc. For each classc ∈ C, Oc denotesthe
semantic type or domain of Tc, i.e. DTc = Oc, and OC the union of all Oc.

Example 11 Considerthe LSC speci�c ation of the Automated Rail Cars Sys-
tem (ARCS) system[27] depicted in Fig. 3(a). The ARCS is a systemof cars
shuttling autonomouslybetween a number of terminals. In order to avoid colli-
sionsthere is a communication protocol for arrival and departure that cars and
terminals resp.car handlers adhere to. Whenevera car approachesa terminal,
the terminal createsa newcar handler, whichallocatesand freesplatformsand
sets the switches,and passesits identity to the car. After a car has left the
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(b) Class Diagram of the ARCS.

Fig. 3.

terminal, the car handler is destroyed. The behaviourof the classesis given in
form of state-machinesthat we omit for brevity. 5

Fig. 3(b) showsthe classdiagram of a model of the ARCS. Note that it is a
particular instance of the systemthat is actually parameterised in the number
of terminals, cars, and platforms per terminal. All systemconstituents except
for so called car handlers, which each managea single arrival and departure
procedure of a car at a terminal, are created at systeminitialisation time and
not destroyed during a run of the system.

More formally, the ARCS model is represented as follows:

M = (T; F; {arrivReq; arrivAck; RIP; : : : }; ∅; {Car = (true; {stopsAt;
itsTerminal; itsCarHandler; itsPassenger; itsProximitySensor;
itsCruiser; : : : }; ops; sm); : : : }; AutomatedRailCarsSystem; ∅);

showingonly a subsetof eventsand as an exampleparts of classCar. �

An LSC over M is basically an LSC over a signature derived from M with
the set of events and triggered operations in M as set of messagesMsg that
satis�es a number of well-formednessrules:

De�nition 12 (LSC over UML model)
Let M = (T; F; Sig; <; C; croot; A) be a UML model and S = STS(M ) =
((V; 
 ); � ; � ) its semanticsaccording to [1]. Let L = (`; ac; pch; m; X ; am; quant)
be an LSC over B = (V; 
 ) compatible with (V; 
 ).

5 Also for brevity don't we elaborate further on the UML-mo del of the ARCS here,
but introduce the relevant concepts and classesas neededfor our discussion; for
details the reader is referred to the description in [27].
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We call L an LSC over M i� the messageset `Msg' is

Msg= Sig∪ {createc | c ∈ C} ∪ {destroy} ∪ {replyτ | � ∈ T ∪ TC} ∪
⋃

c2C

c:ops

and L obeysthe following well-formednessrules:

(i) Instance Lines represen t Ob jects: If p ∈ insts(L), then m(p) ∈ X
is of a reference type Tc for c ∈ C and pairwise di�er ent from m(p0) for
each p0∈ insts(L) \ {p}, i.e. each instance line shouldbe annotated by a
di�er ent constant of a classtype.

(ii) Async hronous Messages are Events: If p ∈ sends(L) is an asyn-
chronousmessagesendingor reception andm(p) = msg(expr1; : : : ; exprn),
then msg = ev ∈ Sig and either n = 0 or n matchesthe number of pa-
rametersof ev and type(expri) matchesthe type of the i -th parameter of
ev.6

Note that the used underlying semanticsdoes not distinguish identities
of events,thus if an ev∈ Sig occurs more than once in L this may have
\str angee�ects", for examplea requirement of an event reception of ev
can be ful�l led by receiving an event ev that has been sent long before L
hasbeen activated.

(iii) Synchronous Messages are Op eration Calls: If p ∈ sends(L) is a
synchronousmessagesendingor reception from instance line i 1 ∈ insts(L)
to i 2 ∈ insts(L) and m(p) = msg(expr1; : : : ; exprn), then msg∈ Msg\ Sig
and m coincideson p and its related message,� (p), m(� (p)) = m(p).
If msg = op and m(i 2) is of type Tc, c ∈ C, then op ∈ c:ops and ei-
ther n = 0 or n matchesthe number of parametersof op and type(expri)
matchesthe type of the i -th parameter of msg.
If msg = replyτ , then n ≤ 1 and there is a uniquely identi�e d syn-
chronousmessagesendingp0 from i 2 to i 1, i.e. in the opposite direction,
with msg(p0) ∈ c:opsfor a c ∈ C and � = typer(msg(p0)) . That is, a reply
has to be related to an operation call.
If msg = createc resp. destroy, then n = 0 and p is the �rst resp. last
messageor condition of the destination instance line and p is the only
messageannotated by creation resp.destruction.

(iv) Basic Conditions are Expressions: If p ∈ conds(L) is not the activa-
tion condition and not a local invariant, then m(p) ∈ ExprPL .

(v) Messages in Conditions: If p ∈ conds(L) is the activation condition
or a local invariant and m(p) = dest:msg(expr1; : : : ; exprn) resp.m(p) =
¬dest:msg(expr1; : : : ; exprn), then dest is of type Tc ∈ TC and msg ∈
c:ops∪ Sig and either n = 0 or n matchesthe number of parametersof
msg and type(expri) matchesthe type of the i -th parameter of msg.

6 providing only meansto restrict either all or none of the parameters in the LSC
is a matter of choice for brevity. The generalisation to restriction of only some
parameters is straightforward if practical evaluation revealsa demand.

18



(vi) (Aliv e) Instances: For each instance line i ∈ insts(L) which does not
contain a creation, the activation condition is conjoined with a term which
requires i to be alive initial ly. For each instance line i ∈ insts(L), the
activation condition is conjoined with a term whichrequiresi to be distinct
from nil.

(vii) Creation and Destruction: For each creation p ∈ sends(L) ∪ recvs(L)
from instance line i 1 ∈ insts(L) to i 2 ∈ insts(L) with type(m(i 2)) = � ,
m(p) = createτ (i 1; i 2) and there exists a cold condition q ∈ conds(L) at
the top-most location of i 2 with m(q) = m(i 2):createτ that allows us to
legally exit the LSC in each run, where the creation operation does not
create the object currently bound to i 2.
For each instance line i ∈ insts(L) there is a local invariant which inhibits
creation or destruction unlessexplicitly presentin the LSC. For example,
if i ∈ insts(L) begins with a creation and ends with a destruction, the
local invariant between both locations each exclusive. �

Note that c:ops comprisesonly triggered operations of classc ∈ C, i.e. op-
erations whosebehaviour is de�ned by c's state-machine. So called primitive
operations which are de�ned by a method are no longervisible on the seman-
tical level of [1].

The requirements (vi) and (vii) \implement" our interpretation of creation
and destruction, e.g. that an instanceis supposedto live at least until its last
location is reached which might be a destruction, and are included in Def. 12
for convenience.Practically they neednot be represented in the concretese-
mantics but can automatically be addedin a pre-processingstep, invisible to
the speci�er.

As outlined in Sec.3.2,weobtain an LTL formula �( L) for an LSC over a UML
model which usesfor examplefor an asynchronousmessagesendingfrom an
instancei 1 to an instancei 2 the \placeholder" sendev(m(i 1); m(i 2); expr1; : : : ;
exprn). To explain what it meansfor a UML model M to satisfy an LSC L, we
usean extensionof the STS semantics of M , STS(M ), accordingto [1]. The
\placeholders" for the messagesendand receive are then interpreted aspredi-
catesover systemvariablesincluding newsystemvariablesthat are introduced
to explicitly observeevents and triggered-operation basedcommunications.

We need to introduce new system variables, since predicates over the un-
changedmodel can only refer to the valuation of a single snapshot.But we
want to observe e.g. the sendingof an event ev∈ Sig from object o1 to object
o2 in a snapshotr i+1 of a run r ∈ runs(STS(M )) only if the transition from
r i to r i+1 in STS(M ) correspondsto o1 taking a transition which is annotated
by an event sendingaction which enters an ev into the event queueof o2's
active object.
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To observe the intended relation betweentwo subsequent snapshots,we con-
struct an observerextension of STS(M ) by introducing four kinds of new
systemvariablesjustsendev, justrecvev and justcallop, justretop whosevalue has
to be de�ned by an extended transition predicate s.t. for example justsend
becomesvalid in snapshotr i+1 and holds the type and parameter valuesof
the event that has beensent when taking the transition from r i to r i+1. The
�rst component of thesevariables is a boolean 
ag which indicates that the
variable's value is valid; a single
ag is su�cien t due to the strictly interleav-
ing and atomic nature of the underlying semantics. All of the variablescarry
sender,destination,andall parameterssincee.g.the return valueof a triggered
operation is actually no longer visible in r i+1 in the pending-request-table[1].

De�nition 13 (Observ er extension) Let M = (T; F; Sig; <; C; croot; A) be
a UML model, and S = STS(M ) = (B; � ; � ) its semanticsaccording to [1].
The observer extensionof S, So = (Bo; � o; � o), with Bo = (Vo; 
 o) is obtained
from S as follows:

(i) V is extended by the variables

justsendev; justrecvev : IB × TC × TC ×
⋃

ev2Sig

typepar(ev); ev∈ Sig;

to observeevents,the variables

justcallop : IB × TC × TC ×
⋃

c2C
op2 c.ops

typepar(op); op∈
⋃

c2C

c:ops;

to observetriggered operation calls, and the variables

justretop : IB × TC × TC ×
⋃

c2C
op2 c.ops

typer(op); op∈
⋃

c2C

c:ops;

to observecompletion of triggered operations.
As intr oduced in [1], typepar(ev) and typepar(op) denote the Cartesian
product of the event resp. operation parameter types and typer(op) de-
notes the type of the return valueof operation op.

(ii) � is changed s.t. the �rst four variables' �rst components get the value
false initial ly.

(iii) � non op action which formalisestaking a transition annotated with an action
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that is not an operation call 7 is conjoined with the following predicate:

(
 ≡ \ r:send(ev; expr1; : : : ; exprn)"
∧ ¬sysfail0 =⇒ justsend0 := (true; ev; o;o:r; (expr1; : : : ; exprn)))

where 
 denotesthe considered transition and o the object taking the
transition 8 (cf. [1] for the full set of used abbreviations).
E�e ctively, `justsend' observesthe enqueueingof an event of type `ev'
with destination `o:r' when object o takes a transition. It holds a valid
value in the �rst snapshotwhere `ev' showsup in the queue.

(iv) � get event and � discard event which formalise dispatching resp. discarding of
an eventare conjoined with

(¬sysfail0 =⇒ justrecv0 := (true; head(o:my ac:eq); nil; o;o:evp
0))

where nil is used as the sender,since the senderis not retained with the
event, and o is the destination object. head(o:my ac:eq) denotesthe �rst
entry in the event queueof o's active object and o:evp

0 the attributes of
o holding copiesof the eventparameters.
`justrecv' observesthe dequeuingof an eventof type `ev' with destination
o. It holdsin the �rst snapshotwhere `ev' hasdisappeared from the queue.

(v) � init opcall or create whichformalisescalling a triggered operation is conjoined
with

(¬sysfail0 =⇒ justcall 0 := (true; prt 0(o):op; o;r; prt 0(o):params))

where o is the object initiating the call and r the destination.
`justcall ' observesthe operation call `op' when the caller changesstatus
from executing to suspended and writes `op' with receiver r into its pend-
ing requesttable entry.
It holds in the �rst snapshotwhere o is suspended due to the call.

(vi) � pick up result which formalisespicking up the result of a triggered operation
call by the caller is conjoined with

(¬sysfail0 =⇒ justret 0 := (true; prt(o):op; o;prt(o):dest; prt 0(o):result))

`justret ' observesreturn from operation call op whenthe caller o changes

7 The transition predicate ρ is constructed using, amongothers, the sub-predicates
ρnon op action, ρget event, ρdiscard event, ρinit opcall or create, and ρpick up result that we refer
to in this de�nition. For brevity, we don't reproducethe de�nition of ρ but refer the
reader to the companionpaper [1]. Furthermore, we usenameslike o and r that are
present in the scope of thesepredicates(cf. [1]).
8 the boolean system variable sysfail is used to indicate an unde�ned state of the
systeme.g. in casea division by zero is attempted. We de�ne the observer variables
only for de�ned systemstates.
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status from suspended back to executing or idle. It holdsin the �rst snap-
shot where o is no longer suspended due to the call.

(vii) � non op action is in addition to (iii) conjoined with:

(
 ≡ \destroy(expr)" ∧ ¬sysfail0 =⇒ justcall 0 := (true; o;expr))

Thus destruction, which is strictly speaking neither an event nor an op-
eration call, is observed just like a triggered operation call.

(viii) � is �nal ly changed s.t.

(¬sysfail0 =⇒

([∀ o ∈ OC; o 6= nil :
(o:status= dormant∧ o:status0 = executing)

=⇒ justsendcreatec
= (true; o;o1)))

and s.t. for eachother observervariablethe �rst component getsthe value
`false' if the observervariable is not \assigned to" in a step. �

Note that in the above de�nition we chose to consider triggered operation
calls as synchronous and observe only the call and the result being picking
up, although they are actually asynchronous in [1] sincea call can soonestbe
acceptedone step after issuing the call. It is still to be assessedwhether it
is a better choice to consider triggered operation calls to be represented by
asynchronousmessagesin the LSC and whether it would besensibleto require
all instancelines to be bound to di�er ent instancesin the activation condition
and the cold creation conditions.

The following de�nition �nally provides the interpretation the of sendmsg and
receivemsg \placeholders" in terms of the observer extensionand thereby de-
�nes the semantics of LSCsfor UML.

De�nition 14 (Satisfaction of an LSC for UML)
Let M = (T; F; Sig; <; C; croot; A) be a UML model, and So = (Bo; � o; � o) the
observerextension of its semantics. Let L be an LSC over M and M0 a
structure of Bo.
The UML model M satis�es the LSC L wrt. M, M |= M L, i� STS(M ) |= M L
with M obtained as follows:

(i) For an eventev∈ Sig between instance lines i 1; i 2 ∈ insts(L) and expres-
sions expr1, : : : , exprN , N = 0 or N = n, we set:

M[[sendev(i 1; i 2; : : : )]](s) =df

∨

ev� êv

(M0[[justsend̂ev]](s) =

(M0[[true]](s);M0[[m(i 1)]](s);M0[[m(i 2)]](s); : : : ))
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and

M[[receiveev(i 1; i 2; : : : )]](s) =df

∨

ev� êv

(M0[[justrecvêv]](s) =

(M0[[true]](s);M0[[m(i 1)]](s);M0[[m(i 2)]](s); : : : )) :

The ellipsis are meant to abbreviatethat if sendev resp.receiveev do not re-
fer to expressions,then the parametervaluesof justsendev resp.justrecvev

are not considered. Otherwisethe i -th parameter valueof justsendev resp.
justrecvev is to be compared with the i -th parameter expressionof sendev
resp.receiveev. We useev1 ≤ ev2 asa shorthandfor ev1 = ev2∨ev1 < ev2.

(ii) For a triggered operation, creation, or destruction,
op ∈ c:ops∪ {createc; destroy}, c ∈ C, between instance lines i 1; i 2 ∈
insts(L) we set:

M[[sendop(i 1; i 2; : : : )]](s) =df M[[receiveop(i 1; i 2; : : : )]](s) =df

(M0[[justcallop]](s) = (M0[[true]](s);M0[[m(i 1)]](s);M0[[m(i 2)]](s); : : : ))

Parameter expressionsin sendop resp. receiveop are treated as explained
above. Creation and destruction don't haveparameters.

(iii) For a replyop = replyτ , � ∈ T∪TC between instance lines i 1; i 2 ∈ insts(L)
we set:

M[[sendop(i 1; i 2; : : : )]](s) =df M[[receiveop(i 1; i 2; : : : )]](s) =df

(M0[[justretop]](s) = (M0[[true]](s);M0[[m(i 1)]](s);M0[[m(i 2)]](s); : : : ))

The optional parameter expressionin sendop resp. receiveop is treated as
explained above. �

4 In�nite State System Veri�cation

Considerthe LSC speci�cation for the ARCS asintroducedin Sec.3.3depicted
in Fig. 4. By the LSC semantics of Sec.3, it canbechecked whetherthe system
satis�es the speci�cation by checking all concretebindingsof Car andTerminal

objects to instancelines.But intuitiv ely, it shouldbesu�cien t to check a single
concretebinding for e.g. the Car identit y car0 sinceif the instancewith this
identit y always behaves as required, then every Car behaves like that, since
they are all instancesof the sameclasswith the samebehaviour. The deeper
reasonis that new objects are chosennon-deterministically at creation time,
thus if an object car1 would violate the speci�cation in a run of the system,
then there existed a run which choosescar0 instead of car1 at creation time
and thus there existed a run where car0 violates the property, too. Thus we
want to exploit symmetries of the transition systeminduced by, e.g., all car
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EntryExit
Terminal

CarHandler

Car

|= ?

arrivAck

hnd.itsCar == car

car:Car

arrivReq

RIP

term:Terminal

hnd:CarHandler

car.alert100(term)AC:

Fig. 4. LSC over AR CS: The LSC states the following requirement on the arrival
and departure procedure on a very high level of abstraction: The LSC is activated
whenever car (an instance of class Car) is 100 units ahead of a Terminal term which is
indicated by the car receiving an alert100 event announcing the approached terminal.
The car eventually initiates the entering protocol by sending an arrivReq event to
term whose identity it obtained from one of its sensors (not shown in the LSC).
The terminal eventually creates an instance of a class CarHandler that subsequently
manages the whole entering and leaving procedure, i.e. it reserves and frees platforms
and exits within term and it communicates with the switches.
Once the car-handler obtained a platform and set the switch, it sends an arrivAck

event back to the car which then enters the terminal. The arrivAck event carries the
address of the CarHandler. The car actually does not communicate with the terminal
directly after sending the arrivReq event.
If the arrivAck event has been observed, the current locations on all instance lines
are cold (as indicated by the dashed lines; the middle instance line is implicitly
cold after its last message) thus it is not required that the car eventually leaves the
terminal. When the car is about to leave the terminal, it sends another request to
its car-handler which sends back a granting event once the switches of the desired
exit are set and free (not shown in the LSC).
After having left the terminal, car sends an event RIP to its CarHandler which causes
hnd to release the reservations of platform and exit and finally to destroy itself. �

instancesbeing of the sameclass,and prove only a �nite set of representativ e
caseswhich imply all other cases.

Yet reducing the whole task to a �nite number of concretelybound represen-
tativ e casesdoesnot reducethe model at all, the state-spacein the semantics
of [1] still provides entries for an unboundednumber of objects.

To reach the domain of standard �nite-state veri�cation methods, in a second
stepwe try to prove each representativ e task on a �nite over-approximation of
the original model in which only as many objects are concretely represented
asneededfor the proof, wherethe su�cien t number is obtained by iterativ ely
re�ning the abstraction. The over-approximation is obtained by introducing
a new object identit y ⊥ that represents the identit y of \any other object
di�erent from all concretely represented ones" and by changing the system
description s.t. dereferencing⊥ yields \guessed" valueswhich are a superset
of all possiblyobservable outcomesin the original system.
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In the following Sections4.2 and 4.3, we provide a formal basis for the just
outlined direction in full generality which is basically a transfer to the UML
domain of parts of the methodology presented in [19] for the veri�cation of a
parameterisedprocessordesignwith replicated components which in turn is
basedon the work of [28], yet we provide all proofs for completeness.But we
begin this chapter with a brief discussionof the more common way exploit
systemsymmetries.

4.1 The Other Kind of SymmetryReduction: Quotient Model

The ideato exploit in formal veri�cation the symmetriesof a systemcausedby
replicatedcomponents, like processorsin a cache-coherencyprotocol, actually
dates back to 1993.Emerson& Sistla [29] and Ip & Dill [28] independently
discovered that symmetriesof transition systemscan be exploited to prove
certain properties on the quotient graph by the equivalencerelation induced
by symmetry instead of on the full transition system.

The authors of [28] even provided criteria that allow to declareand syntac-
tically check symmetric (or scalarset) data types in the system description
languageof the Mur' model-checker [30].

The disadvantageof all quotient graph approachesis that the setof properties
is restricted to safety properties which are independent from individual iden-
tities, for example, \none of the symmetric components of the system runs
into a deadlock" [28] or to LTL properties which are itself symmetric, that is
invariant under permutation of indices [29]. The quotient graph approach to
symmetry-basedmodel-reduction is in generalnot applicable for LSC veri�-
cation sinceon the one hand LSCs are in generalnot only safety properties
and on the other hand are LSCs in generalmeant to distinguish di�erent in-
stancesof a class.In the quotient approach of [28,29],instancesare no longer
distinguishable.

A recent examplefor an application of the quotient approach is the dSPIN [31]
variant of the SPIN model-checker. It exploits heap symmetriesin software-
veri�cation, i.e. systemstateswhich di�er only in the allocation of objects into
memory placeson the heapare equivalent on the program level in languages
like Java, and analogouslyprocess(allocation) symmetries[32].The published
results yet compriseonly checking for absenceof deadlock.
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4.2 Query Reduction

A di�erent way to exploit symmetry { for which the authors of [33] coinedthe
term \Query Reduction" { was �rst demonstratedby the author of [34,19]for
generaltemporal-logicpropertiesof the form of a universalquanti�cation over
a symmetric or scalarset type. In this caseit is su�cien t to prove only a �nite
representativ e set of concretebindings sinceall other bindings and hencethe
whole quanti�cation is implied by symmetry.

Query reduction applies to all systemswhere the state of replicated compo-
nents is kept in an array data-structure indexed by a symmetric type and
to properties which claim that for all indices i into the array data-structure
a property � 0(i ) holds, thus in particular to our interpretation of LSCs over
UML models.

When proving the representativ e casesseparately, there is not only an antic-
ipated bene�t from the smaller sizeof the formulae comparedto the original
quanti�cation. The representativ e formulaeare alsomore specialisedthan the
original onesin that they refer to only a concretebinding of the quanti�ed
variables,thus standard model-reduction techniqueslike cone-of-in
uencere-
duction [35] can be applied more e�ectively. Thus query reduction is strictly
speaking not at all a model reduction, but it is only a decomposition of for-
mulae s.t. standard model-reduction techniquesyield better results.

But cone-of-in
uencereduction alone doesnot addressthe problem that the
state-spaceof a UML model is in generalin�nite if there are no �nite bounds
on the number of objects alive in each state provided. Thereforewe proposeto
apply, in a secondstep, the abstract interpretation Data-type Reduction [19]
which represents only �nitely many objects concretelyand considersan over-
approximation of the behaviour of all other objects.

Note that the length of the event queueis a priori still unboundedin a UML
design,thus for the scope of this paper we assumea �nite upper bound on the
length of event queuesto reach the domain of automatic techniquesfor �nite
state veri�cation. For the category of so called mode separatedmodels, [36]
presents an exact abstraction that eliminatesqueuesfrom modelscomprising
communicating state-charts and yields a �nite representation.

The remainderof this sectionis structured as follows. In Sec.4.2.1we brie
y
provide the conceptof automorphismsand de�ne scalarsetsin a more general
way s.t. a permutation on the domain of the scalarsetinducesan automor-
phism of the transition system.This allowsto prove that certain LTL formulas
over 0-ary constants of scalarsettype are invariant under permutation of the
constants' values.Sec.4.2.2 introducesthe notion of a representativ e set and
claimsthe existenceof a �nite representativ e set for each of the LTL properties
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consideredin Sec.4.2.1.Finally Sec.4.2.3 demonstratesLSCs over the STS-
semantics of UML [1] in the interpretation of Sec.3 asa prominent application
domain for the results of the previoussections.

4.2.1 Permutations and Automorphisms

De�nition 15 (P erm utation and Automorphism) Let A be a countably
in�nite set. We call a bijection � : A → A which coincides with the identity
on A on all but �nitely many elementsa permutation on A. The set of all
permutations on A is called Sym(A) and weuseSyma(A) ( Sym(A) to denote
the set of all permutations on A that coincide on a ⊆ A with the identity.

Let S = (B; � ; � ) be an STS and M a structure of B.
A permutation � ∈ Sym(� B) is called an automorphismof S wrt. M i�

(i) ∀ s ∈ � B : M[[�] ](s) =⇒ M[[�] ](� (s))

(ii) ∀ s;s0∈ � B : M[[� ]](s;s0) =⇒ M[[� ]](� (s); � (s0)) �

A permutation on the domain of an unstructured type inducesa permutation
on the domainsof record and array typesas follows.

De�nition 16 (Induced Perm utation) Let B = (V; 
 ) be a signature and
M a structure of B. Let � ∈ TB be an unstructured type with at most one
special elementnil ∈ Dτ . We usenil(� ) ⊆ Dτ to denotethe (possibly)emptyset
of special elementsin the domain of � . Let � ∈ Sym

nil(τ)(Dτ ) be a permutation
on the domain of � with � (nil) = nil if � has a special element. We call the
permutation � D on all types used in B de�ned pointwise for valuesx ∈ D by

� D (x) =df





� (x) , if x ∈ Dτ

{i 7→ � D (x(� � 1
D (i ))) | i ∈ � } , if x ∈ Dτ ! τ ′

(� D (x1); : : : ; � D (xn)) , if x ∈ Dτ1 ���� � τn

x , otherwise

the induced permutation of � on D. �

The following de�nition provides the central notion of the current section,
a kind of symmetrical data-type called scalarseton which all constants are
consistent or invariant under permutation on the domainsof their operands,
i.e. independent from particular values of the type. An example for invari-
ance is the comparisonfor equality whosetruth-v alue does not change if a
permutation is applied to both its operands.An example for consistencyis
the if-then-elseoperator for the type: it always yields the �rst or secondvalue
depending on the conditional expression.In this sense,the outcomedoesnot
depend on the valuesof the secondand third parameter.
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De�nition 17 (Scalarset) Let S = (B; � ; � ) be an STS and M = (D; I) a
structure of B. Let � s ∈ TB be an unstructured type with |nil(� s)| ≤ 1. � s is
called scalarsettype (wrt. M) i�

∀ � ∈ Sym
nil(τs )(Dτs ) ∀ f : � 1 × · · · × � n → � ∈ 
 ∀ x1 ∈ Dτ1 ; : : : xn ∈ Dτn :

I(f )(x1; : : : ; xn) = � � 1
D (I(f )( � D (x1); : : : ; � D (xn))) ;

i.e. for each permutation � , each constant f is invariant under � D for � 6= � s

and consistent with � D for � = � s. �

Note that the check for legal use9 of a scalarsettype in a systemdescription
is a simple type-checking task, as �rst developed by [28].

The following lemma claims that from the use of a scalarsettype in a sys-
tem description we can infer symmetries(or automorphisms)of the transition
relation which are directly related to permutations on the scalarsettype.

Lemma 18 (System Symmetry) Let S = (B; � ; � ) be an STS and M a
structure of B. Let � s be a scalarset type wrt. M. Then the induced permu-
tation ~� of � on � B de�ned pointwise on s ∈ � B for variables v ∈ V by
~� (s)(v) =df � D (s(v)) is an automorphismof S wrt. M. �

PR OOF. Analogouslyto [28]. 2

Intuitiv ely, if two statess;s0 ∈ � are related sincethey satisfy the transition
relation, then all pairs of states ~� (s); ~� (s0) ∈ � reachable by a permutation �
arerelated, too, sincethe transition relation is invariant under permutation. If
a state s0 ∈ � is initial, then all states~� (s0) ∈ � reachableby a permutation ~�
areinitial, too, sincethe initiation relation is alsoinvariant underpermutation.

The work [28] gives type-checking rules for the particular systemdescription
languageof their Mur' model-checker, and call those typeswhich adhereto
the rules scalarsettypes. These criteria are su�cien t but not necessaryfor
scalarsettypesin our moregeneralde�nition. But they in particular allow the
modeller to explicitly declarescalarsettypesfor attributes of other typesthan
object referencesin the model that can be type-checked and then as well be
exploited in formal veri�cation.

The following lemma employs the criteria of [28] to detect symmetries in a
systemdescription in which a priori no scalarsettypesare declared.

9 An example for illegal use is as simple as an occurrenceof an expressionof sca-
larset type as operand of an addition.
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Lemma 19 (Scalarset [28]) Let S = (B; � ; � ) be an STS and � ∈ TB with
|nil(� )| ≤ 1. Let M be a structure of B which assignsthe comparison operator
`=: � × � → IB' the natural semantics.Then the type � can be replaced by a
scalarset type if the predicates � and � obey the following syntactical rules:

S1 Valuesof � are not used literally, i.e. there are no 0-ary constantsexcept
for the special elementnil.

S2 Termsof type � may be compared for equality. In a comparison, both sides
must be terms of exactly the samescalarset type.

S3 If the left hand side of an \assignment" is of type � , then the right hand
side must be of exactly the sametype.

S4 If � is the index-type of somedimensionsof an array a, then a is only
indexed by terms of type � for this dimension.

S5 A variable of scalarset type � s may be existentially quanti�ed or used as
the running index of a for-loop if the body of the loop is independentfrom
the order of the iterations. A su�cient (but not necessary) restriction
to obtain this property is that the set of variables written within each
iteration are disjoint from the setof variablesreferenced (read or written)
during all other iterations.

S6 Other operations are not allowed, i.e. no other constants are applied to
expressionsof type � . In particular may expressionsof scalarset typesnot
be used as operandsof `+ ' or \casted" into an integer type. �

PR OOF. The criteria restrict the useof expressionsof type � to caseswhich
satisfy the restrictions of Def. 17, thus � can be replacedby a fresh type � s

with the samedomain as � for which only the comparisonoperator `=' and
possiblynil is de�ned. 2

Note that we don't cover loops with a variable of scalarsettype as running
index or �rst-order predicatesover a variable of scalarsettype in our Def. 17
for brevity. They can easily be integrated into the theory of query reduction
assuming(S5). For the caseof UML models,somespecial treatment is needed
to assure(S5), since a loop over the type of an association index typically
referencesthe samevariablesin all iterations when the intention of the loop is
for exampleto sendevents to all associatedobjects (cf. Sec.4.2.3and Sec.4.3).

The following lemma claims that an LTL-property over a set of constants of
a scalarsettype � s is invariant under renaming of the constants (which we
formaliseas re-interpretation by the structure to match our interpretation of
LSCs from Sec.3), or, in other words, that proving a single binding of the
constants implies all bindings which are reachable by a permutation on the
scalarsettype's domain.
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Lemma 20 (Prop ert y Symmetry) Let S = ((V0; 
 0); � ; � ) be an STS. Let
M0 be a structure of (V0; 
 0) and � s ∈ TB0 a scalarset type wrt. M0. Let X be
a �nite setof 0-ary constantsof type � s and � an LTL formula over B = (V; 
 )
with X ⊆ 
 s.t. B ⊆X (V0; 
 0). Let M be a structure of B.

Then for each permuted structure

Mπ =df (D; I|ΩnX ∪ {x 7→ � (I(x)) | x ∈ X })

of B induced by � ∈ Symnil(τs )(Dτs ) and for each q∈ {∃;∃; 0;∀;∀; 0} we have

S |= M ,q � ⇐⇒ S |= M � ,q � . �

PR OOF. It is su�cien t to prove the direction ` =⇒ '. The other direction
follows by symmetry.
Let q = ∃ and S |= M ,9 � , i.e.∃ r ∈ runs(S) ∃ i ∈ IN : r =i |= M ,9 � . Let Mπ bea
structure permuted by � asde�ned above. Chooser π =df ~� (r 0) ~� (r 1) ~� (r 2) : : :
which is in runs(S) since ~� is an automorphism. Then rπ=i |= M � ,9 � , and
henceS |= M � ,9 � , follows by induction over the structure of � :

� � ≡ expr: Sinceexpr ∈ ExprPL(B) and � s is not boolean, it is su�cien t to
considerthe following predicatesof expr as induction basis:

- expr≡ f (expr1; : : : ; exprn) wheref is a predicateand each expri of a type
� is a variable vi ∈ V or a constant xi ∈ X or an array index expression
ai[vi] or ai[xi] or a selectionexpressionpi =df expri:ci, i.e. a projection onto
a component ci of a record type. Then

Mπ[[f (expr1; : : : ; exprn)]](r i
π)

= I0(f )(Mπ[[expr1]](r
i
π); : : : ;Mπ[[exprn]](r i

π))

= I0(f )




M � [[v1 ]](ri
� )

M � [[x1]](ri
� )

M � [[a1 [v1 ]]](ri
� )

M � [[a1 [x1 ]]](ri
� )

M � [[p1]](ri
� )

; : : : ;

M � [[vn ]](ri
� )

M � [[xn ]](ri
� )

M � [[an [vn ]]](ri
� )

M � [[an [xn ]]](ri
� )

M � [[pn ]](ri
� )




= I0(f )




ri
� (v1)

I ′(x1)

ri
� (a1)(ri

� (v1))

ri
� (a1 )(I ′(x1))

M � [[p1]](ri
� )

; : : : ;

ri
� (vn )

I ′(xn )

ri
� (an )(ri

� (vn ))

ri
� (an )(I ′(xn ))

M � [[pn ]](ri
� )




=
πD j � s =π

I0(f )




πD(ri (v1 ))

πD(I (x1))

πD(ri
� (a1 )(π−1

D
(πD(ri (v1)))))

πD(ri
� (a1)(π−1

D
(πD(I (x1))))

πD(M [[p1 ]](ri ))

; : : : ;

πD(ri (vn ))

πD(I (xn ))

πD(ri
� (an )(π−1

D
(πD(ri (vn )))))

πD(ri
� (an )(π−1

D
(πD(I (xn ))))

πD(M [[pn ]](ri ))




30



=
Lem.18,

I ′(f)=I (f)

I(f )




ri (v1)
I (x1)

ri (a1)(ri (v1 ))

ri (a1 )(I (x1 ))

M [[p1 ]](ri )

; : : : ;

ri (vn )
I (xn )

ri (an )(ri (vn ))

ri (an )(I (xn ))

M [[pn ]](ri )




= M[[f (expr1; : : : ; exprn)]](r i) = true;

hencerπ=i |= M � expr.
- expr≡ a[expr] wherea is of type � s → IB and expr is a constant x ∈ X or

a variable v ∈ V of type � s or an array index expressionb[v] or b[x] or a
selectionexpressionp =df expr0:c, i.e. a projection onto a component c of
type � s of a record type. Then

Mπ[[a[expr]]](r i
π) = r i

π(a)(r i
π(expr))

= � D


r i(a)


� � 1

D




ri
� (v)

I ′(x)

ri
� (b)(ri

� (v))

ri
� (b)(I ′(x))

M � [[p]](ri
� )










=
πD j � s =π

� D


r i(a)


� � 1

D




πD(ri (v))
πD(I (x))

πD(ri
� (b)(π−1

D
(πD(ri (v)))))

πD(ri
� (b)(π−1

D
(πD(I (x))))

πD(M [[p]](ri ))










= � D

(
r i(a)




ri (v)
I (x)

ri (b)(ri (v))

ri (b)(I (x))

M [[p]](ri )




︸ ︷︷ ︸
2D IB

)

= M[[a[expr]]](r i) = true;

hencerπ=i |= M � expr.
The generalcaserπ=i |= M � expr follows by induction (using the consistency
property of Def. 17), hencerπ |= M � ,9 � .

� � ≡ f ∨ g: Then r |= M ,9 f or r |= M ,9 g.
Thus by induction hypothesisrπ |= M � ,9 f or rπ |= M � ,9 g.

� � ≡ ¬f : analogouslyto the previouscase.
� � ≡ X f : Then r =i + 1 |= M ,9 f .

Thus rπ=i + 1 |= M � ,9 f by induction hypothesis.
� � ≡ Gf : Then for all j ≥ i , r =j |= M ,9 f .

Thus alsorπ=j |= M � ,9 f by induction hypothesis.
� � ≡ f U g: Then there exists k ≥ i s.t. r =k |= M ,9 g and for all i ≤ j < k,

r =j |= M � ,9 f . Thus also rπ=k |= M � ,9 g and for all i ≤ j < k, rπ=j |= M � ,9 f ,
by induction hypothesis.

The caseq = ∃; 0 is obtained analogously, the casesq = ∀ and q = ∀; 0
similarly by contradiction. 2
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4.2.2 Query Reduction

In order to apply Lem. 20,we are interestedin a set of representativ e bindings
which imply as many other casesas possible.The following de�nition intro-
ducesthe notion of a representativ e set and Lem. 22 assuresthe existence
of a �nite representativ e set for each property over �nitely many scalarset
constants.

The representativ e bindingsareselectedin order to cover all casesof equalities
within the set of a�ected constants. For example,if there are two quanti�ca-
tion constants x1; x2 in the property, we needat least two concretebindings
M0

1;M
0
2: onewhich represents all bindings which bind the samevalue to both

constants, M0
1[[x1]] = M0

2[[x2]], and one which represents the bindings with
di�erent values,M0

1[[x1]] 6= M0
2[[x2]].

De�nition 21 (Represen tativ e Set)
Let � s be a scalarset type. A set R ⊆ (Dτs \ nil(� s))n, n ∈ IN, is called repre-
sentativ e set for � n

s i�

∀ (x1; : : : ; xn) ∈ Dn
τs

∃ r = (r 1; : : : ; rn) ∈ R; � ∈ Sym(� s) :
(� (r 1); : : : ; � (rn)) = (x1; : : : ; xn):

R is called minimal representativ e set if all proper subsetsR0 ( R are not
representative. �

Lemma 22 (Represen tativ e Set) Let � s be a scalarset type and n ≥ 1.
Then there existsa �nite representativeset R for � n

s . �

PR OOF. Chooser 1; : : : ; rn ∈ Dτs \ nil(� s) pairwise di�erent.
Set R = {r 1} × {r 1; r 2} × · · · × {r 1; : : : ; rn}. 2

Note that the R constructed in Lem. 22 is in generalnot minimal, sincee.g.
in caseof n = 3 the tuples (r 1; r 1; r 2) and (r 1; r 1; r 3) are equivalent but both
are in R.

The following corollary puts it all together and re-statesLem. 20 for the form
of quanti�ed LTL formulae we usefor LSCs.

Corollary 23 (Query Reduction)
Let (V0; 
 0) be a signature and S = ((V0; 
 0); � ; � ) be an STS. Let M0 be a
structure of B0 and � s ∈ TB0 a scalarset type wrt. M0. Let X be a �nite set of
0-ary constantsof type � s and � an LTL formula over B = (V; 
 ) with X ⊆ 

s.t. B ⊆X B0.
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Denote by {o1; : : : ; on} ⊆ X the constants of type � s and by {x1; : : : ; xm} =
X \ {o1; : : : ; on} the constantsnot of type � s. Let R be a representativeset for
� n
s . Then

(∀ (o01 ; : : : ; o0n ) ∈ R
∀ x01 ∈ Dtype(x1); : : : ; x0m ∈ Dtype(xm ) : S |= M ′,q � )

(1)

⇐⇒ (∀ o01 ; : : : ; o0n ∈ Dτs

∀ x01 ∈ Dtype(x1); : : : ; x0m ∈ Dtype(xm ) : S |= M ′′,q � ):
(2)

for q∈ {∃;∃; 0;∀;∀; 0} and M0;M00constructed as in Def. 14. �

Now given a veri�cation task � over a signature of an STS and �nitely many
0-ary constants used exclusively in � we obtain for each scalarsettype � s a
�nite representativ e set R by Lem. 22 and can apply Cor. 23 iterativ ely for
each scalarsettype and thereby obtain a �nite number of veri�cation tasks if
all 0-ary constants are of a scalarsettype.

4.2.3 Verifying LSCs against UML Models

The veri�cation of LSCsagainstUML models in the semantics of [1] provides
a prominent application of the theory of query reduction as presented in the
precedingsectionssinceon the onehand is the semantics of an LSC of the form
of an LTL expressionover the transition system'ssignatureand an additional
set of 0-ary constants and on the other hand are the object referencetypesTc

in [1] in fact scalarsettypes:

Lemma 24 (Scalarsets in UML)
Let M = (T; F; Sig; <; C; croot; A) be a UML-Model and STS(M ) its semantics
according to [1].

(i) All object reference typesTc, c ∈ C are scalarsettypeswith special element
nil.

(ii) For all unordered association endsa, the index type � a is a scalarset type
without special element.10

(iii) For all unordered behavioural features, e.g. operations, f , the index type
� f is a scalarset type without special element. �

The proof of 24.(i) is obvious for example by Lemma 19 since the formal
semantics doesnot provide \forbidden" operationson the index types.11 The

10 In order to be able to apply speci�c data-type reductions, it may be sensibleto
introducedifferent index typesfor di�eren t associations in di�eren t classesalthough
they may be of the samemultiplicit y and hold the sametype of references.
11 Strictly speaking,the typing in the presentation of [1] and even in Sec.3 is actually
too weak to ful�l the syntactical criteria \as is": for brevity both refer to OC which

33



proof of 24.(ii) and (iii) cannot be obtained as directly. On the one hand,
iterators over associations and behavioural featuresare not present in � and
� becauseiteration is supposedto take multiple stepsof the transition system
in the semantics. But the loopsare visible on a higher languagelevel, thus the
property of rule (S5) has to be checked on this higher level and then to be
preserved by the preprocessingstepsof [1].

On the other hand we have to treat the fact that the variables written in
di�erent iterations of such a loop are not necessarilydisjoint. Iteration over
associations, for example,in order to iterativ ely sendan event to all associated
objects it is the samequeueinto which events are inserted,yet it is symmetric
as long as the events' parametersdo not depend on the order of executionof
iterations.

Given Lem. 24, Cor. 23 can directly be applied sinceaccordingto Sec.3, the
semantics of an LSC wrt. a UML model is an LTL formula quanti�ed over
constants of typesTc. A representativ e set can be obtained as demonstrated
in the proof of Lem. 22.By taking into account the activation condition, some
of the representativ e casesmay alreadybe found to be trivially ful�lled leaving
even fewer real model-checking tasks.For exampleif the speci�cation contains
two instancesof the sametype and the activation condition requiresboth to
be di�erent at activation time.

From a practical point of view, the veri�cation tasks for the representativ e
casedo not depend on results of each other s.t. they may be carried out fully
parallel.

Back to the examplefrom the beginning of the section,we �nd that we refer
to only oneinstanceof classesCar, Terminal, and CarHandler in the LSC, thus
the set

R =df {(Car; 0); (Terminal; 0); (CarHandler; 0)} ⊂ C × IN0

is a (minimal) representativ e set (assuming(c;0) 6= nilc for classesc ∈ C). By
the results of the previoussectionit is su�cien t to verify only this singlecase
of a concretebinding as illustrated by Fig. 5.

4.3 Model Abstraction by Data-Type-Reduction

As depictedin Fig. 5, the queryreductiondoesnot a�ect the model, i.e. there is
a priori no reduction of the model due to the application of query reduction.

is the union of all object referencetypes.Although, it is straightforward to obtain
a representation which separatesthe object referencetypess.t. we can obtain their
scalarsetproperty directly by syntactical criteria.
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Fig. 5. Query Reduction: The figure on the left shows darkened the objects (Car,0),
(Terminal,0), and (CarHandler,0) that are referred to in the representative case. The
figure on the right shows the same objects in a schematic of the array of records
that is introduced by [1] as one snapshot of the STS. The record values for (Car,0)
and (CarHandler,0) are shown enlarged. Obviously, the state space is a priori not
reduced: a state (or snapshot) still represents an unbounded number of objects. �

However, the representativ e proof obligations are more specialised than the
whole property, that is, each of these proof obligations tends to refer to a
smaller part of the model. Thus the standard technique of cone-of-in
uence
reduction (or \program slicing") can make someveri�cation tasks practically
feasiblefor all representativ e tasksfor modelswherethe wholeproperty is not
automatically veri�able for complexity reasons.

Unfortunately, the cone-of-in
uencereduction in generaldoes not work well
for UML models due to the indirect addressingof array places:if an object
denotedin the property hasa link to anotherobject, then the valueof this link
is in generalnot restricted thus all objects of the linked classare identi�ed to
be relevant for the property. Furthermore, an exact abstraction like the cone-
of-in
uence reduction is only in specialcasese�ective in reducingin�nite-state
models to �nite ones.

Thus intuitiv ely, we want to introduce an over-approximation in which only
a �nite set of, for example,Car objects is represented exactly and in which a
new object identit y (Car;⊥) is introduced which denotes\one of the other,
not exactly represented cars". From the viewpoint of an object of for example
classTerminal with two links to Car objects it shall not be distinguishablehow
many Car objects in addition to the exactly represented onesare alive in a
particular snapshot.

An abstraction technique, which yields the desiredresult, is the data-type re-
duction introducedby McMillan [19]. It can be madeexplicit by a syntactical
transformation of the system description modifying those placeswhere any
object refers to any other object: every occurrenceof the comparisonopera-
tor is replacedby a conditional expressionwhich \guesses"a boolean value
whenboth arguments have the value⊥, thus the transition-relation comprises
statesrepresenting both outcomesand thus hasthe propertiessketched above.

35



Every useof an expressionof scalarsettype asan array index is replacedby a
conditional expressionwhich yields an arbitrary value of the component type
if the value of the index is ⊥ and the original value otherwise.

Example 25 An expressionwhich addsthe valueof the discretised speed at-
tribute of two cars p and q,

p → speed + q → speed = Car[(Car; p)]:speed + Car[(Car; q)]:speed (3)

is changed to

(p = ⊥ ?guessCar
1 : Car[(Car; p)]):speed + (q = ⊥ ?guessCar

2 : Car[(Car; q)]):speed

(4)

where � is the type of attribute speed and `guessτi ' are freshfree variablesof type
� . It is obviouslynot su�cient to only changethe domain of the unbounded
array representingcars to a �nite set where entry (Car;⊥) is guessed anew
in each step of a run, since then expression(3) would always yield the even
number

2 · p → speed (5)

if p and q both havevalue⊥ (since speed is discretised), althoughthe abstrac-
tion is intended to also representthe casewhere p and q are di�er ent \other"
cars which may well havedi�er ent speeds. Expression(4) howevercan eval-
uate to every possiblevalue allowed by the typing of attribute speed, thus it
over-approximatesthe valuations observed in the original model. �

The remainderof this sectionis structured as follows. Sec.4.3.1de�nes data-
type reduction on a scalarsettype as a �nite subset of the type's domain,
presents a transformation on FOL expressionswhich implements the over-
approximation, and establishesa relation between the states of the original
and the abstract signatureby meansof a projection.

Sec.4.3.2appliesthe data-typereduction to the initial snapshotand transition
predicate of an STS and shows that the abstract transition systemsimulates
the concreteoneandhencepropertiesprovenfor the abstract transition system
also hold for the concreteone. Sec.4.3.3 brie
y explicatesthe application of
data-type reduction to parameterisedsystems.

Sec.4.3.4 provides a straightforward heuristics for the application of data-
type reduction to LSC veri�cation for UML and \pla ys through" a scenario
in the abstract systemobtained from our running examplewhich leadsto a
discussionof the problem of false-negatives, i.e. runs of the abstract system
which contradict the property but are not valid runs of the original system.
Sec.4.3.5 discussestwo directions to re�ne the abstraction in caseof false
negatives.
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4.3.1 Data-Type-Reduction

De�nition 26 (Data-T yp e Reduction) Let � s be a scalarsettype. A subset
dtr � s

⊆ Dτs \nil(� s)} of its domain is called data-type reduction (DTR) on � s.

Let t = {� | � type} ⊇ {� s} be a set of types. A data-type reduction dtr � s
on � s

induces a data-type reduction `dtr ' on the domainsof the (structured) types
constructedfrom t inductively as follows:

(i) If � ∈ t is an unstructured type, then dtr (Dτ ) = dtr � s
∪ {⊥τs} ∪ nil(� s)},

if � = � s, and dtr (Dτ ) = Dτ otherwise.

(ii) If � = � 1 × · · · × � n is a record type,
then dtr (Dτ ) = dtr (Dτ1 ) × · · · × dtr (Dτn ).

(iii) If � = � 1 → � 2 is an array type, then dtr (Dτ ) = dtr (Dτ1 ) → dtr (Dτ2 ). �

If multiple data-type reductions for di�erent scalarsettypes � s are applied,
multiple distinct symbols ⊥τs representing \all other values(of type � s)" are
introduced.We simply use⊥ when the context determinesits type.

The following de�nition describeshow we obtain a \data-t ype reducedexpres-
sion" that implements the over-approximation asa prerequisitefor data-type
reduction of STSs.Therein we assumethat the only constant (except for nilτs )
de�ned for a scalarsettype � s is the test for equality extendedonto the do-
main dtr (Dτs ). If we allowed any other constant f de�ned on � s, then the
over-approximation would be de�ned analogouslyusing a conditional expres-
sion that guessesa value from the domain Mtype(f) whenever at least one of
the arguments evaluatesto ⊥.

Any other operation de�ned on � s would beover-approximated by introducing
a conditional expressionwhich would guessa valuefrom � s's domainwhenever
at least one of the arguments evaluatesto ⊥.

De�nition 27 (Data-T yp e Reduction for Expressions) Let B be a sig-
nature, M a structure of B and � s a scalarsetwrt. M. Let dtr � s

be a data-type
reduction on � s and expr ∈ ExprFO(B). The data-type reduced expression
dtr (expr) (or exprdtr ) ∈ Bdtr = (Vdtr ; 
 dtr ) (as de�ned below) is obtained from
`expr' by applying the following syntactical transformations:

(i) Two transformed expressionsexpr1, expr2 of the data-type reduced scalar-
set type � s whichare compared for equality are changed s.t. the comparison
yields a non-deterministic truth-value if both expressionshavevalue⊥:

expr1 = expr2  (expr1 = ⊥ ∧ expr2 = ⊥ ?guessIB : expr1 = expr2):

Set exprg ≡df expr1 = expr2.
Every guessτ standsfor a di�er ent freshvariable g ∈ Vdtr \ V of type � .
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We set exprg ≡df expr1 = expr2, i.e. exprg denotesthe expressiong was
intr oduced for. All newly intr oduced g are collected in Vdtr .

(ii) Indexing an array a : � s → � at index `expr' not on the left hand side
of an \assignment" is changed s.t. it yields non-deterministically a value
from a's component-type � if the index expressionhasvalue⊥:

a[expr]  (expr = ⊥ ?guessτ : a[expr]):

exprg ≡df a[expr].
(iii) Indexing an array a : � s → � at index expr1 on the left hand side of an

\assignment" (cf. [1]) is changed s.t. it is considered only if the index
expressiondoesnot havevalue⊥:

a[expr1]sel0 := expr2  (expr1 6= ⊥ =⇒ a[expr1]sel0 := expr2):

Here `sel' denotesa possibly empty selection if � is a structured type.
exprg ≡df a[expr1]sel0 := expr2.

Let G = {g1; : : : ; gn} denotethe setof all freshvariablesintr oduced into exprdtr

above. The signature Bdtr is Bdtr = (Vdtr ; 
 dtr ) = (V∪ G; 
 ).

Let M = (D; I) be a structure of B. Then the canonical structure of Bdtr

is Mdtr = (dtr (D); dtr (I)) where dtr (I) denotesthe interpretation which
coincideswith I on 
 \ {= } and givesthe natural interpretation on dtr (Dτs )
to `= ', i.e. doesnot consider⊥ to be special. �

The application of rule (iii) is not necessary;it is sound since the value of
the ⊥-th entry of a data-type reducedarray a is never actually read, because
every expressionreadinga is changedaccordingto rule (ii) thusnever accesses
a[⊥]. For the samereasonthere neednot even be an actual storage-placefor
the ⊥-th entry of a data-type reducedarray a.

Note that in the generalcaseof Def. 27, a value from the component domain
of an array is \guessed" which might be a large structure like in the UML
semantics whereit would guessthe whole representation of an object. If parts
of the structure are subsequently selectedin the expression,a trivial optimi-
sation consistsof replacing the whole selectionby \guessing" only a value of
the selectedpart's type; in the exampleof the UML semantics only the value
of a navigated attribute would be guessed.

An extensionof Def. 27 consideringloopsover unboundedassociations would
have to care for the fact that in form of the length of the queue, there is
even a place which indirectly counts the number of associated objects when
sendingan event to each associated object. Thus in order to provide a proper
over-approximation, the iteration over associated objects hasto guesswhether
the iteration is supposedto terminate and to keeptrack whether all concrete
indiceshave beenvisited.

38



4.3.2 Simulation

Given an STS over a signature with a scalarsettype, the data-type reduced
STS is obtained as follows:

De�nition 28 (Data-T yp e reduced STS) Let S = (B; � ; � ) be an STS,
M a structure of B, � s ∈ TB a scalarset, and dtr � s

a data-type reduction on
� s. Then the data-type reducedSTS induced by dtr � s

is

dtr (S) =df Sdtr =df (Bdtr ; � dtr ; � dtr ) �

The following lemmaclaims,that the data-typereducedsystemis a simulation
of the original systemin the senseof Def. 29 below, i.e. for every run in the
original systemthere is a related run in the abstract system.Intuitiv ely, the
abstracted initiation and transition predicatesaccept more states as initial
and more pairs of statesto be S-successorsthan the original predicates.

De�nition 29 (Sim ulation) Let S1 = (B1; � 1; � 1) and S2 = (B2; � 2; � 2) be
STSs,M1 and M2 structures of their signatures, and � 1 and � 2 the setsof
their snapshots.
We say S1 simulates S2, S1  S2, i� there existsa relation %⊆ � 1 × � 2 s.t.

(i) ∀ s2 ∈ � 2 : M2[[� 2]](s2) =⇒ ∃ s1 ∈ � 1 : M1[[� 1]](s1) ∧ (s1; s2) ∈ %

(ii) ∀ (s1; s2) ∈ %∀ s0
2 ∈ � 2 :

M2[[� 2]](s2; s0
2) =⇒ ∃ s0

1 ∈ � 1 : M1[[� 1]](s1; s0
1) ∧ (s0

1; s0
2) ∈ %

The relation %is called simulation relation. �

The following notion of a projection from concreteonto data-type reduced
states plays a central role in the subsequent Lem. 31 which claims that the
concretesystemis simulated by the abstract one.

De�nition 30 (Pro jection) Let B = (V; 
 ) be a signature, M a structure
of B, � s ∈ TB a scalarset wrt. M, and dtr � s

a data-type reduction on � s. Let
Bdtr = (Vdtr ; 
 dtr ) be the signature as obtained from Def. 27 and s ∈ � B a
valuation of the variablesin V.
The projection of s onto dtr , ↓dtr (s) : � B → � Bdtr , is de�ned inductively as
follows:

(i) If v ∈ V is a variable of basic type � , then

↓dtr (s)(v) =




⊥ , if � = � s and s(v) 6∈ dtr

s(v) , otherwise

(ii) If v ∈ V is a variable of record type � 1 × · · · × � n and s(v) = (x1; : : : ; xn)
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then ↓dtr (s)(v) = (↓dtr (s)(x1); : : : ; ↓dtr (s)(xn)) .

(iii) If v ∈ V is a variable of array type � 1 → � 2

then ↓dtr (s(v)) = {i 7→↓dtr (s(v)( i ))}.

(iv) If v = g ∈ Vdtr \ V, then ↓dtr (s(v)) = ↓dtr (M[[exprg]](s)) . �

Lemma 31 (DTR Simulation) Let S = (B; � ; � ) be an STS, M a struc-
ture of B, � s ∈ TB a scalarset wrt. M, dtr a data-type reduction on � s, and
Sdtr the data-type reduced STS. Let Mdtr the canonical structure of Bdtr . Then
Sdtr  S. �

PR OOF. Set %=df {(s;↓dtr (s)) | s ∈ � }. %is a simulation relation:

(i) Let s2 ∈ � s.t. M[[� ]](s2) = true.
Chooses1 = ↓dtr (s2). Then (s1; s2) ∈ %andM[[� dtr ]](s1) = true by induc-
tion over the structure of � dtr :
� Let s be a valuation of variables in V. The data-type reduction a�ects

only the following cases:

- � ≡ expr1 = expr2, both expr1; expr2 of type � s:
Then � hasbeenchangedto

� dtr ≡ (expr1 = expr2 = ⊥ ?guessIB : expr1 = expr2);

whereguessIB denotesa variable g ∈ Vdtr , thus

M[[� dtr ]](↓dtr (s))
= M[[(expr1 = expr2 = ⊥ ?g: expr1 = expr2)]](↓dtr (s))
= M[[expr1 = expr2]](s):

- � ≡ a[expr1], with expr1 an expressionof type � s and a with
components of booleantype:
Then � hasbeenchangedto

� dtr ≡ (expr1 = ⊥ ?guessIB : a[expr1]);

whereguessIB denotesa variable g ∈ Vdtr , thus

M[[� dtr ]](↓dtr (s)) = M[[(expr1 = ⊥ ?g: a[expr1])]](↓dtr (s))
= I(? :)(M[[expr1]](↓dtr (s)) = ⊥;

↓dtr (s)(g);M[[a[expr1]]](↓dtr (s)))
= M[[a[expr1]]](s):

sinceM[[expr1]](↓dtr (s)) = ⊥ implies ↓dtr (s)(g) = M[[a[expr1]]](s)
by construction of ↓dtr (s).

Analogously for structured array valuesfrom which a component
of booleantype is selected.
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(ii) Let (s1; s2) ∈ %and s0
2 ∈ � s.t. M[[� ]](s2; s0

2) = true.
Chooses0

1 = ↓dtr (s0
2). Then (s1; s2) ∈ %and M[[� dtr ]](s1; s0

1) = true by
induction over the structure of � dtr analogouslyto (i). 2

Now Lem. 31 providesus with a run of the abstract transition systemfor each
run of the original transition systemin the following

Lemma 32 (Data-T yp e Reduction) Let S = ((V0; 
 0); � 0; � 0) be an STS,
M0 a structure of (V0; 
 0), and � s ∈ TB0 a scalarsetwrt. M0. Let X be a �nite
set of 0-ary constants and � an LTL formula over B = (V; 
 ) with X ⊆ 

s.t. B ⊆X (V0; 
 0). Let dtr � s

be a data-type reduction on the scalarset type � s

and Sdtr the data-type reduced STS induced by dtr � s
. Let Mdtr be the canonical

structure of Sdtr . Then

Sdtr |= M ,8(,0) � =⇒ S |= M ,8(,0) � and S |= M ,9(,0) � =⇒ Sdtr |= M ,9(,0) � . �

PR OOF. (By contraposition.)

(i) Let S 6|= M ,8 � , i.e. ∃ r ∈ runs(S) ∃ i ∈ IN0 : r =i 6|= M � . By (the proof of)
Lem. 31 exists a run r dtr ∈ runs(Sdtr ) s.t. ∀ i ∈ IN0 : r i

dtr = dtr (r i).
Then Sdtr 6|= M ,8 � follows by induction over the structure of � :
� � ≡ expr:

Then M[[expr]](r i) = false. Analogously to the proof of Lem. 31 by in-
duction over the structure of expr, M[[expr]](r i

dtr ) = false, thusr dtr=i 6|= M

� .
� � ≡ f ∨ g: Then r =i 6|= M f and r =i 6|= M g.

By induction hypothesis,r dtr=i 6|= M f and r dtr=i 6|= M g.
� � ≡ ¬f : Then r =i |= M f . By induction hypothesisr dtr=i |= M f .
� � ≡ X f : Then r =i+ 1 6|= M f . By induction hypothesisr dtr=i+ 1 6|= M f .
� � ≡ Gf : Then ∃ j ∈ IN0 : r =i + j 6|= M f .

By induction hypothesisr dtr=i + j 6|= M f , thus r dtr=i 6|= M � .
� � ≡ f U g: Distinguish two cases:

a) Not �nal ly g: ∀ j ∈ IN0 : r =i + j 6|= M g. Then by induction hy-
pothesis∀ j ∈ IN0 : r dtr=i + j 6|= M g, thus r dtr=i 6|= M � .

b) Not f before g: For each j ∈ IN0 s.t. r =i+ j |= M g, exists0 ≤ k < j
s.t. r =i + k 6|= M f . Let j 0 ∈ IN0 s.t. r dtr=i + j 0 |= M g. Then by
induction hypothesis exists k0 < j 0 s.t. r dtr=i + k0 6|= M f , thus
r dtr=i 6|= M � .

Similar for |= M ,8,0.

(ii) The cases|= M ,9 and |= M ,9,0 areobtaineddirectly by construction of Sdtr .
2
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Fig. 6. Data-typ e Reduction: Intuitively, data-type reduction modifies the view of
the concrete objects onto the outside world at each place in the behaviour description
where the outside world is referred to. On the left side we show a schematic of a
car handler object that has in the concrete model a link to a car and a terminal.
The abstract interpretation can be seen as cutting this link and, when reading it,
letting the read pass through for concrete object identities and redirecting the read
to a fresh input that yields an arbitrary value. Hence a concrete car handler cannot
determine the number of car objects alive. On the right side we show a schematic of
the resulting state space analogous to the one shown in Fig. 5, but providing those
indices with index ⊥ only shaded since they need not actually be represented. The
resulting transition system is finite state if all datatypes and queues are finite. �

The restriction put on � in the premiseof Lem. 32 is not as strong as it may
seemsincea booleanexpressionwith a subterm expr0 of type � s can easilybe
integratedinto the modelasa booleanauxiliary variable, i.e. a booleanvariable
which is assignedthe valueof expr0 in each stepand not usedotherwise.Then
� canbe transformedinto a � 0 which refersto the auxiliary variable insteadof
expr0 thus satis�es the premiseof Lem. 32.Within the model, expr0 undergoes
the changesof Def. 27.

Note that for formal veri�cation, only the former implication of Lem. 32 is of
practical relevance:if we are able to prove a property for the abstract system,
then it holds in the original system.But if we are seekingfor an examplerun
in order to verify an existential formula, there is no guaranteethat a run found
in the abstract systemis alsoa run of the concretesystem.

4.3.3 Parameterised Designs

A direct corollary of the previousSec.4.3.2 is the following [19]:

Corollary 33 Let S = ((V0; 
 0); � 0; � 0) be an STS,M0 a structure of (V0; 
 0),
and � s ∈ TB0 a scalarset wrt. M0. Let X be a �nite set of 0-ary constantsand
� an LTL formula over B = (V; 
 ) with X ⊆ 
 s.t. B ⊆X (V0; 
 0). Let dtr � s

be a data-type reduction on the scalarset type � s, and Sdtr the data-type reduced
STS induced by dtr � s

. Let Mdtr be the canonical structure of Sdtr and let dtr 0

be a data-type reduction on � s s.t. dtr 0⊇ dtr . Then

Sdtr |= 8(,0) � =⇒ Sdtr′ |= 8(,0) � �
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That is, if a property � holdsfor somedata-type reducedsystem,then it holds
for each larger system.This re-formulation of Lem. 32 is in particular relevant
for parameterisedsystemslike the ARCS sinceit providesa techniqueto prove
properties for all instantiations of a parameterisedmodel.

4.3.4 Data-type reduction for UML

In the domain of LSC veri�cation for UML, data-type reduction applies di-
rectly to the tasksobtained from query reduction. Following the methodology
proposedby McMillan [19] the initial data-type reduction is obtained from
the task by heuristics:

Let M be a UML model and L a (for instanceuniversal) LSC with instance
lines annotated by N di�erent classtypesTc1 ; : : : ; TcN . According to Def. 10,
a systemS satis�es L if it satis�es all possiblebindings of object identi�ers
to constants in the resulting LTL formula where each constant directly cor-
responds to an instanceline. By results of Sec.4.2, it is su�cien t to consider
a �nite representativ e set of bindings. Consideroneof thesebindings and let
ik1 ; : : : ; ikn ∈ Tck , 1 ≤ k ≤ N , be the chosenconcreteobjects of type Tck ,
i.e. separatedby type. Then we �rst try to verify the task on the data-type
reducedsystem

dtr (S) = dtr m(: : : (dtr N+1(dtr N (: : : (dtr 1(S)) : : : ))) : : : )

wherewe chooseasdata-type reductionsdtr k = {ok1 ; : : : ; okn } for 1 ≤ k ≤ N ,
i.e. each type used in the speci�cation, and dtr k = ∅ for N < k ≤ m if the
UML model comprisesm classtypesoverall.

Example 34 For the running example,wewouldapplythedata-type-reductions,

dtrCar =df {(Car; 0)}; dtrTerminal =df {(Terminal; 0)};
dtrCarHandler =df {(CarHandler; 0)};

and yield a systemas il lustrated by Fig. 6.

To il lustrate the e�ect of the abstraction on the observabledynamic behaviour,
we brie
y \play through" eventsendingand operation calls in the following.

Consider class Car in the ARCS which has an association to a CarHandler

(cf. Fig. 7). Executing the create action in the Terminal means [1] selection
of one of the yet unused, non-alive objects from the set of all objects. In the

0,1
1

itsCar

itsCarHandler
CarHandler Car

Fig. 7. Class diagr am: Relation between Car and CarHandler. �
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abstract system,the alive 
ag of the concrete objects is considered as well as
the alive 
ag obtained by the reference⊥CarHandler. Thus by executing the create
action, the Terminal may get a reference to a concrete object or to \any other
CarHandler". This actually provides for unbounded creation of CarHandlers:
after all concrete objects havebecome alive, all subsequent (possiblyin�nitely
many) create operations yield the object identity ⊥CarHandler. In the following,
we assumethat indeed the ⊥CarHandler is returned to the Terminal in response
to the create action and passed to the Car.

When the Car sendsan event to this CarHandler, the event is entered into the
event queueof the active object responsible for the CarHandler. In this case
the identity of the active object is actually guessed since the reference to the
responsibleactive object is an (inherited) attribute of CarHandler and as such
just guessed for ⊥CarHandler. Thereby,the eventmay endup in any eventqueue.
In the event queueof a concrete active object, the event wil l moveto the top
of the queueand become ready to be dispatched.

At dispatch time, the changed transition predicate causesthe current state of
the destination, CarHandler ⊥CarHandler, to be guessed. Thus the event may be
discarded or accepted. If the choice is for acceptance, the corresponding active
object notesdown⊥CarHandler as the currently processingobject and as long as
the predicate stable(⊥CarHandler), which indicatesthe endof a run-to-completion
step [1], is not evaluated to true, all possibleactions of the state-machineof
classCarHandler may be executed.

Wheneverduring the execution of actions the associations and attributes of
⊥CarHandler are evaluated, the value is in fact guessed, hence for examplethe
transition which sendsan event back to the Car managed by the CarHandler

might chooseany object of classCar in the systemasdestination: an unwanted
interference (cf. Sec. 4.3.5).

Analogously,whena Car calls a triggered operation of ⊥CarHandler, the object ref-
erence⊥CarHandler is entered into the Car's pending-requesttableas the receiver.
The transformed transition predicate of the abstract systemalso processesthis
entry for ⊥CarHandler, but again it is possibleto execute arbitrary transitions or
becoming stablesince, for example,the current state of ⊥CarHandler is simply
guessed. When the choice happens to be to become stable,the pending-request
table entry is changed to `completed' and the caller may continue. If there
were a reply action within the sequence of actions executed by the callee, then
the caller may �nd any possiblevalue as the reply if the reply dependson at-
tributes of the callee. Note that the callee ⊥CarHandler in particular needs not
becomestable,thus wecan observeany number of stepsbetween the call of the
triggered operation and its completion.

In general, the proposed abstraction techniqueis obviouslynot well-suited for
livenessproperties which is indeed a slight mismatch to our speci�c ation lan-

44



guageof live sequence charts, yet it applies well to all safety properties ex-
pressed as LSC. �

4.3.5 Abstraction Re�nement, Interference, and Non-Interference Lemmata

The heuristics for the initial data-type reduction aspresented in the previous
section yields a very coarseabstraction. In particular since for those classes
which do not occur in the LSC, there is not a single concretely represented
object in the abstracted system. For example, in the ARCS an LSC which
requiresthat two cars don't collide may compriseonly two instance lines at
�rst, one for each car. But since the position of a car depends on its speed
which is measuredby its cruiser, there will be a false-negative if all cruiser
objects are abstractedaccordingto the heuristic data-type reduction.

In order to re�ne the abstraction we would cruiser instancelines to the LSC
and relate cars and cruisers to each other by the activation condition. At
�rst, the LSC neednot necessarilycompriseany communication betweencars
and cruisers.We only make this dependencyof the requirement on cruisers
explicit. 12 Then the heuristics is applied to the new LSC that now comprises
somecruisers and it will yield a system with as much concrete cruisers as
neededfor the cars. If the property doesnot then, the procedureis iterated.

The discussionof event sending at the end of the previous section already
named the other typical reasonfor false-negatives: \any other CarHandler "
may send an event to a Car although it is not the CarHandler known by
the Car (cf. Fig. 8). In the original system,only a singleCarHandler actually
knowsa Car and sendsevents only whenappropriate. In his SMV-tutorial [37],

12 This is the LSC equivalent to \ case splitting" in the methodologyof McMillan [19].

Terminal

Car

CarHandler

0

0 1

0 1

. . .
. . .

. . .

. . .
. . .

. . .

status

status

status exeexe

10 itsCar

itsCar

EvQueue

speed

eq

waitEnter

arrivAck/...

C

ArrivAck

Fig. 8. False negative: When checking the property “two Cars will not crash when
entering the Terminal since their CarHandlers set the switches safely”, the heuris-
tics of Sec. 4.3 yields the depicted system. As discussed in Sec. 4.3.4, “any other
CarHandler” sending an event arrivAck to the concrete Car awaiting this event could
cause the Car to enter the terminal although all platforms are already occupied. �

45



K.L. McMillan demonstrateshow to addressthis problem by so called non-
interference lemmata. A non-interferencelemma is a property that can be
generalisedto the following form:

\If someentity sendssomethingto me, then it is allowed to do so".

The lemma is veri�ed in a separateproof and taken as an assumptionin the
proof of the main property to rule out unwanted interferences.

In general, it might be necessaryto explicitly introduce auxiliary variables
which keeptrack of \the oneswho are allowed to send". But in UML models,
a binary associations a with association endse1; e2, each of multiplicit y 0::1
or 1, are often intended to be \bi-directional" 13 , i.e. the navigation forth and
back along the association yields the identit y: self:e1:e2 = self. If furthermore
communication in the model is closelyrelated to associations in the sensethat
an event's destination is always given in terms of an association, and if the
modeller provides annotations of all such associations with a set of signals,
which are intended to be sent \along" this association, we can heuristically
derive the non-interferencelemma:sendingan event to e2 implies e2:e1 = self.

In the above example, there exists only the single association between class
Car and classCarHandler depicted in Fig. 7. Thus we would derive

∀ h ∈ OCarHandler ∀ c∈ OCar :
justsend= (true; h; c;: : : ) =⇒ h → itsCarHandler = c

which has to be proven separately. Note that again all symmetry reduction
and abstraction techniquesapply to this property, and may indeedbe needed
due to the in�nite state space.

5 Conclusion

We have provided an extensionof the LSC semantics which explainsdynamic
binding of system entities to instance lines by interpreting them as quan-
ti�cations over object identi�ers and given meaningto messagesendingand
receptionby a mapping for UML models in the semantics of [1]. In particular
it allows to refer to object creation and destruction during the activation of
an LSC and thus to denoteobjects which are not existing at activation time.

In order to formally verify an LSC against the in generalin�nite state UML
model by automatic �nite-state methods, we proposeda two-step approach

13 although this interpretation is (reasonably) not enforcedby the UML 2.0 propos-
als.
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which is basically a transfer of the methodology of [19] to the UML domain.
We �rst observe that the types of object identities and association indices
within the UML model in the semantics of [1] are symmetric types that in-
duce a symmetric transition relation and henceall in�nitely many possible
bindings of objects to instance lines are implied by a �nite set of represen-
tativ e cases.Secondly, for each of the representativ e cases,the abstraction
technique of data-type reduction is applied to the object referenceand asso-
ciation index types. This technique yields a �nite over-approximation of the
original systembehaviour wherefalse-negativesaretreated by usinglesscoarse
abstractions and by automatically proving non-interferencelemmata derived
from information in the UML model.
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