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Prefa e
The International Workshop on Pre ise Modelling and Dedu tion for Obje t-oriented
Software Development is held on June 18, 2001 in Siena (Italy) as part of IJCAR 2001,
the International Joint Conferen e on Automated Reasoning.
The workshop aims at losing the gap between automated dedu tion and one of its
most important appli ations: formal methods in software engineering. It tries to bring
together the pre ise modelling and the automated reasoning ommunities interested
in obje t-oriented software development.
The meeting onsists of an invited talk, ve ontributed papers, and a tool demo
session. More information, in luding these pro eedings, is available at the PMD web
site at i12www.ira.uka.de/~be kert/PMD.
We sin erely thank those who ontributed to make this workshop possible: The
authors and parti ipants, and in parti ular Johann S humann for his invited talk. We
also thank the organisers of IJCAR 2001, who were responsible for all lo al arrangements.
Sienna, Italy
June 2001

Bernhard Be kert
Robert Fran e
Reiner Hahnle
Bart Ja obs
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Automati Synthesis of UML Designs from
Requirements in an Iterative Pro ess
Johann S humann1 and Jon Whittle2
1 RIACS/NASA-Ames
2 QSS/NASA Ames

email:s humann,jonathwptolemy.ar .nasa.gov

The Uni ed Modeling Language (UML) is gaining wide popularity for the design of obje t-oriented systems. UML [6℄ ombines various obje t-oriented graphi al
design notations under one ommon framework. A major fa tor for the broad a eptan e of UML is that it an be onveniently used in a highly iterative, Use Case
(or s enario-based) pro ess (although the pro ess is not a part of UML). Here, the
(pre-)requirements for the software are spe i ed rather informally as Use Cases and
a set of s enarios. A s enario an be seen as an individual tra e of a software artifa t.
Besides rst sket hes of a lass diagram to illustrate the stati system breakdown,
s enarios are a favorite way of ommuni ation with the ustomer, be ause s enarios des ribe on rete intera tions between entities and are thus easy to understand.
S enarios with a high level of detail are often expressed as sequen e diagrams.
Later in the design and implementation stage (elaboration and implementation
phases), a design of the system's behavior is often developed as a set of state harts.
From there (and the full- edged lass diagram), a tual ode development is started.
Current ommer ial UML tools support this phase by providing ode generators for
lass diagrams and state harts.
In pra ti e, it an be observed that the transition from requirements to design to
ode is a highly iterative pro ess. This means that initial versions of requirements have
to be modi ed and re ned to meet additional ( ustomer) wishes and onstraints. Also
modi ations of the ode an lead to revisions in design. This iterative behavior is
strongly supported by most modern pro esses, be ause it fa ilitates early dete tion of
in onsisten ies and bugs. Fixing a bug whi h is dete ted late in the software life y le
an ost approximately 60-100 times more than one whi h is dete ted early [3℄.
However, urrent UML tools do not support the transition from requirements to
design in a omfortable and onsistent way. Often, a onsiderable amount of time is
spent to write down the requirements in great detail. Then the requirements tend to
be \forgotten" until test ases have to be set up. At this point of time, it is usually
dete ted that those requirements are hopelessly out of date and require a major
overhaul.
Our work [7℄ addresses these issues and tries to lose the gap between requirements
and design. In this talk, we present a set of algorithms whi h perform reasonable
synthesis and transformations between di erent UML notations (sequen e diagrams,
OCL onstraints, state harts). Our overall aim with respe t to reasonable synthesis
is entered around the following on epts: dete tion of in onsisten ies and ambiguities in sequen e diagrams, merging of similar or dupli ated behaviors from di erent
sequen e diagrams, the produ tion of highly readable (stru tured) state hart, and
the support for iterative re nements. More spe i ally, we will dis uss the following
transformations.
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State hart synthesis. From a set of sequen e diagrams with obje t O (as an instan e of a lass C ) as a parti ipant, we automati ally synthesize a state hart whi h
re e ts C 's behavior given in the sequen e diagrams. Be ause the standard semanti s of sequen e diagrams is very weak, almost no dupli ate or similar behavior an
be merged. In order to over ome this problem, we allow the designer to spe ify a
set of OCL onstraints, des ribing pre- and post onditions over a ve tor of \statevariables" for messages in the sequen e diagrams. These state-variables ( urrently
of type boolean) and the onstraints are used by our algorithm to dete t on i ts
between a sequen e diagram and the OCL onstraints (the domain model) using
uni ation and a version of the frame axiom. Furthermore, potential loops an be dete ted. Our state variables also form the basis for onstru ting the ( at) state hart.
In ontrast to other approa hes (e.g., that used in the SCED tool [2℄), the domain
model allows a justi ed merge of sequen e diagrams. Be ause OCL onstraints need
to be de ned only for few (possibly important or ambiguous) messages, we believe
that the additional burden for the designer is kept to a reasonable level.
Introdu tion of hierar hy. As soon as the design gets more omplex (i.e., a state hart ontains more than approx. 5 nodes), things usually get out of hand, be ause
the design annot be read by the designer/developer in a reasonable manner. D. Harel
[1℄ ta kled this problem by introdu ing hierar hy and orthogonality in his state harts.
Nodes an be grouped into supernodes, in reasing readability and avoiding an explosion of states when new fun tionality is added.
In order to produ e useful designs, our algorithm is apable of synthesizing hierar hi al state harts. Thereby, the initial at state hart is partitioned re ursively
a ording to a given strategy, usually based upon information in the lass diagram,
a given ordering of the state-variables, and user preferen es. Be ause hierar hy is
transparent with respe t to state hart semanti s, multiple di erent hierar hies (or
\views") an exist in the system at the same time.
Consisten y of modi ations. In most software proje ts, requirements s enarios
only over a (hopefully important) fragment of the intended system behavior. Therefore, the synthesized state hart an only be a rst design sket h whi h needs to be
generalized and modi ed by the designer. A hierar hi al stru ture (see above) is an
important prerequisite for su h a tivities. However, transformations or modi ations
easily an invalidate the requirements. Therefore, we have developed a \ba kwards
dire tion" algorithm whi h he ks onsisten y of the modi ed state hart with the
original requirements and the domain model. In ase an original sequen e diagram
has been violated, our algorithm proposes a set of revised (added/modi ed/deleted
messages) a ording to given riteria.
\Design-Debugging". Despite the well-known \fa t" that every programmer always writes error-free ode, debugging of a software artifa t is an extremely important (and unfortunately time- onsuming and ostly) task. Our algorithms support
debugging of UML diagrams on various levels [5℄. Early he king of onsisten y in the
requirements is one way of debugging during very early stages of the development, i.e.,
already before the a tual design starts. Our ba kwards-dire tion algorithm fa ilitates
nding bugs in modi ations of the original design. Here, the user is not required to
manually go through (lengthy) exe ution tra es. All the user has to do is to he k the
proposed modi ations (whi h are usually mu h smaller) of the sequen e diagrams
whether or not they are onsistent with the intended system behavior.
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A popular method for debugging is the so- alled \printf-debugging". Here, the
programmer instruments the ode with statements whi h write tra e information and
variable values into a log- le. After the program exe ution, the tra e in analyzed. In
pra ti e, however, annotation of larger program to dete t a ertain behavior is far
from trivial. Usually, a lot of distant and seemingly unrelated parts of the ode have
to be annotated. Here, our algorithm for the introdu tion of hierar hy an be of great
help. Combined with the automati ode generation fa ilities of ommer ial UML
tools, su h an instrumentation an be a omplished easily. The developer hanges
the hierar hy of the state hart(s) in su h a way that all states whi h are of interest
for the urrent debugging session are grouped together in one (or a few) superstates
on the top of the hierar hy. Then, all important parts are learly visible and an be
instrumented easily (e.g., by adding spe i debugging a tions). The hange of the
hierar hy an be initiated by giving additional onstraints over the state variables.
Our entire set of algorithms is based upon a logi -based semanti s of the di erent
UML notations. We are urrently only using a subset of the sequen e diagram and
state hart notation, for whi h there is a straightforward, undisputed semanti s. In
future, we will work on the in orporation of additional elements of the state hart
notation and extensions of sequen e diagrams (see [8℄ for details) into our framework.
We have developed a prototype of these algorithms in Java. Integration into a
UML tool (using XMI) is urrently in progress. We have tried out our algorithm with
various small examples, like the ATM ma hine and a ruise- ontrol system. Future
work in ludes NASA-internal ase studies on spa e shuttle software and software for
advan ed air traÆ ontrol.
However, there is mu h work still to be done. Our overall goal is to have an integrated UML support tool whi h is on ise and a urate, but hides the underlying
formal te hniques (uni ation, onstraint solving, tree sear hes) as mu h as possible.
By integration of the algorithms into ommer ial UML tools we aim at \invisible
formal methods" as proposed by J. Rushby [4℄. The in orporation of additional domain information in the form of OCL onstraints allows on ise onsisten y he ks
and justi ed merging of sequen e diagrams with minimal overhead for the software
designer and developer. It is thus expe ted that su h tools will in rease produ tivity
and quality of obje t oriented software systems.
Referen es

1. D. Harel. State harts: A visual formalism for omplex systems. S ien e of Computer Programming,
8:231{274, 1987.
2. T. Mannisto, T. Systa, and J. Tuomi. SCED report and user manual. Report A-1994-5, Dept of
Computer S ien e, University of Tampere, 1994.
3. R. Pressman. Software Engineering - a Pra titioner's Approa h. M Graw-Hill, 1997.
4. J. Rushby. Disappearing formal methods. In Pro eedings of HASE: Fifth IEEE International
Symposium on High Assuran e Systems Engineering, 2000. invited paper.
5. J. S humann. Automati debugging support for UML designs. In M. Du asse, editor, Pro eedings of the Fourth International Workshop on Automated Debugging, 2000.
http://xxx.lanl.gov/abs/ s.SE/0011017.
6. Uni ed Modeling Language Spe i ation, Version 1.3, 1999. Available from Rational Software
Corporation, Cupertino, CA.
7. J. Whittle and J. S humann. Generating State hart Designs From S enarios. In Pro eedings of
International Conferen e on Software Engineeering (ICSE 2000), pages 314{323, 2000.
8. J. Whittle and J. S humann. Generating State hart Designs From S enarios. TOSEM, 2001.
submitted.
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Handling Java's Abrupt Termination in a
Sequent Cal ulus for Dynami Logi
Bernhard Be kert and Bettina Sasse
University of Karlsruhe
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D-76128 Karlsruhe, Germany
be kertira.uka.de, sasseira.uka.de

In Java, the exe ution of a statement an terminate abruptly (besides
terminating normally and terminating not at all). Abrupt termination either leads to a
redire tion of the ontrol ow after whi h the program exe ution resumes (for example
if an ex eption is aught), or the whole program terminates abruptly (if an ex eption
is not aught). Within the KeY proje t, a Dynami Logi for Java Card has been
developed, as well as a sequent al ulus for that logi , whi h an be used to verify Java
Card programs. In this paper, we des ribe how abrupt termination is handled in that
al ulus. The ideas behind the rules we present an easily be adapted to other program
logi s (in parti ular Hoare logi ) for Java.

Abstra t.

1

Introdu tion

In Java, the exe ution of a statement an terminate abruptly (besides terminating
normally and terminating not at all). Possible reasons for an abrupt termination are
for instan e (a) that an ex eption has been thrown, (b) that a loop or a single loop
iteration is terminated with the break resp. the ontinue statement, and ( ) that the
exe ution of a method is terminated with the return statement. Abrupt termination
of a statement either leads to a redire tion of the ontrol ow after whi h the program
exe ution resumes (for example if an ex eption is aught), or the whole program
terminates abruptly (if an ex eption is not aught).
In [2℄ a Dynami Logi for Java Card (Java Card DL) has been presented,
as well as the basi rules of a sequent al ulus for Java Card DL that an be used
to verify Java Card programs. In this paper, we give a detailed des ription of how
abrupt termination is handled in that al ulus. The basi prin iples of the rules we
present an easily be adapted to other program logi s (in parti ular Hoare logi ) for
Java.
The basi idea of our approa h, whi h helps to keep the al ulus's rules simple,
is to give an abruptly terminating statement the same semanti s as that of a nonterminating statement. As usual in Dynami Logi s, the semanti s of a program is
a partial fun tions between states. Neither the fa t that an abrupt termination has
o urred nor the reason for the abrupt termination are made part of the states. Thus,
to de ne the semanti s of DL formulas, we do not need to provide additional onstru ts
for handling abrupt termination. Nevertheless, our al ulus an handle programs that
make use of abrupt termination to redire t ontrol ow during exe ution.
We work a ording to the prin iple that the program states should not in lude
information about ontrol ow: they do not ontain a program ounter, nor the value
of the ondition in an if-else statement that has just been evaluated, nor the reason
for the termination of a statement.

6

B. Be kert and B. Sasse

A di erent approa h is used in [3℄, where the semanti s of a program is not a
fun tion between states but from states to pairs onsisting of a state and a reason
for termination, making the reason for ompletion e e tively part of the nal state
of a statement. Other related work in ludes [6℄ and [8℄, where program logi s for
(subsets of) Java are des ribed.
The stru ture of this paper is as follows: In Se tion 2, we shortly des ribe the
ba kground and motivation of our work. Syntax and semanti s of Java Card DL are
introdu ed in Se tion 3; for details, the reader is referred to [2℄. The rules for handling
abrupt termination are given in Se tion 4. In Se tion 5, we present an example for
the appli ation of these rules.
2

Ba kground

The work reported here has been arried out as part of the KeY proje t [1℄. The
goal of KeY is to enhan e a ommer ial CASE tool with fun tionality for formal
spe i ation and dedu tive veri ation and, thus, to integrate formal methods into
real-world software development pro esses. A ordingly, the design prin iples for the
software veri ation omponent of the KeY system are:

{ The programs that are veri ed should be written in a \real" obje t-oriented programming language (we de ided to use Java

Card).

{ The logi al formalism should be as easy as possible to use for software developers
(who do not have years of training in formal methods).

Sin e Java Card is a \real" obje t-oriented language, it has features whi h are
diÆ ult to handle in a software veri ation system, su h as dynami binding, aliasing,
obje t initialisation, and|the topi of this paper|abrupt termination. On the other
hand, Java Card la ks some ru ial ompli ations of the full Java language su h as
threads and dynami loading of lasses. Moreover, Java smart ards are an extremely
suitable target for software veri ation, as the appli ations are typi ally se urity- riti al but rather small.
We use an instan e of Dynami Logi (DL) [5℄|whi h an be seen as an extension of Hoare logi |as the logi al basis of the KeY system's software veri ation
omponent, be ause dedu tion in DL is based on symboli program exe ution and
simple program transformations and is lose to a programmer's understanding of
Java Card. Also, DL has su essfully been applied in pra ti e to verify software
systems of onsiderable size. It is used in the software veri ation systems KIV [7℄
and VSE [4℄ (for a programming language that is not obje t-oriented).
3

Dynami

Logi

3.1 Overview

for Java Card

Dynami Logi an be seen as a modal predi ate logi with a modality hp i for every
program p (we allow p to be any sequen e of legal Java Card statements); hp i
refers to the su essor worlds ( alled states in the DL framework) that are rea hable
by running the program p . In standard DL there an be several of these states (worlds)
be ause the programs an be non-deterministi ; but here, sin e Java Card programs
are deterministi , there is exa tly one su h world (if p terminates) or there is no
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su h world (if p does not terminate). The formula hp i expresses that the program p
terminates in a state in whi h  holds. A formula  ! hp i is valid if for every state s
satisfying the pre- ondition , a run of the program p starting in s terminates, and
in the terminating state the post- ondition holds.
Thus, the formula  ! hp i is similar to the Hoare triple fgp f g. But in ontrast to Hoare logi , the set of formulas of DL is losed under the usual logi al operators: In Hoare logi , the formulas  and are pure rst-order formulas. DL allows to
involve programs in the des riptions  resp. of states. For example, using a program,
it is easy to spe ify that a data stru ture is not y li , whi h is impossible in pure
rst-order logi . Be ause all Java onstru ts are available in DL for the des ription of
states (in luding while loops and re ursion) it is not ne essary to de ne an abstra t
data type state and to represent states as terms of that type; instead DL formulas
an be used to give a (partial) des ription of states, whi h is a more exible te hnique
and allows to on entrate on the relevant properties of a state.

3.2 Syntax of Java Card DL
As said above, a dynami logi is onstru ted by extending some non-dynami logi
with modal operators of the form hp i. The non-dynami base logi of our DL is a
typed rst-order predi ate logi . We do not des ribe in detail what the types of our
logi are (basi ally they are identi al with the Java types) nor how exa tly terms and
formulas are built, as this is not relevant for the handling of abrupt termination. The
de nitions an be found in [2℄. Note, that terms (whi h we often all \logi al terms"
in the following) are di erent from Java expressions; they never have side e e ts.
In order to redu e the omplexity of the programs o urring in DL formulas, we
introdu e the notion of a program ontext. The ontext an onsist of any legal Java
Card program, i.e., it is a sequen e of lass and interfa e de nitions. Syntax and
semanti s of DL formulas are then de ned with respe t to a given ontext; and the
programs in DL formulas are assumed not to ontain lass de nitions.
A ontext must not ontain any onstru ts that lead to a ompile-time error or
that are not available in Java Card.1
The programs in DL formulas are basi ally exe utable Java Card ode; as said
above, they must not ontain lass de nitions but an only use lasses de ned in
the program ontext. We introdu ed two additional onstru ts that are not available
in plain Java Card but are ne essary for ertain rule appli ations: Programs an
ontain a spe ial onstru t for method invo ation (see below), and they an ontain
logi al terms. These extensions are not used in the input formulas, they o ur only
within proofs, i.e., we prove properties of pure Java Card programs.

Example 1. The statement i=0; may be used as a program in a DL formula although

i is not de lared as a lo al variable.
The statement break l; is not a legal program be ause su h a statement is only
allowed to o ur inside a blo k labelled with l. A ordingly, l:{break l;} is a legal

program and an be used in a DL formula.

1 An additional restri tion is that a program ontext must not ontain inner lasses (this restri tion
is \harmless" be ause inner lasses an be removed with a stru ture-preserving program transformation and are rarely used in Java Card anyway).
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The purpose of our rst extension is the handling of method alls. Methods are
invoked by synta ti ally repla ing the all by the method's implementation. To handle
the return statement in the right way, it is ne essary (a) to re ord the obje t eld
or variable x that the result is to be assigned to, (b) to re ord the old value old
of this, and ( ) to mark the boundaries of the implementation prog when it is
substituted for the method all. For that purpose, we allow statements of the form
all(old,x ){prog } to o ur in DL programs.
The se ond extension is to integrate logi al terms in programs ontained in DL
formulas (not in the program ontext). This is ne essary to be able to repla e Java
expressions with possible side e e ts by a logi al term of the same type. However,
sin e the value of logi al terms annot and must not be hanged by a program, a
logi al term an only be used in positions where a final lo al variable ould be used
a ording to the Java language spe i ation (the value of lo al variables that are
de lared final annot be hanged either). In parti ular, logi al terms annot be used
as the left hand side of an assignment.

3.3 Semanti s of Java Card DL
The semanti s of a program p is a state transition, i.e., it assigns to ea h state s the
set of all states that an be rea hed by running p starting in s. Sin e Java Card
is deterministi , that set either ontains exa tly one state (if p terminates normally)
or is empty (if p does not terminate or terminates abruptly). The set of states of
a model must be losed under the rea hability relation for all programs p , i.e., all
rea hable states must exist in a model (other models are not onsidered).
The semanti s of a logi al term t o urring in a program is the same as that of a
Java expression whose evaluation is free of side-e e ts and gives the same value as t.
For formulas  that do not ontain programs, the notion of  being satis ed by a
state is de ned as usual in rst-order logi . A formula hp i is satis ed by a state s
if the program p, when started in s, terminates normally in a state s in whi h  is
satis ed. A formula is satis ed by a model M , if it is satis ed by one of the states
of M . A formula is valid in a model M if it is satis ed by all states of M ; and a
formula is valid if it is valid in all models.
As mentioned above, we onsider programs that terminate abruptly to be nonterminating. Thus, for example, hthrow x;i is unsatis able for all . Nevertheless,
it is possible to express and (if true) prove the fa t that a program p terminates
abruptly. For example, the formula
0

:

e = null

! htry{p }

:

at h(Ex eption e){}i(: (e = null))

is true in a state s if and only if the program p , when started in s, terminates abruptly
by throwing an ex eption (as otherwise no obje t is bound to e).
Sequents are notated following the s heme

1 ; : : : ;

m

`

1

;::: ;

n

;

whi h has the same semanti s as the formula
(8x1 )    (8xk )((1 ^ : : : ^

m)

! ( _ ::: _
1

where x1 ; : : : ; xk are the free variables of the sequent.

n ))

;
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Sequent Cal ulus Rules for Handling Abrupt Termination

4.1 Notation
The rules of our al ulus operate on the rst a tive ommand p of a program p !. The
non-a tive pre x  onsists of an arbitrary sequen e of opening bra es \{", labels,
beginnings \try{" of try- at h-finally blo ks, and beginnings \ all(: : : ){" of
method invo ation blo ks. The pre x is needed to keep tra k of the blo ks that the
( rst) a tive ommand is part of, su h that the abruptly terminating statements
throw, return, break, and ontinue an be handled appropriately.2 The post x !
denotes the \rest" of the program, i.e., everything ex ept the non-a tive pre x and
the part of the program the rule operates on. For example, if a rule is applied to the
following Java blo k operating on its rst a tive ommand i=0;, then the non-a tive
pre x  and the \rest" ! are the marked parts of the blo k:
l:{try{ i=0; j=0; }finally{ k=0; }}

| {z }

{z

|



}

!

4.2 Loop Rules
Due to spa e restri tions, we present only one spe i rule for while loops to demonstrate the properties of loop rules. for and do-while loops are handled analogously.
The following rule \unwinds" while loops. Its appli ation is the prerequisite for
symboli ally exe uting the loop body. These \unwind" rules allow to handle while
loops if used together with indu tion s hemata for the primitive and the user de ned
types (see the example in Se tion 5).

` (h

if( )l :{l :{p } l1 :   ln :while( ){p }} ! i)
` (h l1:   ln:while( ){p } !i)
0

00

0

(R1)

where

{ l and l are new labels,
{ p is the result of (simultaneously) repla ing in p
(a) every break li (for 1  i  n) and every break (with no label) that has the
0

00

0

while loop as its target by break l , and
(b) every ontinue li (for 1  i  n) and every ontinue (with no label) that
has the while loop as its target by break l .3
0

00

The list l1 :; : : : ;ln : usually has only one element or is empty, but in general a loop
an have more than one label.
In the \unwound" instan e p of the loop body p , the label l is the new target for
break statements and l is the new target for ontinue statements, whi h both had
0

0

00

2 In DL versions for simple arti ial programming languages, where no pre xes are needed, any
formula of the form hp q i an be repla ed by hp ihq i. In our al ulus, splitting of h pq ! i into
hp ihq !i is not possible (unless the pre x  is empty) be ause p is not a valid program; and
the formula h p !ih q !i annot be used either be ause its semanti s is in general di erent from
that of h pq !i.
3 The target of a break or ontinue statement with no label is the loop that immediately en loses
it.
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the while loop as target before. This results in the desired behaviour: break abruptly
terminates the whole loop, while ontinue abruptly terminates the urrent instan e
of the loop body.
A ontinue with or without label is never handled by a rule dire tly, be ause it
an only o ur in loops, where it is always transformed into a break by the loop rules.

4.3 Rules for the Abruptly Terminating Statements
Possible Combinations of Pre x and Abruptly Terminating Statement. In
the following, we present rules for ombinations of pre x type (beginning of a blo k,
method invo ation or try) and abruptly terminating statement (break, return or
throw). Due to restri tions of the language spe i ation, the ombination method
invo ation/break does not o ur. Also, swit h statements, whi h may ontain a
break, are not onsidered here; they are transformed into a sequen e of if statements.

Evaluation of Arguments. The arguments ex and val of statements throw ex

resp. return val must already be evaluated (they must be logi al terms) before the
appropriate rule for redire ting the ontrol ow an be applied to the abruptly terminating statement. Otherwise, a rule su h as the following (rule (R2)) has to be used
rst, whi h then allows the appli ation of other rules that evaluate the expression ex .

` h {x =ex ; throw x ;} !i
` h throw ex ; !i

(R2)

where x is a new variable of the same type as the expression ex . Sin e, in this paper
we fo us on the handling of abrupt termination here and not on the evaluation of
expressions, we assume in the following that this has already been done.
We also do not onsider the problem of unde ned expressions in this paper, whose
evaluation results in an ex eption being thrown (e.g., the expression o.a if the value
of o is null). If an expression e o urs that may be unde ned, the rules have a further
premiss ` isdef (e ) in the full version of the al ulus.

Rule for Method Call/return. The rule for this ombination symboli ally exe utes

every step the virtual ma hine does when a method invo ation is terminated: The
return value is assigned to the lo ation re orded in the method all pre x and this
is restored to the value it had before method invo ation.

` h

` h

x =y ; this=old; ! i
all(old, x ):{return y ; pgm }! i

(R3)

In pure Java it is not possible to expli itly assign a value to this. Our assignment
rule, however, an handle su h a statement and produ es the desired e e t. The \rest"
program pgm of the method body, whi h is not exe uted, may be empty.

Rule for Method Call/throw. In this ase, the method is terminated and this
is restored to its old value, but no return value is assigned. The throw statement
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remains un hanged (i.e., the ex eption is handed up to the invoking program).

`

` h

this=old; throw ex ; !i
h method all(old, x ):{throw ex ; pgm }!i

(R4)

Again, the \rest" pgm of the method body, whi h is not exe uted, may be empty.

Rules for try/throw. The following rules allow to handle try- at h-finally blo ks

and the throw statement. These are simpli ed versions of the a tual rules that apply
to the ase where there is exa tly one at h lause and one finally lause.

`

instan eof (ex ; T )
` (h try{e =ex ;q }finally{r } !i
` (h try{throw ex ; p } at h(T e ){q }finally{r } !i)

(R5)

` :instan eof (ex ; T )
` (h try{throw ex ; p }

(R6)

` (h

r ; throw ex ; ! i)
at h(T e ){q }finally{r } ! i)

Rule (R5) applies if an ex eption ex is thrown that is an instan e of ex eption
lass T , i.e., the ex eption is aught; otherwise, if the ex eption is not aught, rule (R6)
applies.

Rules for try/break and try/return. A return or a break statement within a

try- at h-finally statement auses the immediate exe ution of the finally blo k.
Afterwards the try statement terminates abnormally with the break resp. the return
statement (a di erent abruptly terminating statement in the finally blo k takes

pre eden e). This behaviour is simulated by the following two rules:

`
`

` h

r break l ; ! i
h try{break l ; p } at h(T ex ){q }finally{r } !i

(R7)

` h

(R8)

r return v ; ! i
h try{return v ; p } at h(T ex ){q }finally{r } !i

Rules for blo k/break, blo k/return, and blo k/throw. Rules (R9) and (R10)

apply to blo ks whi h are terminated by a break statement without label resp. with
a label l mat hing one of the labels l 1 ; : : : ; l k of the blo k (k  0).

` h
` h

` h !i

(R9)

l 1 :    l k :{break; pgm } !i

` h !i

l 1 :    l k :{break l ; pgm } !i

where l

2 fl

1

; : : : ; l kg

(R10)
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The following rules handle labelled and unlabelled blo ks that are abruptly terminated by a break statement with a label l not mat hing any of the labels of the
blo k (Rule (R11)), or by a return or throw statement (Rules (R12) resp. (R13)).

` h

l1

` h break l ; !i
:    l k :{break l ; pgm } !i
` h
` h

l1

where l

62 fl

1

; : : : ; l kg

(R11)

` h return v ; !i
:    l k :{return v ; pgm } ! i

(R12)

` h throw e ; !i
:    l k :{throw e ; pgm } ! i

(R13)

l1

In all the rules above, the program pgm (that is not exe uted) may be empty.

Rules for Empty Blo ks. Rule (R14) applies to empty try blo ks, whi h terminate
normally. There are similar rules for empty blo ks and empty method invo ations.

`
5

` (h

r !i)
(h try{} at h(T e){q }finally{r } !i)

(R14)

Example

As an example, we use the al ulus presented in the previous se tion to verify that,
if the program
while (true) {
if (i==10) break;
i++;
}

is started in a state in whi h the value of the variable i is between 0 and 10, then it
terminates normally in a state in whi h the value of i is 10.4 That is, we prove that
the sequen e
0  i ^ i  10

` hp

while

ii =: 10

(1)

is valid, where pwhile is an abbreviation for the above while loop. Instead of proving (1)
dire tly, we rst use indu tion to derive the sequen e

` (8n)((n  10 ^ i =: 10

n) ! hpwhile ii =: 10)

(2)

as a lemma. It basi ally expresses the same as (1), the di eren e is that its form
allows a proof by indu tion on n. The introdu tion of this lemma is the only step in
the proof where an intuition for what the Java Card program pwhile a tually does
is needed and where a veri ation tool may require user intera tion.
4 This example program was presented in [3℄.
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:

i = 10

`

:

i = 10

(8)

indu tion hypothesis

n  9; i =: 10 : n `

empty prog.

:
:
i = 10 ` hii = 10

hpwhileii = 10

(7)

break (R10)

:
i = 10 `

empty blo k

:

hl1:{break

n  9; i =: 10 n `

(6)

l1; i++; pwhile }ii = 10

hl1:{l2:{}

hl1:{l2:{break

:

(5)

l1; i++;}pwhile }ii = 10

if

:
i = 10 `

hl1:{l2:{if

(i==10) break l1;

: : : }ii =: 10

if

:
i = 10 `

hif(true)

l1:{l2:{

: : : }ii =: 10

n  9; i =: 9 n `

hl1:{l2:{i++;}pwhile }ii =: 10

n  9; i =: 9 n `
hl1:{l2:{if

(4)

hif(true)

if

(i==10)

n  9; i =: 9 n `

while (R1)

:
:
i = 10 ` hpwhile ii = 10
Base ase:
n =: 0

: : : }ii =: 10

if

l1:{l2:{

: : : }ii =: 10

while (R1)

n  9; i =: 9 n ` hpwhile ii =: 10

(3)

Step ase:
n!n+1

indu tion

` (8n)((n  10 ^ i =: 10 n) ! hpwhileii =: 10)
Fig. 1.

:

pwhile }ii = 10

++ operator

break (R11)

:
i = 10 `
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(2)

Stru ture of the proof for sequent (1).

The derivation of (2) is shown s hemati ally in Figure 1. In the following, we
des ribe the base ase n = 0 of the indu tion in detail. The step ase is similar (the
main di eren e is that it loses with an appli ation of the indu tion hypothesis while
the base ase loses with an axiomati sequent).
The rst sequent whi h appears in the base ase after applying the indu tion rule
and some simpli ations is

:

i = 10

` hwhile

:

(true) {if (i==10) break; i++;}ii = 10

(3)

An appli ation of the rule for while loops (R1) results in the new proof obligation

:

i = 10 `
hif (true) l1:{l2:{if (i==10) break l1; i++;} pwhile}ii =: 10

(4)

Here, two new labels are introdu ed: l1 is the target for break statements in the loop
body and l2 is the target for ontinue statements (the latter does not o ur in this
example).
The next step is to use the rule for if statements twi e. After the se ond appliation, we get the sequent

:

i = 10

` hl1:{l2:{break

:

l1; i++} pwhile }ii = 10

(5)
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in whi h the next exe utable statement is break l1. Now, the rule for labelled break
statements in a blo k with a non-mat hing label (R11) has to be applied, whi h
eliminates the blo k labelled with l2:

:

i = 10

` hl1:{break

:

l1; pwhile }ii = 10

(6)

Then, the rule for labelled break statements in a blo k with a mat hing label (R10)
is used. The result is

:

i = 10

` hi(i =: 10)

(7)

This simpli es with the rule for the empty program to

:

i = 10

`

:

i = 10

(8)

and an thus be shown to be valid.
After the lemma (2) has been proved by indu tion, it an be used to prove the
original proof obligation (1). First, we use a quanti er rule to instantiate n with
10 i. The result is
0  i ^ i  10

`

(10

:

i  10 ^ i = 10

(i

10)) ! (hpwhile ii =: 10)

whi h an be simpli ed to

0  i ^ i  10 ^ i =: i

` (hp

while

ii =: 10)

(9)

And, sin e (9) is derivable, the original proof obligation (1) is derivable as well, be ause
the trivial equality i =: i an be omitted.
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In this paper1 we formalize UML lass diagrams in terms of a logi belonging to Des ription Logi s, whi h are subsets of First-Order Logi that have been
thoroughly investigated in Knowledge Representation. The logi we have devised is
spe i ally tailored towards the high expressiveness of UML information stru turing
me hanisms, and allows one to formally model important properties whi h typi ally an
only be spe i ed by means of quali ers. The logi is equipped with de idable reasoning pro edures whi h an be pro tably exploited in reasoning on UML lass diagrams.
This makes it possible to provide omputer aided support during the appli ation design
phase in order to automati ally dete t relevant properties, su h as in onsisten ies and
redundan ies.
Abstra t.

1

Introdu tion

The Uni ed Modeling Language (UML) is the de fa to standard formalism for obje toriented modeling [2, 14℄. There is a vast onsensus on the need for a pre ise semanti s
for UML [12, 17℄, in parti ular for UML lass diagrams. Indeed, several types of formalization of UML lass diagrams have been proposed in the literature [11{13, 9℄.
Many of them have been proved very useful with respe t to the task of establishing
a ommon understanding of the formal meaning of UML onstru ts. However, to the
best of our knowledge, none of them has the expli it goal of building a solid basis for
allowing automated reasoning te hniques, based on algorithms that are sound and
omplete wrt the semanti s, to be appli able to UML lass diagrams.
In this paper, we propose a new formalization of UML lass diagrams in terms of
a parti ular formal logi of the family of Des ription Logi s (DLs). DLs2 have been
proposed as su essors of semanti network systems like kl-one, with an expli it
model-theoreti semanti s. The resear h on these logi s has resulted in a number
of automated reasoning systems [18, 19, 15, 16℄, that have been su essfully tested in
various appli ation domains (see e.g., [21, 22, 20℄). Our goal is to exploit the dedu tive
apabilities of DL systems, and show that e e tive reasoning an be arried out
on UML lass diagrams, so as to provide support during the spe i ation phase of
software development.
In DLs, the domain of interest is modeled by means of on epts and relations,
whi h denote lasses of obje ts and relation between obje ts, respe tively. Generally
speaking, a DL is formed by three basi omponents:
1 A full version of this paper an be found in [3℄.
2 See http://dl.kr.org for the home page of Des ription Logi s.
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{ A des ription language, whi h spe i es how to onstru t omplex on ept and

relationship expressions (also alled simply on epts and relationships), by starting
from a set of atomi symbols and by applying suitable onstru tors,
{ a knowledge spe i ation me hanism, whi h spe i es how to onstru t a DL knowledge base, in whi h properties of on epts and relationships are asserted, and
{ a set of automati reasoning pro edures, whi h are sound, omplete and terminating.

The set of allowed onstru tors hara terizes the expressive power of the des ription language. Various languages have been onsidered by the DL ommunity, and
numerous papers investigate the relationship between expressive power and omputational omplexity of reasoning (see [10℄ for a survey).
Several works point out that DLs an be pro tably used to provide both formal
semanti s and reasoning support to formalisms in areas su h as Natural Language,
Con guration Management, Database Management, Software Engineering. For example, [7, 8℄ illustrates the use of DLs for database modeling. However, DLs have not been
applied to the Uni ed Modeling Language (UML) (with the ex eption of [5℄). In this
work we on entrate on UML lass diagrams for the on eptual perspe tive. Hen e,
we do not deal with those features that are relevant for the implementation perspe tive, su h as publi , prote ted, and private quali ers for methods and attributes. For
su h UML lass diagrams we present a formalization of UML in terms of DLs. In
parti ular, we show how to apture the onstru ts of UML lass diagrams by using
a Des ription Logi that is equipped with n-ary relations. The DL we have adopt is
spe i ally tailored towards the high expressiveness of UML information stru turing
me hanisms, and allows one to formally model important additional properties, su h
has disjointness of lasses, or partitions of lasses into sub lasses, that are typi ally
spe i ed by means of onstraints in UML lass diagrams. In spite of the expressiveness required, the logi proposed admits de idable reasoning pro edures. Overall, the
formalization in DLs of UML lass diagrams provides us with a rigorous logi al framework for representing and automati ally reasoning on UML lass spe i ations. Su h
a formalization an be onsidered as the basi steps towards developing intelligent
tools that provide omputer aided reasoning support during the appli ation design
phase, in order to automati ally dete t relevant properties, su h as in onsisten ies
and redundan ies.
The paper is organized as follows: in Se tion 2 we give an overview of the Des ription Logi we use, alled DLR. In Se tions 3, 4, 5 and 6, we illustrate the formalization
of UML lass diagrams in terms of DLR, fo using on lasses, asso iations, generalization, and onstraints, respe tively. In Se tion 7 we dis uss the use of the reasoning
pro edures asso iated to DLR in order to support the spe i ation of UML lass
diagrams. Se tion 8 on ludes the paper.
2

The Des ription Logi

DLR

In this paper we adopt a DL, here alled DLR, presented in [6℄, whi h is a variant
of logi originally introdu ed in [4℄. The basi elements of DLR are on epts (unary
relations), and n-ary relations. We assume to deal with a nite set of atomi relations
and atomi on epts, denoted by P and A, respe tively. Arbitrary relations (of given
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arity between 2 and nmax ), denoted by R, and arbitrary on epts, denoted by C , are
built a ording to the following syntax:

R ::= >n
C ::= >1

j
j

P
A

j (i=n : C ) j :R j R u R
j :C j C u C j ( k [i℄R)
1

1

2

2

where i denotes a omponent of a relation, i.e., an integer between 1 and nmax , n
denotes the arity of a relation, i.e., an integer between 2 and nmax , and k denotes
a non-negative integer. We onsider only on epts and relations that are well-typed,
whi h means that (i) only relations of the same arity n are ombined to form expressions of type R1 u R2 (whi h inherit the arity n), and (ii) i  n whenever i denotes a
omponent of a relation of arity n.
We also make use of the following abbreviations:

C1 t C2
C1 ) C2
( k [i℄R)
9[i℄R
8[i℄R

for
for
for
for
for

:(:C u :C )
:C t C
:( k 1 [i℄R)
( 1 [i℄R)
:9[i℄:R
1

1

2

2

Moreover, we abbreviate (i=n : C ) with (i : C ), when n is lear from the ontext.
A DLR knowledge base (KB) is onstituted by a nite set of in lusion assertions,
where ea h assertion has one of the forms:

R1

v

R2

C1

v

C2

with R1 and R2 of the same arity.
Besides in lusion assertions, DLR KBs allow for assertions expressing identi ation onstraints and fun tional dependen ies.
An identi ation assertion on a on ept has the form:
(id C [i1 ℄R1 ; : : : ; [ih ℄Rh )
where C is a on ept, ea h Rj is a relation, and ea h ij denotes one omponent of Rj .
Intuitively, su h an assertion states that no two di erent instan es of C agree on the
parti ipation to R1 ; : : : ; Rh . In other words, if a is an instan e of C that is the ij -th
omponent of a tuple tj of Rj , for j 2 f1; : : : ; hg, and b is an instan e of C that is
the ij -th omponent of a tuple sj of Rj , for j 2 f1; : : : ; hg, and for ea h j , tj agrees
with sj in all omponents di erent from ij , then a and b oin ide.
A fun tional dependen y assertion on a relation has the form:
(fd R i1 ; : : : ; ih ! j )
where R is a relation, h  2, and i1 ; : : : ; ih ; j denote omponents of R. The assertion
imposes that two tuples of R that agree on the omponents i1 ; : : : ; ih , agree also on
the omponent j .
Note that unary fun tional dependen ies (i.e., fun tional dependen ies with h = 1)
are ruled out in DLR, sin e these lead to unde idability of reasoning [6℄. Note also that
the right hand side of a fun tional dependen y ontains a single element. However, this
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>In  (I )n
P II  >In I
(i=n : C ) = ft 2 >n j t[i℄ 2 C I g
(:R)I = >In n RI
(R1 u R2 )I = R1I \ R2I
Fig. 1.

>I1 = I
AI   I

(:C )I = I n C I
(C1 u C2 )I = C1I \ C2I
( k [i℄R)I = fa 2 I j ℄ft 2 R1I

j t[i℄ = ag  kg

Semanti rules for DLR (P , R, R1 , and R2 have arity n)

is not a limitation, be ause any fun tional dependen y with more than one element
in the right hand side an always be split into several dependen ies of the above form.
The semanti s of DLR is spe i ed through the notion of interpretation. An interpretation I = ( ;  ) of a DLR KB K is onstituted by an interpretation domain
 and an interpretation fun tion  that assigns to ea h on ept C a subset C of
 and to ea h relation R of arity n a subset R of ( )n , su h that the onditions
in Figure 1 are satis ed. (In the gure, t[i℄ denotes the i-th omponent of tuple t.)
We observe that >1 denotes the interpretation domain, while >n , for n > 1, does not
denote the n-Cartesian produ t of the domain, but only a subset of it, that overs
all relations of arity n. It follows, from this property, that the \:" onstru tor on
relations is used to express di eren e of relations, rather than omplement.
To spe ify the semanti s of a KB we rst de ne when an interpretation satis es
an assertion as follows:
I

I

I

I

I

I

I

I

{ An interpretation I satis es an in lusion assertion R1 v R2 (resp. C1 v C2 ) if
R1  R2 (resp. C1  C2 ).
{ An interpretation I satis es the assertion (id C [i1 ℄R1 ; : : : ; [ih ℄Rh ) if for all a; b 2
C and for all t1 ; s1 2 R1 ; : : : ; th ; sh 2 Rh we have that:
I

I

I

I

I

I

I

9

a = t1 [i1 ℄ =    = th [ih ℄;
=
b = s1 [i1 ℄ =    = sh[ih ℄;
implies a = b
;
tj [i℄ = sj [i℄; for j 2 f1; : : : ; hg, and for i 6= ij

{ An interpretation I satis es the assertion (fd R i1 ; : : : ; ih ! j ) if for all t; s 2 R ,
I

we have that:

t[i1 ℄ = s[i1 ℄; : : : ; t[ih ℄ = s[ih ℄ implies t[j ℄ = s[j ℄
An interpretation that satis es all assertions in a KB K is alled a model of K.
Several reasoning servi es are appli able to DLR KBs. The most important ones
are KB satis ability and logi al impli ation. A KB K is satis able if there exists a
model of K. A on ept C is satis able in a KB K if there is a model I of K su h that
C is nonempty. A on ept C1 is subsumed by a on ept C2 in a KB K if C1  C2
for every model I of K. An assertion is logi ally implied by K if all models of K
satisfy . One an easily verify that logi al impli ation and KB unsatis ability are
mutually redu ible.
One of the distinguishing features of DLR is that it is equipped with reasoning
algorithms that are sound and omplete wrt to the semanti s. Su h algorithms allow
one to de ide all the above reasoning tasks in deterministi exponential time [6℄.
Indeed, the proposed algorithms are omputationally optimal, sin e reasoning in DLR
is EXPTIME- omplete [4℄.
I

I

I
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Person

lass name
attributes
operations

name: String
phoneNumber[1..*℄: String
age(Datetime): Int
a

eptsSalary(Int): Bool

Fig. 2.
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Representation of a lass in UML

Classes

A lass in an UML lass diagram denotes a sets of obje ts with ommon features.
A lass is graphi ally rendered as a re tangle divided into three parts, as shown for
example in Figure 2. The rst part ontains the name of the lass, whi h has to be
unique in the whole diagram. The se ond part ontains the attributes of the lass, ea h
denoted by a name (possibly followed by the multipli ity, between square bra kets)
and with an asso iated lass, whi h indi ates the domain of the attribute values. For
example, the attribute phoneNumber[1..*℄: String means that ea h instan e of the lass
has at least one phone number, and possibly more, and that ea h phone numbers is
an instan e of String. If not otherwise spe i ed, attributes are single-valued. The third
part ontains the operations of the lass, i.e., the operations asso iated to the obje ts
of the lass. An operation de nition has the form:
operation-name (parameter-list ): (return-list )

Observe that an operation may return a tuple of obje ts as result.
An UML lass is represented by a DLR on ept. This follows naturally from the
fa t that both UML lasses and DLR on epts denote sets of obje ts.
An UML attribute a of type C for a lass C asso iates to ea h instan e of C ,
zero, one, or more instan es of a lass C . An optional multipli ity [i::j ℄ for a spe i es
that a asso iates to ea h instan e of C , at least i and most j instan es of C . When
the multipli ity is missing, [1::1℄ is assumed, i.e., the attribute is mandatory and
single-valued.
To formalize attributes we have to think of an attribute a of type C for a lass
C as a binary relation between instan es of C and instan es of C . We apture su h
a binary relation by means of a binary relation a of DLR. To spe ify the type of the
attribute we use the assertion:
0

0

0

0

0

C

v 8[1℄(a )(2 : C ))
0

Su h an assertion spe i es pre isely that, for ea h instan e of the on ept C , all
obje ts related to by a, are instan es of C . Note that an attribute name is not
ne essarily unique in the whole s hema, and hen e two di erent lasses ould have
the same attribute, possibly of di erent types. This situation is orre tly aptured by
the formalization in DLR.
To spe ify the multipli ity [i::j ℄ asso iated to the attribute we add the assertion:
0

C

v ( i [1℄a) u ( j [1℄a)

Su h an assertion spe i es that ea h instan e of C parti ipates at least i times and
at most j times to relation a via omponent 1. If i = 0, i.e., the attribute is optional,
we omit the rst onjun t, and if j =  we omit the se ond one.
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An operation of a lass is a fun tion from the obje ts of the lass to whi h the
operation is asso iated, and possibly additional parameters, to tuples of obje ts. In
lass diagrams, the ode asso iated to the operation is not onsidered and typi ally,
what is represented is only the signature of the operation.
In DLR, we model operations by means of DLR relations. Let

f (P1 ; : : : ; Pm ) : (R1 ; : : : ; Rn )
be an operation of a lass C that has m parameters belonging to the lasses P1 ; : : : ; Pm
respe tively and n return values belonging to R1 ; : : : ; Rn respe tively. We formalize
su h an operation as a DLR relation, named opf (P1 ;::: ;Pm ):(R1 ;::: ;Rn ) , of arity m + n +1
among instan es of the DLR on epts C; P1 ; : : : ; Pm ; R1 ; : : : ; Rn . On su h a relation
we enfor e the following assertions:

{ An assertion imposing the orre t types to parameters and return values:
C

v 8[1℄(opf P1 ;::: ;Pm R1 ;::: ;Rn )
((2 : P ) u    u (m + 1 : Pm ) u (m + 2 : R ) u    u (m + n + 1 : Rn ))
(

):(

)

1

1

{ Assertions imposing that invoking the operation on a given obje t with given
parameters determines in a unique way ea h return value (i.e., the relation orresponding to the operation is in fa t a fun tion from the invo ation obje t and the
parameters to the returned values):
(fd opf (P1 ;::: ;Pm ):(R1 ;::: ;Rn ) 1; : : : ; m + 1 ! m + 2)



(fd opf (P1 ;::: ;Pm ):(R1 ;::: ;Rn ) 1; : : : ; m + 1 ! m + n + 1)
These fun tional dependen ies are determined only by the number of parameters and the number of result values, and not by the spe i
lass for whi h the
operation is de ned, nor by the types of parameters and result values.
The overloading of operations does not pose any diÆ ulty in the formalization
sin e an operation is represented in DLR by a relation having as name the whole
signature of the operation, whi h onsists not only the name of the operation but also
the parameter and return value types. Observe that the formalization of operations
in DLR orre tly allows one to have operations with the same name or even with the
same signature in two di erent lasses.
4

Asso iations and Aggregations

An asso iation in UML, graphi ally rendered as in Figure 3, is a relation between the
instan es of two or more lasses. An asso iation often has a related asso iation lass
that des ribes properties of the asso iation su h as attributes, operations, et . An
aggregation in UML, graphi ally rendered as in Figure 4, is a binary relation between
the instan es of two lasses, denoting a part-whole relationship, i.e., a relationship
that spe i es that ea h instan e of a lass is made up of a set of instan es of another
lass.
Observe that names of asso iations and names of aggregations (as names of lasses)
are unique. In other words there annot be two asso iations/aggregations with the
same name.
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C2
:::
C1

r2

r1

n

r

n

C

A

Fig. 3.

C1

Asso iation in UML

m` : :mu

Fig. 4.

A

n` : :nu

C2

Aggregation in UML

We rst on entrate on the formalization of aggregations, whi h are simpler to
model than general asso iations. An aggregation A, saying that instan es of the lass
C1 have omponents that are instan es of the lass C2 , is formalized in DLR by means
of a binary relation A together with the following assertion:

A

v

(1 : C1 ) u (2 : C2 ):

Note that the distin tion between the ontained lass and the ontaining lass is not
lost. Indeed, we simply use the following onvention: the rst argument of the relation
is the ontaining lass.
As we have seen for lass attributes, the multipli ity of an aggregation an be easily
expressed in DLR. For example, the multipli ities shown in Figure 4 are formalized
by means of the assertions:

C1
C2

v ( n` [1℄A) u ( nu [1℄A)
v ( m` [2℄A) u ( mu [2℄A)

We an use a similar assertion for a multipli ity on the parti ipation of instan es of
C1 for ea h given instan e of C2 .
Observe that, in the formalization in DLR of aggregation, role names do not play
any role. If we want to keep tra k of them in the formalization, it suÆ es to onsider
them as onvenient abbreviations for the omponents of the DLR relation modeling
the aggregation.
The de ision of representing an aggregation by a binary DLRifd relation leads
some impli ations; rst of all, we note that role names are lost. In our framework role
names are repla ed by an integer i (whose value an be only 1 or 2), whi h spe i es
whether the orresponding argument is the rst or the se ond in the aggregation.
Now, we want to preserve the role names in our framework. Therefore we take
advantage of the set of role names N introdu ing, for ea h atomi relation R of arity
k, a role name fun tion

fR : f1; : : : ; kg

! N [ f"g:

The fun tion fR returns, given an integer i between 1 and k (the arity of the relation),
the role name asso iated to the i-th role, if it has one, " if the role has no name.
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n` : :nu
r2

m` : :mu
r1

C1

C2

A
Fig. 5.

Binary asso iation in UML

When we ompose two relations with the the operator u (we re all that the relations have got to have the same arity), role name are preserved if both overlapping
roles have the same name in N ; otherwise, the role names are lost. Formally:



f (i); if fR1 (i) = fR2 (i)
fR1 R2 (i) = ";R1 otherwise
u

The negation of a relation R of arity k retains all the role names of the original relation.
This hoi e ould seem insensible at a rst glan e, but it ensures for example that
mat hing role names are preserved when we do the union of relations (like R1 t R2 =
:(:R1 u :R2)). Formally we have:

f R (i) = fR (i) for ea h i 2 f1; : : : ; kg
:

(1)

We impose fR to be inje tive for every relation R; instead, we would have the same
name for more than one role, within the same relation.
Next we fo us on asso iations. Sin e asso iations have often a related asso iation
lass, we formalize asso iations in DLR by reifying ea h asso iation A into a DLR
on ept A with suitable properties. We represent an asso iation among n lasses
C1 ; : : : ; Cn , as shown in Figure 3, by introdu ing a on ept A and n binary relations
r1 ; : : : ; rn , one for ea h omponent of the asso iation A 3 . Ea h binary relation ri
has Ci as its rst omponent and A as its se ond omponent. Then we enfor e the
following assertion:

C

v 9[1℄r u ( 1 [1℄r ) u 8[1℄(r ) (2 : C )) u
9[1℄r u ( 1 [1℄r ) u 8[1℄(r ) (2 : C )) u
1

1

1

1

2

2

2

2

..
.

9[1℄rn u ( 1 [1℄rn ) u 8[1℄(rn ) (2 : Cn))
where 9[1℄ri (with i 2 f1; : : : ; ng) spe i es that the on ept A must have all omponents r ; : : : ; rn of the asso iation A, ( 1 [1℄ri ) (with i 2 f1; : : : ; ng) spe i es that
ea h su h omponent is single-valued, and 8[1℄(ri ) (2 : Ci )) (with i 2 f1; : : : ; ng)
1

spe i es the lass ea h omponent has to belong to. Finally, we use the assertion
(id A [1℄r1 ; : : : ; [1℄rn )

to spe ify that ea h instan e of the on ept A indeed represents a distin t tuple of
the orresponding asso iation.
We an easily represent a multipli ity on a binary UML asso iation, by imposing
suitable number restri tions on the DLR relations modeling the omponents of the
3 These relations may have the name of the roles of the asso iation if available in the UML diagram,
or an arbitrary name if role names are not available. In any ase, we preserve the possibility of
using the same role name in di erent asso iations.
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C

C1

C2
Fig. 6.

Cn

:::

A lass hierar hy in UML

asso iation. Di erently from aggregation, however, the names of su h relations (whi h
orrespond to roles) are unique wrt to the asso iation only, not the entire diagram.
Hen e we have to state su h onstraints in DLR in a slightly di erent way.
The multipli ities shown in Figure 5 are aptured as follows:

C1
C2
5

v ( n` [1℄(r u (2 : A))) u ( nu [1℄(r u (2 : A)))
v ( m` [1℄(r u (2 : A))) u ( mu [1℄(r u (2 : A)))
1

1

2

2

Generalization and Inheritan e

In UML one an use generalization between a parent lass and a hild lass to spe ify
that ea h instan e of the hild lass is also an instan e of the parent lass. Hen e,
the instan es of the hild lass inherit the properties of the parent lass, but typi ally
they satisfy additional properties that do not hold for the parent lass.
Generalization is naturally supported in DLR. If an UML lass C2 generalizes a
lass C1 , we an express this by the DLR assertion:

C1

v

C2

Inheritan e between DLR on epts works exa tly as inheritan e between UML
lasses. This is an obvious onsequen e of the semanti s of v whi h is based on
subsetting. Indeed, in DLR, given an assertion C1 v C2 , every tuple in a relation
having C2 as i-th argument type may have as i-th omponent an instan e of C1 ,
whi h is in fa t also an instan e of C2 . As a onsequen e, in the formalization, ea h
attribute or operation of C2 , and ea h aggregation and asso iation involving C2 is
orre tly inherited by C1 . Observe that the formalization in DLR also aptures dire tly inheritan e among asso iation lasses, whi h are treated exa tly as all other
lasses, and multiple inheritan e between lasses (in luding asso iation lasses).
Moreover in UML, one an group several generalizations into a lass hierar hy,
as shown in Figure 6. Su h a hierar hy is aptured in DLR by a set of in lusion
assertions, one between ea h hild lass and the parent lass:

Ci

v

C

for ea h i 2 f1; : : : ; ng

In UML it is possible to override attributes or operations of a super lass. That
is, it is possible to spe ialize an attribute or an operation for the sub lass. From
the on eptual point of view su h a spe ialization needs to remain ompatible with
the original de nition of the attribute/operation, i.e., the attribute/operation of the
sub lass an only be a restri tion of the orresponding attribute/operation belonging
to the super lass. For attributes, this means that one an restri t the type of the
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attribute to be a sub lass of the original type, or restri t the multipli ity wrt to the
one spe i ed for the super lass. For operations, while keeping the same signature,
one may restri t (by means of onstraints) the return types and possibly also the
argument types to be sub lasses of the original ones4 .
We illustrate by means of an example how one an orre tly model su h forms
of overriding in DLR. Let C be an UML lass that has an operation f (C1 ; C2 ) : C3 ,
and C be a sub lass of C (and hen e inherits the operation). In DLR, we model the
situation by introdu ing a on ept C and a relation opf (C1 ;C2 ):C3 and a on ept C
with suitable assertions in luding C v C . As a onsequen e instan es of the on ept
C inherits the properties that hold for instan es of C in luding the parti ipation in
the relation opf (C1 ;C2 ):C3 . Suppose now that in the UML lass diagram C we override
the method f (C1 ; C2 ) : C3 by requiring that the result value belongs to a sub lass C3
of C3 . We an apture this in DLR by adding the assertion:
0

0

0

0

0

0

C
6

0

v 8[1℄(opf C1 ;C2
(

3 )(4 : C3 ))

):C

0

Constraints

In UML it is possible to add information to a lass diagram by using onstraints. In
general, onstraints are used to express in an informal way information whi h annot
be expressed by other onstru ts of UML lass diagrams. We dis uss here ommon
types of onstraints that o ur in UML lass diagrams and how they an be taken
into a ount when formalizing lass diagrams in DLR.
Generally, in UML lass diagrams, unless spe i ed otherwise by a onstraint, two
lasses may have ommon instan es, i.e., they are not disjoint. If a onstraint imposes
the disjointness of two lasses, say C and C , this an be formalized in DLR by means
of the assertion
0

C

v :C

0

Observe that disjointness onstraints are often used in lass hierar hies. For example,
onsider a lass hierar hy formed by a lass C and n sub lasses of C , C1 ; : : : ; Cn .
We may want to require that C1 ; : : : ; Cn are mutually disjoint. In DLR, this an be
expressed by the assertions

Ci

v :Cj

for ea h i; j

2 f1; : : : ; ng with i 6= j

Disjointness of lasses is just one example of negative information. Again, by exploiting
the expressive power of DLR, we an express additional forms of negative information,
usually not onsidered in UML, by introdu ing suitable assertions. For example, we
an enfor e that no instan e of a lass C has an attribute a by means of the assertion

C

v :9[1℄a

Analogously, one an assert that no instan e of a lass is involved in a given asso iation
or aggregation.
4 Observe that restri ting the argument types orresponds, in the implementation of the operation,
to restri t the pre onditions for the appli ability of the operation.
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Turning again the attention to generalization hierar hies, by default, in UML a
generalization hierar hy is open, in the sense that there may be instan es of the super lass that are not instan es of any of the sub lasses. This allows for extending
the s hema more easily, in the sense that the introdu tion of a new sub lass does
not hange the semanti s of the super lass. However, in spe i situations, it may
happen that in a generalization hierar hy, the super lass C is a overing of the sublasses C1 ; : : : ; Cn . We an represent su h a situation in DLR by simply in luding
the additional assertion

C

v

C1 t    t C n

The above assertion models a form of disjun tive information : ea h instan e of C is
either an instan e of C1 , or an instan e of C2 , : : : or an instan e of Cn . Other forms of
disjun tive information an be modeled by exploiting the expressive power of DLR.
For example, that an attribute a is present only for a spe i ed set C1 ; : : : ; Cn of
lasses an be modeled by suitably using union of lasses as follows:

9[1℄a v

C1 t    t C n

Keys are a modeling notion that is very ommon in databases, and they are
used to express that ertain attributes uniquely identify the instan es of a lass. We
an exploit the expressive power of DLR in order to asso iate keys to lasses. If an
attribute a is a key for a lass C this means that there is no pair of instan es of C
that have the same value for a. We an apture this in DLR by means of the assertion
(id C [1℄a). More generally, we are able to spe ify that a set of attributes fa1 ; : : : ; an g
is a key for C ; in this ase we use the assertion: (id C [1℄a1 ; : : : ; [1℄an )
As already seen, onstraints that orrespond to the spe ialization of the type of
an attribute or its multipli ity an be represented in DLR. Similarly, onsider the
ase of a lass C parti ipating in an aggregation A with a lass D, and where C and
D have sub lasses C and D respe tively, related via an aggregation A . A subset
onstraint from A to A an be modeled orre tly in DLR by means of the assertion
A v A , involving the two binary relations A and A that represent the aggregations.
In general, one an exploit the expressive power of DLR to formalize several types
of onstraints that allow one to better represent the appli ation semanti s and that
are typi ally not dealt with in a formal way. Observe that this allows one to take su h
onstraints fully into a ount when reasoning on the lass diagram.
0

0

0

0

0

7

0

Reasoning on Class Diagrams

Traditional CASE tools support the designer with a user-friendly graphi al environment and provide powerful means to a ess di erent kinds of repositories that store
information asso iated to the elements of the developed proje t. However, no support for higher level a tivities related to managing the omplexity of the design is
provided. In parti ular, the burden of he king relevant properties of lass diagrams,
su h as onsisten y or redundan y, is left to the responsibility of the designer. Thus,
the formalization in DLR of UML lass diagrams, and the fa t that properties of
inheritan e and relevant types of onstraints are perfe tly aptured by the formalization in DLR and the asso iated reasoning tasks, provide the ability to reason on

26

A. Cal, D. Calvanese, G. De Gia omo, and M. Lenzerini

lass diagrams. This represents a signi ant improvement and it is a rst step towards
the development of modeling tools that o er an automated reasoning support to the
designer in his modeling a tivity. By exploiting the DLR reasoning servi es various
kinds of he ks an be performed on the lass diagram.
A lass diagram is onsistent, if its lasses an be populated without violating
any of the onstraints in the diagram. Observe that the intera tion of various types of
onstraints may make it very diÆ ult to dete t in onsisten ies. A lass is onsistent if
it an be populated without violating any of the onstraints in the lass diagram. The
in onsisten y of a lass may be due to a design error or due to over- onstraining. In
any ase, the designer an be for ed to remove the in onsisten y, either by orre ting
the error, or by relaxing some onstraints, or by deleting the lass, thus removing
redundan y from the s hema. By exploiting the formalization in DLR, lass onsisten y an be he ked by verifying satis ability of the orresponding on ept in the
DLR KB representing the lass diagram. Similarly, onsisten y of the lass diagram
orresponds to onsisten y of the DLR KB.
Two lasses are equivalent if they denote the same set of instan es whenever the
onstraints imposed by the lass diagram are satis ed. Determining equivalen e of
two lasses allows for their merging, thus redu ing the omplexity of the s hema. A
lass C1 is subsumed by a lass C2 if, whenever the onstraints imposed by the lass
diagram are satis ed, the extension of C1 is a subset of the extension of C2 . Su h a
subsumption allows one to dedu e that properties for C1 hold also for C2 . It is also
the basis for a lassi ation of all the lasses in a diagram. Su h a lassi ation, as in
any obje t-oriented approa h, an be exploited in several ways within the modeling
pro ess [1℄. Class equivalen e, subsumption, and hen e lassi ation, an be he ked
by verifying equivalen e and subsumption in DLR.
A property is a logi al onsequen e of a lass diagram if it holds whenever all
onstraints spe i ed in the diagram are satis ed. As an example, onsider a lass
C generalizing lasses C1 ; : : : ; Cn , and assume that a onstraint spe i es that it is
omplete. If an attribute a is de ned as mandatory for all lasses C1 ; : : : ; Cn , then
it follows logi ally that the same attribute is mandatory also for lass C , even if
not expli itly present in the s hema. Determining logi al onsequen e is useful on
the one hand to redu e the omplexity of the s hema by removing those onstraints
that logi ally follow from other ones, and on the other hand it an be used to make
properties expli it that are impli it in the s hema, thus enhan ing its readability.
Logi al onsequen e an be aptured by logi al impli ation in DLR, and determining
logi al impli ation is at the basis of all types of reasoning that a DLR reasoning
system an provide. In parti ular, observe that all reasoning tasks we have onsidered
above an be rephrased in terms of logi al onsequen e.
8

Con lusions

We have proposed a new formalization of UML lass diagrams in terms of a parti ular formal logi of the family of Des ription Logi s. Notably su h a logi has sound,
omplete and de idable reasoning pro edures. These reasoning pro edures an be favorably exploited for developing intelligent system that support automated reasoning
on UML lass diagrams, so as to provide support during the spe i ation phase of
software development. We have already started experimenting su h systems. In parti ular, we have represented UML diagrams in DLR and used DL reasoners, spe i ally
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FACT [18℄ and RACER [16℄, for reasoning on UML lass diagrams. Although su h
DL reasoners do not yet in orporate all features required by our formalization (e.g.,
support for identi ers), the rst results are en ouraging.
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Development of Formally Veri ed Obje t-Oriented
Systems with Perfe t Developer
David Cro ker
Es her Te hnologies Ltd.
3 Ar hipelago Business Park, Lyon Way, Frimley, Camberley GU16 5ER, UK
Web: www.es herte h. om
Email: d ro keres herte h. om

Perfe t Developer (formerly known as the Es her Tool) is a highly produ tive system for developing reliable software systems using obje t-oriented methods.
Dynami binding and aliasing are arefully ontrolled to make the veri ation problem
tra table.
Abstra t.

1

Ba kground

Formal methods have been used for many years in the development of safety- riti al
software but have yet to make it to mainstream software development. Barriers to
wider use of formal methods in lude the requirement for users of formal methods tools
to have extensive mathemati al knowledge, the labour asso iated with assisting tools
in dis harging proof obligations, and the la k of support in most tools for obje toriented methods. These issues are addressed by Perfe t Developer.
2

Limitations of existing O-O languages

The use of existing obje t-oriented program languages to develop formally veri ed
software runs into both te hni al and pra ti al diÆ ulties.
The primary te hni al diÆ ulties we have identi ed are:

{ Un onstrained polymorphism. Variables, parameters and return values with non-

primitive types are typi ally all polymorphi (i.e. an obje t of any lass derived
from the de lared type is a eptable). This greatly in reases the potential for
dynami binding and makes spe i ations and ode very hard to reason about.
{ Default referen e semanti s. The use of referen e semanti s as the default or only
semanti s for assignment and parameter passing of lass variables greatly in reases
the potential for aliasing. When ombined with polymorphism and dynami binding, this leads to many situations in whi h it is impossible to prove that parameters
to a lass method (in luding the `self' or `this' parameter) are all distin t, whi h
typi ally makes it impossible to prove orre tness of methods that hange their
parameters or `self'. We have observed that unintentional aliasing also makes a
signi ant ontribution towards software errors.

The pra ti al diÆ ulties are:

{ Syntax for pre onditions, post onditions, invariants and many other onstru ts

needed for spe i ation are not provided in the language. The usual solution is to
insert these onstru ts as spe ially-formatted omments. This apparent demoting
of spe i ations onveys the wrong message to developers.
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{ To make formal methods of software development a eptable to the mass market,

the additional time spent writing spe i ations must be balan ed by time savings
elsewhere. The obvious solution is to generate ode automati ally from spe i ations; however, this also requires the language to be extended (by providing a
syntax for an omitted ode body).
{ Programming languages do not support data re nement, whi h is a key tool in
obje t-oriented software development using formal methods.

These diÆ ulties mean that the most that an be a hieved using existing programming languages is extended stati he king (e.g. ESC/Java [1℄). Su h tools may
be a useful bridge between existing software development pra ti e and true veri ed
software development; but even if the user an be persuaded to annotate the program
with pre onditions, invariants et ., omplete formal veri ation is far from possible.
3

Perfe t Developer

Perfe t Developer (a development system for produ ing perfe t software) takes the
approa h that the notation must resemble typi al programming notations (i.e. avoid
mathemati al notation) but that ode must take se ond pla e to spe i ations. A ordingly, it uses its own notation [2℄. Con epts that an be expressed in the Perfe t
language in lude:

{
{
{
{
{
{

Classes with single inheritan e and dynami ally bound methods
Parametri polymorphism
Class invariants and type onstraints
Method pre onditions, post onditions, variants and post-assertions
Quanti ation over sets, bags and sequen es
Expe ted behaviour of the system as a whole and of subsystems, in luding `what if'
s enarios

To avoid ex essive use of un onstrained polymorphism, we distinguish between the
type T and the type from T, where T is any non- nal lass (Ada 95 makes a similar
distin tion). Thus the user indi ates expli itly where polymorphism is required.
In order to redu e the aliasing problem, Perfe t uses value semanti s by default
for assignment and parameter passing. To avoid ex essive opying, value semanti s
are simulated using referen e semanti s; opying is avoided wherever possible and
where opying is ne essary, typi ally only some part or parts of an obje t need to be
opied. Referen e types are provided for those situations in whi h intentional aliasing
is required.
To develop a software system or omponent with Perfe t Developer, a set of required properties of the system or omponent is spe i ed. Hardware devi es and other
subsystems with whi h the software will intera t may also be des ribed and relevant
behaviour spe i ed. An assembly of lasses is then designed to model and en apsulate
the stored data and perform the required operations. Contra ts are written for the
lass methods. Perfe t Developer will attempt to generate ode to satisfy the ontra ts where none has been provided. The developer may re ne both lass data and
method ode in order to meet performan e targets.
Proof obligations are generated asserting that all ontra ts are honoured by both
parties, that required properties will be observed, that all onstru ts will terminate
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and that re nements are valid. Perfe t Developer attempts to dis harge them using a
fully automati theorem prover, on the grounds that most software developers have
neither the skill nor the time to assist in dis harging proof obligations.
Final ode is generated in C++ ( ode generation in Java and Ada 95 is under
development).
4

Handling inheritan e and dynami

binding

Dynami binding ontinues to be a potential problem in that alls to dynami ally
bound methods annot be expanded during veri ation.
If the software system is to be validated without regard to extensibility, it would
be possible to enumerate the set of possible types of ea h polymorphi variable and
perform validation with respe t to all possible types of all polymorphi variables. We
do not urrently do this but may o er it as an option in the future.
A better solution is to re ognise that in any family of lasses with a ommon
an estor, for any method de lared in the ommon an estor and de ned or rede ned
in ea h lass, all the method de larations implement some ommon purpose. In some
ases the method represents the de nition of some property of the lass; in other ases,
the method modi es the lass so as to make it satisfy some property. In the latter
ase, a non- ompiled or `ghost' dynami ally bound fun tion an be de ned to express
the property and the original method spe i ed in terms of this fun tion. Although
this pla es a greater burden on the user, it helps greatly in larifying the spe i ation
of dynami ally bound methods as well as making them amenable to validation.
We note in passing that most lass methods must be validated separately in ea h
non-abstra t lass into whi h they are inherited without being overridden, sin e it is
frequently the ase that a method de nition is valid in the lass in whi h it is de ned
but is invalid in the ontext of a derived lass (e.g. be ause it does not take a ount
of additional variables in the derived lass).
5

A large

ase study:

Perfe t Developer itself

Perfe t Developer is itself implemented in Perfe t apart from the user interfa e fun -

tions in the IDE module.
At the time of writing (May 2001), the sour e for the ompiler/veri er omprises
105000 lines of Perfe t (in luding omments) from whi h 176000 lines of C++ (without omments) are generated.
When validation of the entire system is performed, 115000 proof obligations are
generated. Using default settings, the theorem prover dis harges 87.6% of these in
under 5 days. The su ess rate is urrently in reasing by between 1 and 2% per
month as we improve the prover and eliminate spe i ation and oding errors, while
at the same time the average time spent on ea h obligation has de reased in the last
few months from 5 se onds down to 3.5.
Analysis of unproven obligations indi ates that about half are the result of inompletely spe i ed ontra ts (due in part to the bootstrap pro ess used to develop
Perfe t Developer ) and most of the rest are provable in prin iple but beyond the
apability of our present prover within a reasonable time limit. However, failed proof
obligations do o asionally reveal in orre t oding or an in onsistent spe i ation and
did in one ase reveal an error in the Perfe t language de nition itself.
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Con lusions and future work

We have shown that formal methods an be used to develop a large and omplex
appli ation in an obje t-oriented style with high produ tivity. Despite the relative
immaturity of our prover, we have a hieved a substantial degree of automated validation.
Perfe t Developer is urrently available in a tea hing and evaluation edition. Commer ial release is due in September, by whi h time we expe t to support ex eptions
and multithreading in the language. Work ontinues on the theorem prover and we
expe t that the use of term indexing te hniques and better uni ation algorithms will
signi antly improve the speed and su ess rate of validation.
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Towards Veri able Spe i ations of Obje t-oriented
Frameworks
A Case Study

Jorg Meyer, Arnd Poetzs h-He ter
FernUniversitat Hagen
The spe i ation of obje t-oriented frameworks has to ful ll several requirements. It should do ument the behavior of the lasses in an abstra t, implementation independent way. It should be formally founded so that the orre tness of implementations an be proved w.r.t. it. Last but not least, it should provide an appropriate
basis for the veri ation of programs using the framework. In this paper, we present a
ase study that fo uses on the rst two requirements. It shows an abstra t spe i ation of a linked list implementation with shared obje ts, sket hes the underlying formal
framework, and explains the ne essary proof steps.

Abstra t.

1

Introdu tion

The spe i ation of an obje t-oriented program framework has to ful ll several requirements. It should do ument the lasses of the framework in an abstra t, implementation independent way. Implementation independen y is ne essary to hide
implementation aspe ts that should not be exploited by a user of the framework.
Abstra tion is needed to raise the level of spe i ation. As a se ond requirement, a
spe i ation should be veri able, i.e. a spe i ation te hnique should be embedded
into a formal setting and omplemented with veri ation rules and proof te hniques.
Formalization helps to larify the semanti s of the spe i ation language. Veri ation
is needed to establish the orre tness of ode. As a third requirement, the spe i ation of a module M should provide an appropriate basis to verify the orre tness of a
module N that uses M.
Most of the work that was done about spe i ation and veri ation of OOprograms has fo ussed either on spe i ation or on veri ation. In the area of spe i ation, the main goals were the development of easy to use and expressible spe i ation
languages; the pre ise formal relationship between spe i ations and programs { a
prerequisite of formal veri ation { was of minor interest. In the area of veri ation,
the fo us was on the formal proof rules and te hniques. The remaining interesting
hallenge is to apply the veri ation te hniques to prove the orre tness not only of
some isolated properties, but of omplete interfa e spe i ations.

Contents. This paper investigates the relation between spe i ation and veri ation.

It presents the interesting parts of a ase study, in whi h we veri ed the spe i ation
of a list implementation onsisting of three lasses ( f. [LMMPH00℄ for a omplete
report). The goal of the presentation is to des ribe important aspe ts and problems
that have to be dealt with when veri ation te hniques are applied to realisti spe i ations. In parti ular, we illustrate how abstra tion an be handled and demonstrate
the omplexity that results from aliasing. To our knowledge, it is the rst time that
an OO-program with omplex aliasing is proved orre t. In Se tion 2, we present and
dis uss the spe i ation. Se tion 3, sket hes the proof te hnique.
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Relation to Other Work. The work is related to interfa e spe i ation te hniques
for OO-programs. In parti ular, the used te hnique builds on the two tiered Lar h
approa h ( f. [GH93,Lea97℄). That is we use a general spe i ation language to express
abstra t properties { in our ase the spe i ation language of PVS { and an interfa e
spe i ation language to des ribe program interfa es. In this presentation, only some
onstru ts of the interfa e spe i ation language will be illustrated.
For veri ation, we use a Hoare logi (see [PHM99℄) and an intera tive program
prover that ommuni ates with PVS ([MPH00℄). Re ently a number of di erent approa hes to the veri ation of Java-like OO-programs have been investigated. The
LOOP group developed a translator that generates PVS theories from a given Java
program ([JvdBH+ 98℄). The theories apture the program behavior and an be used
to verify program properties in PVS ([Hui00℄). In his thesis, David von Oheimb formalized a Java subset and a orresponding Hoare logi in Isabelle. His work fo uses
on meta-theory, in parti ular type safety and orre tness and ompleteness properties
of the logi (see [vO01℄). A dynami logi for a Java subset is presented in [Be 00℄.
For brevity, we an't treat modularity properties in this extended abstra t, although we onsider them very important. The interested reader is refered to [Mul01℄
for this topi .
2

Spe ifying Obje t-oriented Programs

In this se tion, we des ribe the spe i ation te hnique along with parts of an implementation for doubly linked lists. We start with the abstra t interfa e spe i ation.
Then we show how spe i ation and implementation are related.

2.1 The Spe i ation of Class DList
A lass spe i ation onsists of a list of invariants (keyword inv) and a list of method
spe i ations. A method spe i ation onsists of an optional requires lause (keyword
req) and a list of pre-post-pairs. The meaning of su h a spe i ation is given by
desugaring it into Hoare triples. Ea h invariant has to be maintained by all publi
methods of the program1 . The ondition stated in the requires lause, if any, may be
assumed in the prestate. In addition, ea h pre-post-pair onstitutes a Hoare triple;
again the requires lause, if any, is onjoined to the pre ondition. To keep things
simple, we do not use more elaborate spe i ation onstru ts like e.g. old-expressions.
The example we onsider here is entered around the lass DList. The spe i ation
is given along with the external visible parts of the lass de laration. We present only
those parts that are needed in the following. The syntax of formulas follows the syntax
of the PVS language (see [COR+95℄). Capital letters denote logi al variables holding
values of PVS builtin or user de ned types. Logi al variables are used to relate variable
values in pre onditions to those in post onditions. result is used as a spe ial variable
representing the value returned by a method:

1 We use modularity te hniques to de rease the number of methods for whi h the invariant has to
be shown (see [Mul01℄), but this is beyond the s ope of this abstra t.
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publi int first()
req ADList(this,$) /= null;
pre ADList(this,$)=L;
post aI(result) = ar(L);
pre $=S; post $=S;

lass DList

{

inv X: wfDList(X,$);
publi stati DList empty()
pre TRUE;
post ADList(result,$) = null;
pre alive(X,$) AND $=S;
post ($==S)(X);
publi DList rest()
req ADList(this,$) /= null;
pre ADList(this,$) = L;
post ADList(result,$) = dr(L);
pre alive(X,$) AND $=S;
post ($==S)(X);
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publi boolean isempty()
pre ADList(this,$) = L;
post aB(result) = null?(L);
pre $=S; post $=S;

}

publi void app(int i)
pre ADList(this,$)=L AND
I=aI(i) AND T=this;
post ADList(T,$)
= append(L, ons(I,null));

To express interfa e properties of OO-programs in an abstra t way, three ingredients
are ne essary. (1.) We have to be able to refer to the obje t store. (2.) We need
a fun tional vo abulary to express the behavior of the methods. (3.) Abstra tion
fun tions are ne essary to relate the implementation to the abstra t behavior.
To refer to the obje t store, we use the global program variable $ of type Store.
As we will show later, Store is an abstra t data type. The predi ate alive he ks
for an obje t whether it is allo ated in a given store. As shown by the spe i ation
above, the methods first and isempty do not modify the obje t store. The methods
empty and rest do not modify obje ts that are alive in the prestate; (S1==S2)(X) is
a derived predi ate on stores saying that every lo ation (= instan e eld) rea hable
from obje t X holds the same value in stores S1 and S2. The frame behavior of method
append is not spe i ed.
To express the fun tional method behavior in the example, we used the data
type list[int℄ of PVS with onstant null, fun tions ar, dr, ons, append, and
predi ate null?. In other examples, spe i data types have to be designed to des ribe
the abstra t behavior of a lass or framework. The relation between the abstra t level
and the implementation level is aptured by abstra tion fun tions and predi ates. The
predi ate wfDList expresses the fa t that the link stru ture of a list is well formed in
a given store. The fun tion ADList maps the given obje t and obje ts referen ed by
it in a given store to a PVS list. For te hni al reasons, we use abstra tion fun tions
as well for the basi data types boolean and int to map Java values to PVS values
(aB and aI). For instan e, the spe i ation of append reads as follows: Abstra ting
the this-obje t in the poststate yields a list with new last element I. Again, we like
to point out that the spe i ation does not refer to any implementation detail.

2.2 The DList Implementation
In the following, we relate the above spe i ation to the implementation of lass DList
and two auxiliary lasses. The subse tion fo uses on those aspe ts that are needed to
make an interfa e spe i ation veri able.
In the example, doubly linked lists are implemented by a DList-obje t as list
header and a sequen e of NodeL-obje ts as shown in Figure 1. The lass NodeL is a
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sub lass of a lass Node. This separation into two lasses was done to illustrate some
aspe ts of inheritan e.
lass DList

{

prote ted NodeL firstNode;
prote ted NodeL lastNode;

publi stati DList empty() {...}
publi DList rest() { ... }
publi int first() {
Node f = this.firstNode;
int k = f.getElem();
return k;
}
publi boolean isempty() { ... }
publi void app(int i) { ... }
}

Fig. 1.

DList
firstNode
lastNode

NodeL
pred null
succ
elem 34

NodeL
pred
succ
elem 22

NodeL
pred
succ
elem 3

NodeL
pred
succ null
elem 19

Store Layout of a Doubly Linked List

Obje ts of lass Node an be used in a very general way to reate linked data
stru tures, where ea h node holds a value of type int. The abstra tion fun tion
ANode yields the int-value of the instan e variable elem.
lass Node

{

pre $=S AND T=this;
post result =
Slo (T,Node?pred);
pre $=S; post $=S;

prote ted int elem;
prote ted Node pred, su ;

publi int getElem()
pre $=S AND T=this;
post aI(result) = ANode(T,S);
pre $=S; post $=S;
publi Node getPred()

}

publi Node getSu ()
pre $=S AND T=this;
post result =
Slo (T,Node?su
pre $=S; post $=S;

);

The spe i ation of method getPred shows how the obje t store an be a essed:
Slo (T,Node?pred) denotes the value held by instan e variable Node?elem of obje t T in store S. All fun tions and predi ates on erning the obje t store are formalized in PVS. In parti ular, Node?elem is a onstant. Type Store represents the
abstra t data type of obje t stores, Lo ation is the set of instan e variables, Value is
a ommon type for all values and referen es o urring in the programming language.
The following fun tions are provided: Let l be a lo ation, s be a value of type store,
id be a type identi er of a non-abstra t lass, and v be of type Value:

{ update(s,l,v) returns the store, where l in s is updated with v.
{ new(s,id) returns a referen e to a fresh obje t allo ated in s.
{ s##id returns the store after allo ating an obje t of type id in store s.
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{ sl returns the value stored in lo ation l in store s.
{ alive(v,s) returns true if the obje t (value) refered by v is allo ated in s, false
otherwise.

The semanti s of the obje t store is spe i ed by fourteen axioms. We present two of
them to give an impression:
store1: AXIOM L1 /= L2 => update(S, L1, X)L2 = SL2
store10: AXIOM NOT alive(new(S, T), S)

Axiom store1 des ribes that an update of some lo ation does not a e t other lo ations.
Axiom store10 des ribes that some newly allo ated obje t in a ertain store was not
alive in that store before allo ation.
Based on lass Node, we de ne a lass NodeL. It ontains an additional method
and has a spe i ation that guarantees the spe i stru ture of the NodeL-obje ts
implementing doubly linked lists ( f. the grey shaded area in Fig. 1).
lass NodeL extends Node
inv X: wfNodeL(X, $);
{
publi stati NodeL initNodeL(int i)
pre I=aI(i);
post ANodeL(result,$) = ons(I,null);
pre $=S;
post result = new(S,NodeL) AND
$=update(S##NodeL, lo (result,Node?elem), i);
publi int appba k(NodeL n)
req n/=null AND n/=this AND lstNode?(this,$)
AND fstNode?(n,$) AND lstNode?(n,$);
pre su n(X,$,N)=this AND ANodeL(X,$)=L AND ANodeL(n,$) = M;
post ANodeL(X,$) = append(L,M);
pre $=S AND T=this AND X=n;
post $=update(update(S, lo (T,Node?su ), X), lo (X,Node?pred), T);
publi NodeL getLast()
pre T=this AND $=S;
post $=S AND result/=null AND
(EXISTS (N:nat): su n(T,S,N)=result AND su
}

n(T,S,N+1)=null);

To formalize the link stru ture for NodeL-obje ts, the following de larations and predi ates are used. They should give an impression of what has to be available in a
veri ation framework. For a detailed understanding, we assume that the reader is
familiar with PVS syntax. By <= we denote the subtype relation on Java types whi h
are represented by the onstru tor t applied to their name:
NodeLObj?(X): bool = typeof(X) <=
NodeLObj?(X): TYPE = (NodeObj?)

t(NodeL)

fstNode?(X,S):bool = NodeLObj?(X) AND X/=null => Slo (X,Node?pred)=null
lstNode?(X,S):bool = NodeLObj?(X) AND X/=null => Slo (X,Node?su )=null
predn((X: NodeObj), S, (n: nat)): RECURSIVE NodeLObj =
IF X=null OR n=0 THEN X ELSE predn(Slo (X, Node?pred), S, n-1)
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ENDIF MEASURE n
su

n((X: NodeObj), S, (n: nat)): RECURSIVE NodeLObj =
IF X=null OR n=0 THEN X ELSE su n(Slo (X, Node?su ), S, n-1)
ENDIF MEASURE n

wfNodeL((X: NodeLObj), S): bool =
(EXISTS (i: nat): predn(X, S, i) = null)
(EXISTS (k: nat): su n(X, S, k) = null)
(NOT fstNode?(X,S) => typeof(Slo (X,Node?pred)) <=
Slo (Slo (X,Node?pred), Node?su ) = X)
(NOT lstNode?(X,S) => typeof(Slo (X,Node?su )) <=
Slo (Slo (X,Node?su ), Node?pred) = X)

AND
AND
t(NodeL) AND
AND
t(NodeL) AND

%(1)
%(2)
%(3)
%(4)
%(5)
%(6)

The predi ate fstNode?(lstNode?) holds for a NodeL-obje t X , if X has no predeessor (su essor). predn(su n) yields the n-th prede essor (su essor) of a NodeLobje t. This allows us to formulate a wellformed ondition for X using the prediate wfNodeL: X is well formed, if there exists a prede essor(su essor)-obje t, whose
pred(su )-lo ation is null (1+2). This guarantees NodeL-stru tures to be non y li .
(3+5) des ribe that if X has a prede essor(su essor) Y then Y is of type NodeL. (4+6)
guarantee that inner obje ts of a NodeL-stru ture are orre tly linked, by rea hing itself via its prede essor(su essor).
Wellformedness of NodeL-stru tures is a prerequisite for a orre t method exeution and abstra tion. The wellformed ondition wfNodeL onstitutes the invariant
for obje ts of the NodeL lass. As expressed by the invariant lause of the interfa e
spe i ation of lass NodeL, ea h method has to preserve this invariant.
To spe ify the fun tional behavior of NodeL's methods an abstra tion is needed to
apture fun tional list properties. Therefore we use the following abstra tion fun tion
with signature Value, Store -> list[int℄, whi h abstra ts NodeL-stru tures to
the generi PVS list data-type list with type parameter int:
ANodeLn((X: NodeObj), (S: Store), (n: nat)):
RECURSIVE list[int℄ = IF X=null OR n=0 THEN null
ELSE ons(aI(Slo (X,Node?elem)),
ANodeLn(Slo (X,Node?su ), S, n-1))
ENDIF MEASURE n

Class NodeL extends lass Node and adds a method publi int appba k (NodeL n),
whi h on atenates a NodeL-stru ture and a NodeL-obje t, referred by this and n.
By this method we demonstrate the implementation dependen y of a spe i ation in
ontrast to the spe i ation of lass DList. The implementation dependen y enables
veri ation but is therefore not suitable for do umentation and reuse. A basi requirement for a su essful exe ution is that n refers a single NodeL-obje t and that this/=n
holds. Furthermore appending is only allowed at the last obje t of a NodeL-stru ture.
These requirements are summarized in the req- lause of method appba k:
req n/=null AND n/=this AND lstNode?(this,$)
AND fstNode?(n,$) AND lstNode?(n,$);

Furthermore appba k has (1) a fun tional and (2) an environment behavior spe i ation. (1) guarantees that appba k does in fa t let n be ome the new su essor of this
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and all possible tails of the NodeL-stru ture with this at the end stay un hanged.
(2) spe i es that the store is hanged by two lo ation updates.
The spe i ation te hniques shown above are as well appli able to Java's interfa e types. To spe ify interfa e types, i.e. types without implementations, abstra tion
te hniques an be exploited. Another interesting spe i ation aspe t o urs together
with inheritan e. A lass S inherits a method m from lass T without overriding the
implementation. Nevertheless, a re ned spe i ation an be needed in the sub lass.
In our example, lass NodeL inherits method getSu from lass Node and re nes
its spe i ation. In addition to the spe i ation given above lass NodeL requires
from its implementation that pre ANodeL(this,$) = L; post ANodeL(result,$)
= dr(L); holds.

Abstra tion Fun tions for Class DList. Equipped with the datatypes and spe -

i ation primitives above, we now present the rest of the spe i ation of lass DList,
i.e. the wellformed ondition and the abstra tion. Both are needed to verify the implementation of DList. The wellformed ondition used in the invariant looks as follows.
A list is onsidered to be empty, if firstNode refers null. The abstra tion ADList:
[Value, Store -> list[int℄℄ reuses the abstra tion of NodeL and is equal to the
abstra tion of the NodeL obje t referred by firstNode.
wfDList((X: DListRef), S): bool =
Slo (X,DList?firstNode)=null OR
Slo (X,DList?firstNode)/=null AND
Slo (X,DList?lastNode)/=null AND
EXISTS (n:nat): su n(Slo (X,DList?firstNode),S,n)=
Slo (X,DList?lastNode)
ADList_ax: AXIOM DListRef?(X) =>
ADList(X, S)=ANodeL(Slo (X,DList?firstNode),S)
3

A logi al Framework for Proof Constru tion

Within this se tion we give an overview of the formal framework used for spe i ation
and veri ation. As shown in the spe i ation we have to express program independent and program dependent properties. Using PVS allows us to use the following
te hnique: Theories ontaining formalizations of type identi ers, attribute-identi ers,
and lemmata ontaining the subtype hierar hy are generated for all used lasses.
Program independent theories are generi w.r.t. the generated theories. Both parts
together provide the formal ba kground for spe i ation and veri ation.
The used veri ation te hnique is based on a Hoare logi for the programming
language we use. Partial orre tness of programs w.r.t. their spe i ation is shown
by translating interfa e spe i ations into Hoare triples and proving them using the
programming logi . Remaining impli ations whi h arise from the use of strengthening
or weakening rules are proved by using PVS.
Figure 2 shows the result of the Hoare logi proof of the method first of lass
DList, where the fun tional property of first is proven. The use of some of the
Hoare rules is displayed (formula parts tou hed by rules are underlayed grey): The
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var-rule allows to repla e logi al variables by lo al program variables, if they do not
o ur on the left hand side of an assignment; the inv-rule allows to onjoin formulas
F to the pre- and post ondition of a triple, if F does not ontain program variables
or the variable $ for the obje t store; the ex-rule allows to add existential quantiers for logi al variables, whi h do not o ur in the post ondition. A proof outline
embeds the information of a proof tree into the program text, whi h allows a at
representation of the proof tree. It an be read as follows. At the line ontaining the
invo ation of getElem the invo ation statement is instantiated with the fun tional
spe i ation triple of that method, i.e. formal parameters within the spe i ation are
repla ed by a tual parameters. Above the method invo ation, the axiom for lo ation
reads is instantiated. f , whi h is assigned a new value, is repla ed by the term reading
the lo ation this.firstNode in store $ in the post ondition and used as new preondition. The use of Hoare logi rules is displayed using the horizontal lines. Arrows
point to the ante edent triple. The triple of the onsequen e is displayed outside the
line-bra kets. Strengthening and weakening steps are simply denoted by =).
In the proof outline example, the program proof part is omplete. It remains
to show the impli ations, marked by =). The proof that the impli ations hold is
obvious in this example. This results dire tly from expanding the de nitions of the
abstra tion fun tions and the axioms of the store formalization. The example shows,
that in addition to the spe i ation part, abstra tion plays an important role during
veri ation. Be ause of this degree of omplexity, a theorem prover supporting these
data type me hanisms is indispensable.
The omplete proof for the example used in the ase study was onstru ted with
the Jive environment. The Jive-prover ombines an intera tive program prover with
the general purpose theorem prover PVS to perform the program independent proof
tasks.
4

Con lusion

In this extended abstra t we showed some hot spots of a ase study on erning the
spe i ation and veri ation of obje t-oriented programs. We demonstrated, how
properties of obje t oriented programs an be des ribed in a program independent
abstra t way. This allows for (1.) pre ise do umentation of obje t-oriented programs
and frameworks for reuse, and (2.) spe i ations, whi h an be dire tly used to prove
the spe i ed program properties. We presented spe i ations of non trivial program
properties for the used list example, whi h are diÆ ult to express pre isely with operational spe i ation te hniques. Furthermore we gave a short sket h of the proof
te hniques, whi h are implemented within the Jive proof environment. The Jive system was used to onstru t the omplete program proof of the ase study oupled with
the PVS prover.

A knowledgments Mar el Labeth ontributed to this work by onstru ting the pro-

gram proof with the Jive-System and proving all program independent proof obligations with PVS. We also thank Peter Muller for his important ontributions to this
work.
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this =
6 null

publi


^ ADList (this ; $) 6= null ^ ADList (this ; $) = L

int first() {

this 6= null ^ ADList (this ; $) 6= null ^ ADList (this ; $) = L
=
)

this 6= null ^ $lo (this ; DList ? rstNode ) 6= null ^ ADList (this ; $) = L
=
()
)
9S; T : S = $ ^ T = $lo (this ; DList ? rstNode ) ^ this 6= null ^
$lo (this ; DList ? rstNode ) 6= null ^ ADList (this ; S ) = L ^ T 6= null


this 6= null ^ $lo (this ; DList ? rstNode ) 6= null ^ T 6= null ^
$ = S ^ T = $lo (this ; DList ? rstNode ) ^ ADList (this ; S ) = L
=)
9
8
>
>
=
< this 6= null ^ $lo (this ; DList ? rstNode ) 6= null ^ $ = S ^
T
= $lo (this ; DList ? rstNode ) ^
>
>
:
ADList ( this ; S ) = L ^ T = S lo ( this ; DList ? rstNode ) ^ T 6= null ;
8
9
>
>
< this 6= null ^ $lo (this ; DList ? rstNode ) 6= null ^
=
$ = S ^ T = $lo (this ; DList ? rstNode ) ^ T1 6= null ^
>
: ADList (T1 ; S ) = L ^ T = S lo (T1 ; DList ? rstNode ) ^ T 6= null >
;



this 6= null ^ $lo (this ; DList ? rstNode ) 6= null
$ = S ^ T = $lo (this ; DList ? rstNode )

^

#{[ex-rule℄

#{[var-rule℄
#{[inv-rule℄

Node
 f; f = this.firstNode;

f 6= null ^ $ = S ^ T = f
aI (k) = ANode (T; S )

int
 k; k = f.getElem();

8
< aI (k) = ANode (T; S ) ^ T1 6= null ^ ADList (T1 ; S ) = L
: T = S lo (T1 ; DList ? rstNode ) ^ T 6= null


aI (k) = ANode (T; S ) ^ this 6= null ^ ADList (this ; S ) = L
T = S lo (this ; DList ? rstNode ) ^ T 6= null

=
)
aI (k) = ar (L)
return
k;

aI (result ) = ar (L)

} 

^

9
=
;

^

"{[var-rule℄

"{[ex-rule℄

aI (result ) = ar (L)
aI (result ) = ar (L)
Fig. 2.

"{[inv-rule℄
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This paper proposes a model theoreti semanti s of the Obje t Constraint
Language (OCL), observing the OMG standard as lose as possible

Abstra t.

1

Introdu tion

The Uni ed Modeling Language, UML, has gained widespread a eptan e as a standard for modelign obje t-oriented systems. The Obje t Constraint Language, OCL, is
a part of UML used to add onstraints to UML diagrams that an annot be expressed
in the visual models. The available des riptions, the OMG standard do ument [8℄ and
the book [16℄, fall short of giving a rigorous semanti , and even synta ti des ription
of the language. De ien ies have been pointed out e.g. in [11, 4, 5, 7℄. The purpose of
this paper is to give a systemati de nition of syntax and semanti s of the OCL.
One way to provide OCL with a pre ise semanti s is via a translation into a known,
well understood spe i ation language. This approa h has been pursued e.g. in [6, 3℄.
As an additional advantage of this approa h the translated expressions may be used
as input to existing tools. The disadvantage is that those not familiar with the target
language will gain nothing.
We des ribe here a semanti s of OCL in an informal yet mathemati ally rigorous
way, making use of naive set theory only. We believe that this is a ommon ground for
all spe i ation languages, like Z, Abstra t Ma hine Notation, CASL, Isabelle or HOL,
to name just a few. Formalizing our semanti s in any of these will be straightforward
ompli ated only by the requirement to get around the restri tions imposed by the
hosen framework.
This resear h is supported by DFG within the KeY proje t, see the web page
http://i12www.ira.uka.de/~key.
2

The UML Context

OCL expressions only make sense with respe t to a given UML model. For the time
being OCL expressions may only be atta hed to lass diagrams. Figure 1 shows more
pre isely how syntax and semanti s of OCL depend on their ounterparts in UML.
From a given UML lass diagram we read o a set of model types S . These will in
Subse tion 3.1 be extended to obtain the set S OCL of all OCL types. The lass diagram
also provides a subtype ordering < on S , whi h is in De nition 6 again extended
to a subtype relation on all OCL types. The vo abulary that is used to built up OCL
expressions also omes in two parts: the symbols in F that arise from the diagram
D, and pre-de ned OCL operation symbols. OCL onstraints o ur as additions to
D

D

D

D

D
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UML

OCL

diagram D

snapshot D

SD model types

SDOCL OCL types

<D

<OCL
D

FD model vo abulary

FDOCL OCL vo abulary

TD model onstraints

OCL onstraint

MD model

MOCL
D OCL model

Synta ti and semanti dependan e of OCL on UML

Fig. 1.

UML diagrams in the form of invariants, pre onditions and post onditions. But there
is also information in D that goes beyond what is oded in S , < , and F . A
typi al example are multipli ities of asso iation ends. This information an easily be
expressed by OCL expressions. For la k of spa e we do not pursue this here.
It is essential to distinguish between a lass diagram D and a snapshot, or valid
instan e D of D, see e.g. [13, pages 59{60℄ for a on ise explanation. The lass diagram
ompletely determines the syntax of OCL-expressions over D, while a snapshot D is
needed to determine the meaning of an OCL expression. First a snapshot D gives
rise to a many-sorted algebra MD whi h will then be extended to an OCL-algebra
MOCL
as depi ted in the lower part of Figure 1. For the rest of the paper we assume
D
that D is a xed lass diagram and D a valid instan e of it.
D

D

D

2.1 The vo abulary of a UML diagram
The signature  onsists of the set S of sorts, the set F of fun tions, and a subsort
relation <S; on S as detailed in the following de nitions.
D

D

D

D

D

De nition 1 (S ; < ).
D

D

1. The set S of model types onsists of all lass symbols in D:
2. The subtype relation S1 < S2 holds if and only if type S1 is de lared a subtype of
S2 in D.
3.  denotes the transitive, re exive losure of < :
D

D

D

D

In parti ular, S

ontains symbols for all lasses with the stereotype
ur in D.
The fun tions in F arise from various sour es in D as detailed in the following
de nition.
D

 enumeration  that happen to o
D

De nition 2 (F ).
D

1. For every asso iation r in D and every two di erent asso iation ends e1 ; e2 of r
there is a fun tion symbol fr;e1 ;e2 2 FD .
If ei is atta hed to the lass Si for i = 1; 2 then the fun tion symbol re eives the
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orresponding signature: fr;e1 ;e2 : S1 ! Set(S2 ):
In ase the multipli ity at the end e2 is 1 the signature is: fr;e1;e2 : S1 ! S2 :
If the e2 -end has stereotype  ordered  then the signature is:
fr;e1 ;e2 : S1 ! Sequen e(S2 ):
2. For every attribute a of a lass S in D there is a fun tion symbol fa 2 F . If Sr
is the value type of a spe i ed in D then fa is given the signature
fa : S ! Sr : If a is a lass attribute, (sometimes this is also alled a stati
attribute), then fa is a onstant symbol of type Sr .
3. For every operation of a lass S with parameters of type S1 ; : : : ; Sk and result
type S there is a fun tion symbol f 2 F with signature
f : S  S1  : : :  S k ! S :
We will require that has no side e e ts, i.e. satis es the property isQuery()
(see [9, p.2-25℄).
4. For every asso iation lass C atta hed to an asso iation r, where r asso iates the
lasses S1 and S2 there are symbols for the unary proje tion fun tions prS1 with
signature C ! S1 , and prS2 with signature C ! S2 .
D

0

D

0

We will restri t attention to binary relations. More than binary asso iations are
rare anyway. The extension to asso iations with m asso iation ends an be easily
obtained by introdu ing m unary fun tions.
It is not lear if the e2 -end is allowed to be of multipli ity 1 and of stereotype
 ordered . If this ase is possible we would suggest that the multipli ity takes
pre eden e and the fun tion have signature fr;e1;e2 : S1 ! S2 in lause 1 of De nition
2.
The explanations in [13, page 166 ℄ allow to atta h a multipli ity di erent from 1
to attributes, in luding the ex eptional ase of multipli ity 0. This seems to have not
been widely a epted. In [2℄ e.g. this possibility is not even mentioned. We will thus
onsider for ea h attribute a the asso iated fun tion fa to be total and single-valued.
From the point of view of abstra t syntax the names of the symbols in  are
irrelevant. But for all pra ti al purposes it helps to sti k to the following naming
onventions:
D

De nition 3 (Naming Conventions).
1. Sorts in S will be given the same name as the orresponding lass. Sort names
begin with an upper ase letter.
2. The fun tion symbol fr;e1;e2 will be referred to by the role name of r at the assoiation end e2 . If no role name is given, the name of the lass atta hed to e2 will
be used. Fun tion names start with a lower ase letter.
3. Fun tion symbols arising from attributes or operations will arry the name of the
attribute or operation. If attr is a stati attribute of lass C then the on rete
syntax of the onstant fattr will be C:attr. This is in a ordan e with ommon
usage, see e.g. [16, Se tion 3.5.3℄. Here the dot is not used to indi ate appli ation
of a property, but is simply part of a name.
In Java it is possible to apply a stati attribute of a lass C to instan es of lass
C. If we wanted to allow the same behaviour on the OCL level we would have to
introdu e a stati attribute attr in addition to the onstant C:attr a unary fun tion
symbol fattr : C ! S, where S is the value type of attr.
D
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4. The proje tion fun tions prS1 and prS2 for an asso iation lass C are onsidered
as impli it attributes of C and denoted by lower ase lass names s1 and s2 . In ase
we want to also in lude n-ary asso iations we would, of ourse, have n proje tion
fun tions.

2.2 Semanti s of UML diagrams
For any snapshot D of the UML lass diagram D we will now de ne an asso iated
many-sorted algebra MD = (MD ; ID ) of signature  . For ease of reading we will
write M instead of MD and I instead of ID when there is no danger of onfusion.
M may be viewed as a se ond-order algebra sin e fun tion values will not always
be elements of the universe of M, but sometimes sets of elements. M is only the rst
step towards the OCL model MOCL
to be given in Se tion 4.
D
D

De nition 4 (MD ).

1. For ea h sort symbol S 2 S the domain I (S ) onsists of all obje ts in the lass
S of the snapshot D plus one new element ? reserved to stand for the value
of otherwise unde ned terms. The universe MD of MD is the union of all type
universes I (S ).
2. If S is a sort symbol arising from an asso iation lass atta hed to an asso iation
r between the lasses S1 and S2 , then I (S ) is the artesian produ t of I (S1 ) and
I (S2 ).
3. For sort symbols S1 ; S2 2 S with S1  S2 we stipulate I (S1 )  I (S2 ). For sort
symbols S1 ; S2 2 S satisfying neither S1  S2 nor S2  S1 the sort universes
I (S1 ), I (S2 ) are disjoint.
4. The fun tion symbol fr;e1;e2 2 F with signature S1 ! Set(S2 ) will be interpreted
by the fun tion I (fr;e1 ;e2 ). For an arbitrary obje t a 2 I (S1 ) I (fr;e1 ;e2 )(a) will be
the set of all obje ts b in I (S2 ) that are in D linked to a via asso iation r:
5. For fun tion symbols fa : S ! Sr arising from an attribute a, the fun tion value
I (fa )(b) is the value of the attribute a of the obje t b of type S as given by the
snapshot D:
6. For fun tion symbols f 2 F arising from query operations, the interpretation
I (f ) is de ned analogously to the previous lause. Query operations are not expli itly required to terminate. If operation on the obje t b does not terminate
then we set I (f )(b) =?.
7. The value of I (f ) for argument tuples ontaining one entry outside the required
sort or one entry equal to ? equals ?.
D

D

D

D

D

D

D

D

Comments
1. If in lause 1 of the previous de nition S is an abstra t lass, then S has no
instan es in D. In this ase I (S ) is the set-theoreti union I (S1 ) [ : : : [ I (Sk )
where S1 ; : : : ; Sk are all immediate sub lasses of S . This ontradi ts the position
taken in [16, 4.3.1℄, whi h would imply I (S ) = ; for an abstra t lass S . Our
position is, however, in a ordan e with the semanti s of an abstra t lass in [13,
p. 117℄:
An abstra t lass may not have dire t instan es. It may have indire t instan es through its on rete des endents.
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2. If a is in parti ular a stati attribute of lass C then I (C:a) is interpreted as
an element of I (T ), where T is the type of a. If also a unary fun tion fa was
introdu ed for the stati attribute (see De nition 3 item 3), then we require in
addition I (C:a) = I (fa )(o) for every o 2 I (C ).
3. The approa h just outlined treats asso iation lasses as lasses, i.e. as sets of
obje ts. In the above semanti s an asso iation lass is not an asso iation. Note
that this does not ontradi t the UML metamodel. It is stated in [9, pages 2-20/221℄ that
Asso iationClass is a sub lass of both Asso iation and Class (i.e., ea h
Asso iationClass is both an Asso iation and a Class); therefore, an AssoiationClass has both Asso iationEnds and Features.
The meta-model des ribes how to build synta ti ally orre t diagrams, and gives
restri tions on whi h model elements may be ombined in whi h way. It has no
e e t on the semanti s of diagrams.
3

The Syntax of OCL

The grammar for OCL in [8℄ is hard to understand. It is our goal to give here a humanoriented de nition. We make use of the papers [12℄ whi h ontains a des ription of the
OCL syntax at the level of the UML metamodel, and [11℄ whi h gives a rst a ount
of a semanti s for OCL.
We will present the syntax of OCL in two steps. In the rst part the OCL type
system will be explained. The se ond part ontains a human-oriented des ription of
the OCL grammar.

3.1 The OCL type system
Syntax of Type Expressions
De nition 5 (Type expressions). Let
pressions with respe t to D are as follows:

D

be a xed lass diagram. The type ex-

1. Integer, Real, Boolean, String
are type expressions. These are refered to as the simple OCL type expressions.
2. O lT ype, O lAny, O lExpression, O lState
are type expressions. We all these meta type expressions.
3. Any s 2 S , i.e. any lass o uring in D is a type expression.
Following [16℄ we all these model types.
4. If T is a type expression that is not itself of the form Colle tion(T ), Set(T ),
Bag(T ), or Sequen e(T ), then
Colle tion(T ), Set(T ), Bag(T ), Sequen e(T )
are type expressions. The types denoted by these expressions are usually refered to
as olle tion types.
D

0

0

0

0

We will use TE , or simply TE if no onfusion is possible, to refer to the set of type
expressions with respe t to D. In a ordan e with [10, Se tion 7.8.1℄ we refer to the
types from lauses 1 and 2 as basi types.
D
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Comments
1. We onsider the senten e \Colle tion, Set, Bag and Sequen e are basi types as
well." on [10, Page 7-7℄ ontradi ting the above stipulation of basi types as a
plunder that will be remedied in a future release.
2. Unlike [12℄, we adhere to the standard and do not allow nesting of olle tion type
onstru tors, i.e. Set(Set(Integer)) is not a legal type expression.
3. The a epted issue #3143 of the UML RTF proposes to drop the spe ial OCL
syntax for enumerations and use instead UML lasses with stereotype
 enumeration . This also makes the OCL type Enumeration super uous, so
we did omit it. Following [1℄ one might reintrodu e it as the ommon supertype
of all model types with stereotype  enumeration . But this remains to be
de ided.
4. Set(O lT ype), Set(O lAny), Set(O lExpression), Set(O lState) are legal type
expressions.

De nition 6 (Dire t Subtypes). For type expressions T1 ; T2 2 TE the subtype
relation T1 <OCL T2 is the least relation satisfying the following onditions:
D

D

1. If T1 ; T2 are model types and T1 is a subtype of T2 in the UML model, i.e. T1 < T2 ,
then T1 <OCL T2 :
2. Integer <OCL Real:
3. For all type expressions T , not denoting a olle tion type,
(a) Set(T ) <OCL Colle tion(T )
(b) Bag(T ) <OCL Colle tion(T )
( ) Sequen e(T ) <OCL Colle tion(T )
4. If T is a model type or a basi type di erent from OCLAny, then
T <OCL OCLAny:
5. If T1 <OCL T2 and C is any of the type onstru tors Colle tion, Set, Bag,
Sequen e, then C (T1 ) <OCL C (T2 ):
D

D

D

D

D

D

D

D

D

De nition 7 (Type onforman e). The transitive, re exive losure of the subtype
relation <OCL is denoted by OCL . If T1 OCL T2 holds, we say that T1 onforms
to T2 .
D

D

D

Semanti s of Types The onstru tions explained in this subse tion are performed
with respe t to a xed snapshot D of a UML lass diagram D. As des ribed in
Se tion 2 we asso iate with D a many-sorted stru ture MD = (MD ; I ) onsisting of
the universe MD and the interpretation fun tion I . Let S denote the model types in
D, see De nition 1. Then every C 2 S is interpreted via I as a subset of the universe
MD , i.e. I (C )  MD .
The obje tive is to de ne the stru ture MOCL
= (MDOCL ; I OCL ) extending MD
D
su h that for every OCL expression E the interpretation I OCL(E ) is de ned in MOCL
D .
OCL on all type expresIn this subse tion we de ne MOCL
and
the
interpretation
I
D
sions. The de nition of I OCL will then be ontinued in Se tion 4.
When no onfusion is possible we will supress the supers ript OCL.
The universe of MOCL
is the union of all sort universes. Sort universes orreD
spond to ertain types. With the type Integer, for example, there is a sort universe
I (Integer) that onsists of all integers plus the additional symbol ?. For ea h model
D

D
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sort C there is the sort universe I (C ), as already explained in De nition 4, Clause 1.
Remember that the spe ial symbol ? for unde nied values is also an element of I (C ).
In addition there are sort universes for Set(C ), Bag(C ) and Sequen e(C ) and the
universe for Colle tion(C ) will be the disjoint union of them. The sort universes for
Set(C ), Bag(C ) and Sequen e(C ) onsist of abstra t obje ts o, representing subsets,
bags (multisets) or sequen es of the sort universe of C respe tively. The sort universe
for O lT ype will onsist of obje ts that are in one-to-one orrespondan e with the set
onsisting of model types and all basi OCL types, ex ept O lT ype.
For example, for the pre-de ned type Integer there will be an obje t oInteger in
M (O lT ype). In [10, Subse tion 8.8.1.1℄ we read the somewhat mysterious senten e
\All types de ned in a UML model, or pre-de ned within OCL, have a type." In
our setting this now makes perfe t sense: For every type S there is an obje t oS in
M (O lT ype). We will refer to oS as the type obje t of S .

Real
Integer

Colle tion(Real)
Colle tion(Integer)

Boolean

Colle tion(Boolean)

String

Colle tion(String)

O lExpression

Colle tion(O lExpression)

O lType

Colle tion(O lType)
olle tions of instan es

model instan es
= O lAny
Colle tion(S)

=

Set(S)

model instan es

=

C1

Fig. 2.

...

Bag(S)

Sequen e(S)

Ck

Sort universes of MOCL
D

Figure 2 shows the sort universes of MOCL
D .

De nition 8. 1. For the OCL type expressions S 2 fInteger; Real; Boolean; Stringg
the obvious universes M (S ) are the integers, reals, booleans and all strings over
a xed alphabet A, respe tively.
I (S ) = M (S ) = M (S ) [ f?g
Here ? is a new element denoting an unde ned value. The sets M (S ) are onsidered disjoint with the ex eption of M (Integer) being a subset of M (Real).
2. { I (O lT ype) = a set of obje ts in one-to-one orrespondan e with all basi or
model types with
S the ex eption of O lT ype itself.
{ I (O lAny) = fI (S ) j S a basi or model typeg
{ I (O lExpression) = TE
0

0

0

0

D

0
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{ I (O lState) is not treated here.
3. for S 2 S I OCL(S ) = I (S ) [ f?g, see De nition 4, Clause 1.
4. { I (Set(T )) = set of all subsets of I (T ),
{ I (Bag(T )) = set of all multisets of elements from I (T ),
{ I (Sequen e(T )) = set of all sequen es of elements from I (T ),
{ I (Colle tion(T )) = I (Set(T )) [ I (Bag(T )) [ I (Sequen e(T ))
D

The universe of the stru ture MOCL
is now taken to be the union of all I (S ).
D

Comments
1. While the standard [8℄ is pre ise on the meaning of O lAny the intended meaning
of O lT ype is less lear. The de nition adopted here seems a reasonable extrapolation. A more fundamental hange whi h raises O lT ype to a lass in the metamodel
is proposed in [1℄.
2. We did not introdu e type obje ts for olle tion types. The standard seems not
to ex lude this. But onsider the following diÆ ulty: Let o be the type obje t for
type Set(Integer) what is o:allInstan es supposed to be?
3. It would probably not harm to have a type obje t for O lT ype itself, but it will
on the other hand not be of mu h help and ertainly hard to swallow.

3.2 The Syntax of OCL Constraints
A onstraints starts with a header xing the ontext in whi h it is to be understood.
Headers ome in two forms, one for the lassi er ontext, and one for the operator
ontext. We start with the lassi er ontext:

ontext ( :)? typeName inv expressionName? : O lExpression
The trailing question mark ? indi ates optional elements; OCL keywords are set
in boldfa e. 'typeName' ould for example be the name of a lass in the xed UML
diagram. In general we allow all type expressions that are not olle tion expressions
as ontext type. It is possible to introdu e a name for easy referen ing of expressions.
The optional parameter will a t very mu h like a variable of the type given by
typename in the following OCL expression. Variable is here to be understood in the
way it is used in formal logi . A header may de ne more than one expression:

ontext ( :)? typeName
inv expressionName1 ? : O lExpression1
:::
:::
inv expressionNamen ? : O lExpressionn
Constraints for an operator ontext look like this:

ontext ( :)? typeName ::opName(p1 : type1 ; : : : ;pk : typek ):rtype
fpre ,post g expressionName? : O lExpression
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Here opName is meant to be the name of an operator de ned on the given type.
The list of parameters p1 : : : pk may be empty and the return type, rtype, may be
missing or both. As above, an operator onstraint may ontain more than one expression.
In the headers just shown OCL expressions have to be of type Boolean. Also the
stereotype inv an only appear in a lassi er ontext while the stereotypes pre and
post an only show up in operator ontexts.
We have added the optional parameter( :)? also in the operator ontext to set
it on equal footing with lassi er ontexts, though we have seen no example of this
in the literature.
The de nition of OCL expressions to be given presently depends on a xed lass
diagram D. More pre isely, D uniquely determines the set S of model types and
the set F of fun tions together with their sorting signature. Model types and type
expressions for OCL have been introdu ed in Subse tion 3.1 already.
D

D

De nition 9 (OCL fun tion symbols). The set F OCL of fun tion symbols admitted in forming OCL expressions for diagram D is
D

1. F (see De nition 2) plus
2. For any basi or model type S there is a onstant symbol S in F with type(S ) =
O lT ype,
3. All properties of the pre-de ned OCL types as detailed in the standard [8, Se tion
7.8℄ plus
4. The onstant symbol result. This is only needed for expressions within the ontext
of an operator opname. The type of result will then be the return type of opname.
D

De nition 10 (OCL expressions). The set OCLExp of OCL expressions is the
smallest set satisfying the following re ursive onditions. At the same time we de ne
for every OCL expression e its unique type type(e).
1. For every model type t 2 S there is an unlimited number of variables vti . Ea h
variable vti is in OCLExp with type(vti ) = t. The parameters of an operator onstraint are spe ial instan es of variables of the type spe i ed in their de laration.
D

2. self is a spe ial variable, where type(self ) is given by ontext information.
3. result is in OCLExp.
This is only allowed if the expression o urs in the ontext of an operator m in
the stereotype post . Then type(result) = return type of m.
4. There are onstant symbols for integers, reals, and strings, for example 15, 7:88,
P eter . The pre ise syntax for these onstants is given by the OCL grammar,
where they are alled literals. In addition there are onstants for the two Boolean
values, true and false.
5. If f is a fun tion symbol in F with argument types t1 ; : : : ; tk and result type tr
and e1 ; : : : ; ek are OCL expressions with type(ei ) OCL ti for all 1  i  k (see
De nition 7) then
f (e1 ; : : : ; ek ) 2 OCLExp with type(f (e1 ; : : : ; ek )) = tr .
6. If f is a fun tion symbol in F with argument types t1 ; : : : ; tk and result type tr
where f is not the name of an operation and e1 ; : : : ; ek are OCL expressions with
type(ei ) OCL ti for all 1  i  k (see De nition 7) then
0

0

D

D

52

P. H. S hmitt

f pre(e1 ; : : : ; ek ) 2 OCLExp with type(f (e1 ; : : : ; ek )) = tr .
OCL expressions ontaining pre may only o ur under the post stereotype.
7. If e1 ; e2 are OCL expression of the same type, then e1 = e2 , e1 <> e2 are OCL
expressions of type Boolean.
8. If e is an OCL expression of type Boolean, e1 ; e2 are expressions of type t1 and
t2 respe tively and either t1  t2 or t1  t2 then
if e then e1 else e2
is an OCL expression.

type(if e then e1 else e2 ) = t2 if t1  t2
t1 if t1  t2
If need arises we will write more pre isely OCLExp instead of OCLExp.
D

Comments
1. We allow the shorthand notation for olle t as stated in the standard [10, Se tion
7.6.2℄ and also in [16, Subse tion 3.6.11℄.
Assume e is an OCL expression with type Set(T ), and attr is an attribute of
type T . Then e:attr is a shorthand for e ! olle t( j :attr): The same applies
to fun tions arising from asso iations. Consider as an example the UML lass
diagram in Figure 3.

T1

e1

f

Fig. 3.

*

e2

T2

g

e3

*

e4

T3

Composition of navigation

The OCL expression self :e2 in the ontext T1 has type Set(T2 ). The expression
self :e2 :e4 in the same ontext is short for self :e2 ! olle t( j :e4 ) and has type
Bag(T3 ).

2. We have in lause 4 of the previous de nition blurred the distin tion between
syntax and semanti s. Adhering stri tly to this distin tion we should have introdu ed a onstant symbol a for every integer a with the semanti interpretation
I ( a ) = a. This seemed too mu h trouble for too little reason.
3. In De nition 10 we have used the fun tional notation as on rete syntax. This
does not imply that we onsider it superior to the on rete navigation syntax
used in the OCL standard. We will in fa t feel free to use both. Some remarks on
the omparision of OCL notation to the notation used in the modeling language
Alloy may be found in [15℄.
fun tion syntax
navigation syntax
g(f ( ))
:f:g
o lIsKindOf (self; Class) self:o lIsKindOf (Class)
forAll( ; x; e)
! forAll(x j e)
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De nition 11 (Free variables). For an OCL expression e we denote by FV(e) the
set of free variables in e. The expression self is ounted as a free variable.
We trust that the notion of free variable, and of its ounterpart bound variable,
are intuitively lear. Here is an example:
FV(iterate(e; vt : t; vt1 : t1 = e1 j f )) = FV(e) [ (FV(f ) n fvt ; vt1 g)
De nition 12 (OCL expressions in ontext).
1. An OCL expression e may o ur in the ontext

ontext ( :)? typeName inv expressionName? : e
only if
(a) the post x pre and result do not o ur in e
(b) FV(e) = fself g if the parameter is not spe i ed. If
insist that self does not o ur in e and FV(e) = f g:
( ) type(e) = Boolean.
2. An OCL expression e may o ur in the ontext

is spe i ed, then we

ontext ( :)? typeName
:: opname(p1 : type1 ; : : : ;pk : typek ):rtype
fpre , post g expressionName? : e
only if
(a) FV(e) = fp1 ; : : : ; pk g [ fself g if is not spe i ed, and
FV(e) = fp1 ; : : : ; pk g [ f g if is spe i ed.
(b) in the ase of the pre stereotype, pre and result do not o ur in e:
( ) type(e) = Boolean:
Comments and examples
1. OCL onstraints have so far in the literature been onsidered with respe t to a
xed ontext lass, say S . Inspe ting De nition 10 reveals that this information
is only needed in determining the type of self . The same observation applies to
[11, De nition 5℄. Repla ing self by the optional parameter : S spe i ed in the
ontext header we arrive at a de nition of OCLExp not depending on ontext
information.
The notion of ontext is helpful, so we introdu e it in De nition 12, thus arriving
at a lear separation of on erns.
The approa h adopted here also solves another problem that has been kept under
the rug in previous publi ations. Assume that e is an OCL expression in ontext
with type(e) = Sequen e(t) and we form the new expression

e ! iterate(vt : t; vt1 : t1 = e1 j f )
What should be the ontext of f ? In most published examples it is not , sometimes
it is t, sometimes it is t1 .
The above de nitions at least give a lear answer, whi h we hope will also prove
useful and in keeping with the spirit of OCL.
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2. OCL allows as a short ut to omit self . We assume in De nition 12 that this, and
all similar short uts, have been removed.
3. Here are some examples for OCL expressions a ording to lause 5.
If f = + and type(e1 ) = type(e2 ) = Integer then e1 + e2 is an expression of type
Integer.
There are two ways to derive the expression e1 + e2 within the OCL grammar in
the standard [9℄: rst as a built-in operation on the type Integer and se ond via
the grammer rule for additiveExpression. This shows that one ould simplify
the grammar.
If T is a lass in D, e an expression of type T and f an attribute for the lass
T with value type T1 then f (e) is in OCLExp with type(f (e)) = T1 . In on rete
OCL syntax this expression would be written as e:f .
Let f = fr;b1 ;b2 (see De nition 2) be a fun tion symbol asso iated with the asso iation ends b1 and b2 of an asso iation r in D. Assume that bi is atta hed to lass
ti and e is an OCL expression with type(e) = T1 . Then f (e) is an OCL expression
with type(f (e)) = T2 if b2 has multipli ity 1 and type(f (e)) = Set(t2 ) otherwise.
In on rete OCL syntax this expression would be written as e:b2 or e:t2 .
If e is an expression with type(e) = Set(T ) then size(e) is an OCL expression of
type Integer, be ause size is a built-in operator. In on rete syntax: e ! size.
4. If the type of e1 ; e2 in lause 7 is neither a meta type nor a olle tion type, then
equality and inequality are built-in operations of the type OCLAny. Be ause of
the restri tion of the subtype relation in De nition 6 this does not over equality
between olle tion and meta types. Thus we have added lause 7 here.
5. Let e be an OCL expression of type Sequen e(T ), let vT , vT1 be variables of type
T and T1 respe tively, e1 and f expressions of type T1 , then

iterate(e; vT : T; vT1 : T1 = e1 j f )
is an OCL expression of type T1 . iterate is a built-in operation for all olle tion
types. It is most natural for sequen es but also appli able on sets and bags. Its
on rete syntax is e ! iterate(vT : T; vT1 : T1 = e1 j f ):
6. The usual let onstru t for introdu ing abbreviations may be freely used in OCL
expressions. In the formal treatment we assume that all abbreviations have been
resolved.
7. We do not ex lude, that within an expression e o uring as a pre or post ondition
in the ontext of an operator opname, the fun tion symbol fopname atta hed to
opname does o ur.
4

Semanti s of OCL

We will now ontinue the de nition of MOCL
= (MDOCL ; I OCL ) begun in Subse tion
D
3.1. Remember that we assume a xed snapshot D of a UML lass diagram D. From D
we read o the set of sort and fun tion symbols, S and F , while D may be des ribed
by the many-sorted stru ture MD = (MD ; I ). We will again take the liberty to omit
the supers ript OCL, when no onfusion an arise. In Subse tion 3.1 I (e) was de ned
for all OCL type expressions. The OCL expression e may ontain free variables. The
meaning of e then depends on the values assigned to these free variables. This is the
job of the fun tion : for every variable v in e of type S we require (v) to be an
D

D
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element in I (S ) and we will explain how to al ulate re ursively the value of I (e).
The initial ases (Clause 1 to 4) in De nition 10 are easy to deal with and likewise
the indu tion steps for lauses 7 and 8 are obvious. We on entrate here on lause 5
and postpone lause 6 for later.

De nition 13 (Semanti s of model properties).
1. Let fa in F be the fun tion symbol atta hed to an attribute a of the lass T (see
De nition 4). Let further e be an OCL expression with type(e) OCL T . Then
I (f (e)) = I (fa )(I (e)):
2. Let f = fr;e1 ;e2 be a fun tion symbol in F atta hed to the asso iation r and
the asso iation ends e1 ; e2 with argument type T and e an OCL expressions with
type(e) OCL T . Then I (f (e)) = I (fr;e1;e2 )(I (e)):
D

D

D

D

Next we should give the semanti s for all pre-de ned operations of OCL. We
restri t ourselves to a few typi al ases.

De nition 14 (Semanti s of model properties).
1. Consider the expression e  e1 ! olle t( j e2 ) (in fun tional notation olle t(e1 ; ; e2 )).
(a) type(e2 ) is not a olle tion type.
In ase type(e1 ) = Set(S ) or Bag(S ):
I (e) = the bag of elements I a (e2 ) for all a 2 I (e1 )
In ase type(e1 ) = Sequen e(S ):
I (e) = hI a1 (e2 ); : : : ; I
(b) type(e2 ) = Set(T ) or Bag(T )
I (e) =

S

i with I

a (e2 )
k

(e1 ) = h 1 ; : : : ;

k

i

[
fI a (e ) j a 2 I (e )g
2

1

In any ase the union will result in a bag, i.e. multiple o uren es will not
be eliminated. The information what kind of a olle tion type e1 did possess is
lost, even in the ase type(e1 ) = Sequen e(S ).
( ) type(e2 ) = Sequen e(T )
If type(e1 ) = Set(S ) or Bag(S ) the de nition of the previous item applies
where I a (e2 ) is treated as the bag of elements o uring in the sequen e.
If type(e1 ) = Sequen e(S ) then I (e) is the on atenation of the sequen es
I ai (e2 ), with 1  i  k and I (e1 ) = h 1 ; : : : ; k i.
In these de nitions we have used

a (x)

=



(x) if x 6=
a if x =

De nition 15. Let v be the only free variable that may o ur in e, and
able assignment with m (v) = m.
The onstraint
ontext t inv : e
is true in MOCL
=
(
M
D ; I ) if for every m 2 I (T ): I m (e) = true:
D

m

the vari-
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The meaning of onstraints on methods is de ned with respe t to a pair of snapshots
D1 ; D2 for the same diagram D. These lead to a pair of stru tures of the form:
OCL
(MOCL
D1 ; MD2 ) = ((MD1 ; I1 ),(MD2 ; I2 )). We will further assume that MD1  MD2 .
This amounts to the stipulation that instan es on e reated annot be removed.

De nition 16. The onstraint
ontext ( :) typeName :: opname(p1 : type1 ; : : : ;pk : typek ):rtype
pre : e1
post : e2
OCL
is true in (MOCL
D1 ; MD2 ) if for every

I1; (e1 ) = true implies I2; (e2 ) = true
Here ranges over all fun tions from the set
universe MD1 satisfying the typing restri tions.

f ; p ; : : : ; pk g
1

of variables into the

It is in De nition 14 lause 2 and 3 that attening takes pla e and the reation of
sets of sets or sequen es of sequen es is avoided.
The standard [8, Subse tion 7.5.5℄ allows to a ess asso iation ends of multipli ity
[0::1℄ both as sets and as elements. There is no lear way in our setting to mimi k
this overloading. We even doubt its pra ti ality.
5

Future Resear h

We are presently working on a translation of OCL into Dynami Logi , whi h is
the input language of the theorem prover in the KeYproje t. Spe ial are has to be
taken in the translation of the pre suÆx. It is quite easy to use partial fun tions
in a semanti s des ription, as we have done here. A dedu tion al ulus for reasoning
about partial fun tions in the OCL framework still has to be de ided on.
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