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Abstract This paper presents a logic, called BOTL (Object-Based Temporal Logic), that
facilitates the specification of dynamic and static properties of object-based sys-
tems. The logic is based on the branching temporal logic CTL and the Object
Constraint Language (OCL), an optional part of the UML standard for expressing
static properties over class diagrams. The formal semantics of BOTL is defined
in terms of a general operational model that is aimed to be applicable to a wide
range of object-oriented languages. A mapping of a large fragment of OCL onto
BOTL is defined, thus providing a formal semantics to OCL.
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1. INTRODUCTION

Due to the ever increasing complexity of forthcoming systems, attempts to
assess their correctness by engineering “rules of thumb” donot work: they
easily lead to wrong conclusions and may cause costly redesigns. Instead, a
systematic and rigorous method for checking their correctness is needed. For
the specification and verification of reactive systems, the use of temporal log-
ics has been thoroughly investigated. The availability of software tools that
support the automatic verification of systems with respect to logical formu-
lae has become popular and very successful. This applies in particular to the
model checking approach [7, 8]. For object-oriented systems, however, such
automated verification techniques have received scant attention.

∗Appeared in S. F. Smith and C. L. Talcott, editors, Formal Methods for Open Object-based
Distributed Systems, pages 305-326. Kluwer Acadeim Publishers, 2000. Also available as a
Technical report CTIT 00-06, University of Twente, 2000 athttp://www.ctit.utwente.nl/ or
http://wwwhome.cs.utwente.nl/ ddino/report.html.
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In our project we aim at applying the model checking approachto object-
oriented systems. As a first step, this paper presents a temporal logic, referred to
as BOTL, that is suited for specifyingstaticanddynamic propertiesof object-
based systems. The dynamic properties are related to the behaviour of the
system when time evolves, while the static properties referto the relations
between syntactical entities such as classes. The logic is an object-based exten-
sion of the branching temporal logic CTL [6], a formalism forwhich efficient
model checking algorithms and tools do exist. The object-based ingredients
in our logic are largely inspired by the Object Constraint Language (OCL)
[17, 22, 23], an optional part of the Unified Modeling Language (UML) [5, 20]
standard which allows expressing static properties over class diagrams in a tex-
tual way. The precise relationship with OCL is defined by means of a mapping
of a large fragment of OCL onto BOTL.

The semantics of the logic is defined in terms of ageneraloperational model
that is aimed to be applicable to a rather wide range of object-oriented program-
ming languages. The operational model is a Kripke structure, in which states
are equipped with information concerning the status of objects and method in-
vocations. The mapping of BOTL onto these Kripke structuresis defined in a
formal, rigorous way. We believe that such a formal approachis indispensable
for the construction of reliable software tools such as model checkers. Besides,
the semantics of BOTL together with the aforementioned translation of OCL
provides aformal semanticsof OCL. This approach resolves several ambigu-
ities and unclarities in OCL that have been recently reported [10]. See also
the related work section below for other formalizations of OCL. Our proposal
covers a rather large fragment of OCL including, amongst others, invariants,
pre- and postconditions, navigations and iterations.

Object-based systems. In this paper we confine ourselves toobject-based
systems, i.e., object-oriented systems in which inheritance and subtyping are
not (yet) considered. Object-based systems are composed byobjects. An object
contains internal data that can only be accessed from the outside by invoking
one of the object’s methods. Objects run concurrently and communicate by
means of message passing; i.e., an object that invokes a method (of another
object) has to wait until the method has returned its result.Objects are dynamic
and can be created in arbitrary numbers during the computation. On the static
level, the corresponding notion is that of a class. Aclass is a template for
the creation of its instances, i.e., its objects, and specifies the behaviour of the
objects by describing their state (in terms of so-called attributes) and methods.

Class diagrams. Classes and their associations are described byclass dia-
grams, a variant of entity-relationship diagrams. A class diagram describes the
attributes (with their type) and the methods (with their formal parameters) of
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Figure 1 The Hotel Class Diagram

a class. An example class diagram in UML notation is depictedin Figure 1,
adopted from [23]: boxes represent classes and interconnecting lines denote as-
sociations. Each direction of an association has a multiplicity and an optional
name. For instance, a Hotel has a (possibly zero) number ofroomsandguests.
Note that class diagrams only address the data aspects of thesystem, not its dy-
namic (i.e., process) aspects. The latter aspects are described by other diagrams
such as UML statecharts. Associations can be traversed — this is referred to
asnavigation— to refer to attributes and methods of a (collection of) object(s)
in the system, e.g., for objecth of class Hotel, the expression (h.guests).name
refers to the collection of names of the guests ofh. Navigations are parsed from
left to right.

Object Constraint Language. Constraintsover UML class diagrams can
be described in OCL [17, 22, 23], an optional part of the UML standard. The
constraints in OCL are invariants (statements that should be valid at any point
in the computation), and pre- and postconditions (statements about the start and
end of a method execution). The invariant

context Hotel invariant

rooms.guests = guests
(1)

states that the collection of guests in the rooms of the hotelshould be consistent
with the collection of guests maintained at the hotel. Clearly, this statement
is not valid in every state of the system as, for instance, itsvalidity cannot be
guaranteed while executing a method that changes the numberof guests (like
checking a guest in or out). Pre- and postconditions have a method and a class
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as context. For instance, in

context Hotel :: checkIn(g : Guest)
pre not guests→includes(g)
post guests→size =(guests@pre→size)+1 and guests→includes(g)

(2)

the precondition states that the person to be checked in is not a current guest of
the hotel, while the postcondition states that after checking him in, the number
of guests has increased by one and the new guest is one of the current guests. The
@pre-operator refers to the number of guests before the check-in. The standard
OCL operationsizedetermines the number of elements of a collection. Note
that invariants and pre/postconditions are safety properties, whereas BOTL also
allows to express liveness properties.

Temporal logic. For the specification of the temporal aspects, BOTL is
based on the branching temporal logic CTL [6]. For CTL efficient model
checking algorithms and tools already exist. A typical disadvantage of CTL is
its weakness in expressing fairness. As the object-based ingredients in BOTL
are quite orthogonal to the temporal aspects, our approachcanbe applied toother
(more expressive) temporal logics like CTL∗ orµ-calculus in a straightforward
manner.

Related work. Logics for reasoning about object-oriented systems have
been mainly based on Hoare-style logics that concentrate onverifying pre- and
postconditions and/or invariants [1, 4, 13, 18].

Temporal logics for object-oriented systems have been previously defined.
Amongst others: [3] proposes an algorithmic method to proveproperties of con-
current object-oriented systems expressed in propositional LTL. This method
combines model checking and tableaux method. [14] presentsthe specification
language TROLL for the conceptual modeling of information systems. The for-
mal semantics of TROLL is given in terms of a translation intoa temporal logic.
[21] proposes, in an axiomatic style, a temporal logic for reasoning about object
classes and their instances. The logic supports two levels of reasoning: local
reasoning related to a single object and global reasoning related to a community
of objects.

A modal logic for an object calculus is presented in [2]. Verification tech-
niques based on other techniques have been proposed in [12].Alternative
formalisations of OCL have been considered in [9, 11, 19]. Toour knowledge,
this paper presents the first attempt towards embedding OCL in a temporal logic
setting.

Organisation of the paper. Section 2 introduces the syntax and semantics
of BOTL. Section 3 presents the translation of OCL into BOTL.Throughout
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the paper simple examples illustrate the use of the logic. Section 4 presents
some conclusions and discusses future work.

2. THE DEFINITION OF BOTL

In the following, we assume a setVName of variable names; a setMName

of method names, ranged over byM ; and a set ofclass namesCName, ranged
over byC.

2.1. DATA TYPES AND VALUES

BOTL expressions rely on a languageType of data types, defined by the
following grammar:

τ(∈ Type) ::= void | nat | bool | τ list | C ref | C.M ref

whereC ∈ CName andM ∈ MName are arbitrary. The types have the
following intuitions:

void is the unit type; it only has the trivial value().

nat is the type of natural numbers.

bool is the type of boolean valuestt (true) andff (false).

τ list denotes the type of lists ofτ , with elements[] (the empty list)
andh :: w (for the list with head elementh and tailw). For the sake
of readability, we will often write lists as comma-separated sequences
enclosed by square brackets; e.g.,1 :: 2 :: [] is written [1, 2], whereas
[[1], [2]] denotes(1 :: []) :: (2 :: []) :: [].

C ref denotes the type of objects of classC.

C.M ref denotes the type of method occurrences (discussed in more detail
below) of the methodM of classC.

Let us specify the data values of these types more precisely.Among others we
will use (references to)objectsandeventsas data values; the latter correspond
to method occurrences, i.e., invocations of a given method of a given object.
For this purpose, we introduce the following sets (for allC ∈ CName and
M ∈ MName):

OId
C = {C} × N

Evt
C,M = OId

C × {M} × N .

Thus, object identitiesξ ∈ OId
C correspond simply to numbered instances of

the classC, whereas events(ξ,M, j) ∈ Evt
C,M are numbered instances of the

method nameM , together with an explicit association to the objectξ ∈ OId
C
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executing the method. We also useOId =
⋃

C OId
C , ranged over byξ, and

Evt =
⋃

C

⋃

M Evt
C,M , ranged over byµ.

The combined universe of values will be denotedVal; the set of values of a
given typeτ ∈ Type is denotedVal

τ . We define:

Val
void = {()}

Val
nat = N

Val
bool = {ff, tt}

Val
τ list = {[]} ∪ {h :: w | h ∈ Val

τ , w ∈ Val
τ list}

Val
C ref = {null} ∪ OId

C

Val
C.M ref = Evt

C,M .

There exists a large number of standard boolean, arithmeticand list operations
over these values, which we will use when convenient, without introducing
them formally.

Finally, there is a special element⊥ /∈ Val that is used to model the “unde-
fined” value: we writeVal⊥ = Val ∪ {⊥}, etc. All operations are extended
to ⊥ by requiring them to bestrict (meaning that if any operand equals⊥, the
entire expression equals⊥). For instance, for lists we have⊥ :: w = ⊥ and
h :: ⊥ = ⊥.

2.2. SYNTAX OF BOTL

The syntax of BOTL is built up from two kinds of terms: static expressions
(for a large part inspired by OCL) and temporal formulae (largely taken from
CTL). We also use a set oflogical variablesLogVar.

e(∈ Sexp) ::= z | e.a | e.owner | e.return | act(e) | ω(e, . . . , e)

| with z1 ∈ e from z2 := e do z2 := e

φ(∈ Texp) ::= e | ¬φ | φ ∨ φ | ∀z ∈ τ : φ | EXφ | E[φUφ] | A[φUφ]

whereτ ∈ Type, a ∈ VName andz ∈ LogVar. Apart from this context-
free grammar, we implicitly rely on a context-sensitivetype system, with type
judgements of the forme ∈ τ , to ensure type correctness of the expressions; its
definition is outside the scope of this paper. We give an informal explanation
of the BOTL constructs.

Static expressions.

z ∈ LogVar is a variable, bound to a value elsewhere in the expression
or formula;

e.a stands forattribute/parameter navigation. The sub-expressione pro-
vides a reference to an object with an attribute nameda or to a method
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occurrence with a formal parameter nameda; the navigation expression
denotes the value of that attribute/parameter. Navigationis extended nat-
urally to the case wheree is a list of references; the result ofe.a is then
the list of .a-navigations from the elements ofe.

e.owner denotes the object executing the methode.

e.return denotes the return value of the method denoted bye (in case the
method has indeed returned a value, otherwise the result of the expression
is undefined; see below).

act(e) expresses that the object or method occurrence denoted bye is
currently active. An object becomes active when it is created and re-
mains active ever thereafter, whereas a method becomes active when it
is invoked and becomes inactive again after it has returned avalue. This
is made more precise in the semantic model; see below.

ω(e1, . . . , en) (n > 0) denotes an application of then-ary operatorω.
Thus,ω is a syntactic counterpart to the actual boolean, arithmetic and
list operations defined over our value domain. Possible values forω
include at least a conditional expression (“if-then-else”) as well as an
(overloaded) equality test=τ for all τ ∈ Type (where the indexτ is
usually omitted). We will use[[ω]] to indicate the underlying operation of
whichω is the syntactic representation.

The with-from-do expression is inspired by theiterate feature of OCL
—which in turn resembles thefold operation of functional programming.
The expression binds logical variables and can therefore not be seen as an
ordinary operator. Informally,with z1 ∈ e1 from z2 := e2 do z2 := e3
has the following semantics: first,z2 is initialised toe2; thene3 is com-
puted repeatedly and its result is assigned toz2 whilez1 successively takes
as its value an element of the sequencee1. For instance, the expression

with z1 ∈ [1, 2, 3] from z2 := 0 do z2 := z1 + z2

computes the sum of the elements of the list[1, 2, 3] (= 6). A large group
of OCL queries can be reduced toiterate expressions (and therefore to
with-from-do expressions) [22].

Temporal expressions. A temporal expressionφ is built by the application
of classical first order logic operators (¬, ∨ etc.) and CTL temporal operators
(AX, U, etc.); see [6]. The basic predicates are given by boolean expressions in
Sexp. The temporal operators have the following intuition:

EXφ expresses that there is a next state in which the formulaφ holds.
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E[φUψ] expresses that there exists a path starting from the currentstate
along whichψ holds at a given state, andφ holds in every state before.
The special case whereφ equalstt (true) thus stands for the property that
there is a reachable state whereψ holds; this is sometimes denotedEFψ
(“potentially eventuallyψ”). The dual of that is denotedAGψ (“invari-
antlyψ”).

A[φUψ] expresses that alongeverypath starting from the current state,
ψ holds at a given state andφ holds in every state before. Again, ifφ
equalstt we get the special caseAFψ (“ψ is inevitable”) and its dual,
EGψ (“potentially alwaysψ”).

Finally, we have universal (and, byduality, existential) quantification:∀z ∈ τ :φ
expresses that the formulaφmust hold for all instancesz of the typeτ . Note that
Val

τ is infinite for mostτ ∈ Type, making model checking of universally
quantified formulae impossible. When applying model checking to BOTL,
therefore, we will have to restrict quantification to bounded cases; for instance,
all active objects or all integerssmaller thana given upper bound. For the
purpose of this paper, however, we need not make such restrictions.

In examples, we often omit the typeτ when it is clear from the context.
Moreover, apart from the usual abbreviations such as∀z 6= e:φ for ∀z: (z 6=
e) ⇒ φ, we also use

∀z ∈ act(τ):φ for∀z ∈ τ : act(z) ⇒ φ, to quantify over allactiveobjects
or methods inτ ;

∀z ∈ e.M ref:φ (wheree ∈ C ref) for ∀z ∈ C.M ref: (z.owner = e) ⇒
φ, to quantify over all method occurrences of a given object.

Example 2.1. Consider the OCL invariant (1). In BOTL, the same property
would be expressed by

AG[∀z ∈ act(Hotel ref) : (∀m ∈ z.checkIn ref : ¬act(m)) ⇒
sort(flat(z.rooms .guests)) = sort(z.guests)].

(3)

The functionflat flattens nested lists; we need it becausez.rooms .guests is a
list of lists, whereasz.guests is a simple list. The functionsort orders lists.
Note that the condition¬act(m) on the occurrencem of the methodcheckIn
is essential: during the execution of acheckIn, it is not possible to guarantee
the validity of the invariant.

As another example, consider the following OCL invariant:

context Guest invariant

age ≥ 18

In BOTL, this will be expressed by:AG[∀z ∈ act(Guest ref) :z.age≥ 18] .
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2.3. THE UNDERLYING OPERATIONAL MODEL

In the design of our logic we have concentrated on theessentialfeatures of
an object-based system. By this we mean that the logic can only address fea-
tures, such as object attributes, that are likely to be available in any reasonable
behavioural model of an object system. Accordingly, we willdefine the se-
mantics of BOTL using an operational model that is as “poor” as possible, i.e.,
includes those features addressable by the logic but no morethan those. We do
not go into the question how such a model is to be generated. For instance, the
degree of parallelism or the way of method invocation is partof the translation
of an object-oriented language to the model. Any richer kindof model can be
abstracted to a BOTL model; thus, hopefully, the logic can beused to express
properties of behaviour models generated by a wide range of formalisms.

We first need to give the notions of classes, methods and variables more
substance. Consider the following partial functions:

VDecl = VName ⇀ Type

MDecl = MName ⇀ VDecl × Type

CDecl = CName ⇀ VDecl× MDecl

A variable declaration inVDecl is a partial function mapping variable names
to the corresponding (image) types.MDecl does the same for method names,
taking into account that these are actually functions with formal parameters and
a return value. Finally, eachD ∈ CDecl is a class declaration mapping class
names to the corresponding attribute and method declarations.

Let us assume the class declarationD ∈ CDecl to be given. For any
classC ∈ dom(D), we denoteC.attrs (∈ VDecl) for its attribute declara-
tion function, andC.meths (∈ MDecl) for its method declaration function;
thus,D(C) = (C.attrs , C.meths). Furthermore, if the classC of a method
M is clear from the context then we useM.fpars (∈ VDecl) to denote the
formal parameters ofM andM.retty (∈ Type) for the return type; hence
C.meths(M) = (M.fpars ,M.retty).

Our models are Kripke structures, i.e., tuplesMD = (Conf ,−→)whereConf

is the set of configurations (or states) over which−→ ⊆ Conf × Conf defines
a transition relation.D ∈ CDecl is the global class declaration, whereas the
elements ofConf are pairs of the form(σ, γ) where:

σ ∈ Σ = OId ⇀ VName ⇀ Val;

γ ∈ Γ = Evt ⇀ (VName ⇀ Val) × Val⊥.

We discuss these briefly.

σ describes the currently active objects: for each active object ξ ∈
dom(σ), σ(ξ) denotes the local state ofξ, i.e., it records the values
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of the attributes ofξ. σ has to be consistent withD in the sense that
σ(ξ) = ℓ with ξ ∈ OId

C impliesdom(ℓ) = dom(C.attrs) andℓ(a) ∈
Val

C.attrs(a) for all a ∈ dom(ℓ).

σ is extended pointwise tolists of objects; thusσ([])(a) = [] andσ(h ::
w)(a) = σ(h)(a) :: σ(w)(a).

γ describes the currently active method occurrences; namely, an event
is active if it belongs to the domain ofγ. The images ofγ consist of
a (partial) mapping of variable names to values, representing the valu-
ation of the formal parameters of the method invocation, as well as the
value returned by the method. The latter becomes defined onlywhen
the method has terminated; therefore the value can be⊥. γ also has to
be consistent withD: if γ(µ) = (ℓ, v) for a given method occurrence
µ ∈ Evt

C,M thendom(ℓ) = dom(M.fpars) andℓ(p) ∈ Val
M.fpars(p)

for all p ∈ dom(ℓ), andv ∈ Val
M.retty
⊥ .

The transition relation−→ satisfies the following property regarding the
termination of method invocations: if an active method occurrenceµ
becomes inactive then is has a well-defined return value (i.e., not ⊥).
Formally: if (σ, γ) −→ (σ′, γ′) thenµ ∈ dom(γ) \ dom(γ′) ⇒ ∃v 6=
⊥: γ(µ) = (ℓ, v). Furthermore, we assume thatConf contains no ter-
minated or deadlocked configurations; i.e., there is at least one outgoing
transition from every element ofConf . (This property is imposed only
for the sake of simplifying the definitions later on; it can besatisfied
easily by adding a self-loop to every deadlocking configuration.)

2.4. SEMANTICS OF BOTL

We are now in a position to define the semantics of our logic. Weassume
the class declarationD to be fixed and given. LetΘ = LogVar ⇀ Val,
ranged over byθ, be the set of maps that assign values to (some of) the logical
variables. The semantics of expressions is given by the function [[ ]]:Sexp →
(Σ × Γ × Θ) → Val⊥. Let (σ, γ) be a configuration ofMD.

[[z]]σ,γ,θ = θ(z)

[[e.a]]σ,γ,θ = ℓ(a) wheree ∈ C ref andσ([[e]]σ,γ,θ) = ℓ

or e ∈ C.M ref andγ([[e]]σ,γ,θ) = (ℓ, v)

= ~ℓ(a) wheree ∈ C ref list andσ([[e]]σ,γ,θ) = ~ℓ

or e ∈ C.M ref list andγ([[e]]σ,γ,θ) = (~ℓ,~v)

[[e.owner]]σ,γ,θ = ξ where[[e]]σ,γ,θ = (ξ,M, j)
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[[e.return]]σ,γ,θ = v whereγ([[e]]σ,γ,θ) = (ℓ, v)

[[act(e)]]σ,γ,θ = ([[e]]σ,γ,θ ∈ dom(σ) ∪ dom(γ))

[[ω(e1, . . . , en)]]σ,γ,θ = [[ω]]([[e1]]σ,γ,θ, . . . , [[en]]σ,γ,θ)

[[with z1 ∈ e1 from z2 := e2 do z2 := e3]]σ,γ,θ

= [[for z1 ∈ [[e1]]σ,γ,θ do z2 := e3]]σ,γ,θ{[[e2]]σ,γ,θ/z2}

where [[for z1 ∈ [] do z2 := e]]σ,γ,θ

= [[z2]]σ,γ,θ

[[for z1 ∈ h :: w do z2 := e]]σ,γ,θ

= [[for z1 ∈ w do z2 := e]]σ,γ,θ{[[e]]σ,γ,θ{h/z1}
/z2}

Given the discussion of the operational model, the semantics should be self-
explanatory, with the possible exception of the “with-from-do”-expression.
This is evaluated by means of the “for-do” meta-expression,which successively
re-computes the “do”-expression for every value ofz1 out of the “for”-list.5

h: Hotel

r1: Room

g1:Guest

g6:Guest

r3:Room

g2:Guest

g3:Guest

r2:Room

g4:Guest

g5:Guest

Figure 2 An instance of the Hotel Class Diagram

Example 2.2. Consider the object diagram in Figure 2, and suppose we want to
computez.rooms .guests in the configuration(σ, γ) with variable interpretation
θ: z 7→ h. Skipping some details, we obtain

[[z.rooms .guests ]]σ,γ,θ = σ([[z.rooms ]]σ,γ,θ)(guests)

= σ(σ([[z]]σ,γ,θ)(rooms))(guests)

5For those familiar with functional programming:with z1 ∈ e1 from z2 := e2 do z2 := e3 may
alternatively be translated tofoldl [[e1]]σ,γ,θ [[e2]]σ,γ,θ λ v h.[[e3]]σ,γ,θ{h/z1,v/z2}

.
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= σ(σ(h)(rooms ))(guests)

= σ([r1, r2, r3])(guests)

= [[g1, g2], [g3, g4, g5], [g6]] .

As expected the result is a list of lists.

The semantics of BOTL formulae is now straightforward. It isdefined by a
satisfaction relation between the modelMD defined by the transition system,
a reference configuration(σ, γ), a valuationθ and a formulaφ. To define it, we
need an auxiliary definition ofpathsthrough a transition model. Some notation
first: if s ∈ Aω is an (infinite) sequence, we writes[i] to denote the(i + 1)-th
element ofs; hences = s[0]s[1] · · ·. Given a modelMD = (Conf ,→), apath
is an infinite sequence of configurationsη ∈ Conf ω such thatη[i] −→ η[i + 1]
for all i ≥ 0. The set of paths starting in(σ, γ) ∈ Conf is defined by

PMD
(σ, γ) = {η ∈ Conf ω | η[0] = (σ, γ),∀i > 0: η[i] −→ η[i+ 1]} .

The semantics of temporal formulae is then given by a relation |= ⊆ (Σ× Γ×
Θ) × Texp.

Let (σ, γ) be a configuration ofMD and letθ ∈ Θ.

σ, γ, θ |= e ⇐⇒ [[e]]σ,γ,θ = tt

σ, γ, θ |= ¬φ ⇐⇒ ¬(σ, γ, θ |= φ)

σ, γ, θ |= φ ∨ ψ ⇐⇒ (σ, γ, θ |= φ) ∨ (σ, γ, θ |= ψ)

σ, γ, θ |= ∀z ∈ τ : φ ⇐⇒ σ, γ, θ{v/z} |= φ for all v ∈ Val
τ

σ, γ, θ |= EXφ ⇐⇒ ∃η ∈ PMD
(σ, γ): η[1], θ |= φ

σ, γ, θ |= E[φUψ] ⇐⇒ ∃η ∈ PMD
(σ, γ):

∃j≥ 0: η[j], θ |= ψ ∧ ∀0≤k<j: η[k], θ |= φ

σ, γ, θ |= A[φUψ] ⇐⇒ ∀η ∈ PMD
(σ, γ):

∃j≥ 0: η[j], θ |= ψ ∧ ∀0≤k<j: η[k], θ |= φ .

3. TRANSLATING OCL TO BOTL

In this section we will give a translation of OCL into BOTL andinvestigate
differences as well as relations between them. First note that BOTL is not
primarily intended to be the exact formal counterpart of OCL. In defining BOTL
we were concerned with some issues derived mostly from our aim to do model
checking of object-oriented programs. On the other hand, since OCL is not
yet very “stable” in the sense that there are many proposals to improve it, see
e.g. [10], our logic can be seen as one of the many “opinions” on how to give
a sound foundation to OCL. At the same time, the translation provides us with
a feeling above the expressiveness of BOTL.
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3.1. OCL SYNTAX

The set of OCL constraints and OCL expressions is given by thefollowing
grammar

(χ ∈)COCL ::= context C invariant e | context C :: M(~p) pre e post e

(e ∈)SOCL ::= self | z | result | e@pre | e.a | ω(e, . . . , e)

| e.ω(e, . . . , e) | e→ω(e, . . . , e) | e→iterate(z1; z2 =e |e)

As for BOTL we assume that OCL terms are type correct (with, however some
differences in the possible types; see below). At the top level, aconstraintχ can
either be an invariant or a pre/postcondition (see Section 1). The context of a
constraint is a classC in case of an invariant or a methodM ∈ dom(C.meths)
in case of pre/postconditions. The context can be referred to by the expression
in the constraint. For instance, in an OCL navigation expression self.a, we
describe a route starting from an object of the context classC.

Many of the expressionse ∈ SOCL have their direct counterpart in BOTL.

self refers to the context object of the classC.

z represents either an attribute of the context object, or a formal parameter
of the context method, or a logical variable.

result refers to the value returned by the context method.@pre is a suffix
that refers to the value of its operand at the time of the method invocation.
These two operators can be used in postconditions only (see below).

e.a andω(e1, . . . , en) are the same as in BOTL.

e.ω(e1, . . . , en) represents an operatorω on basic types that is applied
one, e1, . . . , en. If the expressione is a collection (i.e., a set, bag or list),
we have the special casee→ω(e1, . . . , en).

e1→iterate(z1; z2 = e2 | e3) has the same meaning aswith z1 ∈
e1 from z2 := e2 do z2 := e3. The difference is only in the type that can
be returned, namely sets and bags (see Section 3.2).

Particular OCL features not included in the previous syntaxare expressions of
the kindM(e, . . . , e) ande.M(e, . . . , e) whereM is a so-calledquery method;
i.e.,M is a method which returns a value without side effects. Nevertheless, also
constraints where query methods appear can be translated interms of another
OCL expression that does not contain them but that describesthe function
implemented by the query method7. Thus, as in other related works [11, 19],
we do not treat query methods explicitly.

7Provided the function is not defined recursively.
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3.2. TRANSLATION ISSUES

Before proceeding with the formal translation of OCL into BOTL, let us give
the intuition, in a rather informal way, of the solutions to the issues involved.

Data types. One of the differences between BOTL and OCL is their type
system: rather than arbitrary lists, OCL allows sets, bags and lists of primitive
data values; i.e.,nestedlists are not included. There are two reasons why in
BOTL we consider only arbitrary lists. On the one side, listshave sufficient
expressive power to represent sets and bags; on the other side, by using only
lists we avoid the problem ofnondeterministicbehavior in the BOTL expression
with-do-from (this problem is present in OCL, see [19]).

In order to have a more rigorous comparison, let us define OCL types. Then
we will show how to encode them using BOTL types. We omit strings, reals and
enumerations which are absent in BOTL but could be added without problems.

ρ ::= nat | bool | C ref

τ(∈ TypeOCL) ::= ρ | ρ list | ρ set | ρ bag

ρ set are sets of elements of typeρ, while ρ bag are multisets whose elements
have typeρ. The semantics of the sorts included inType is unchanged, while
for the new types we have:

Val
ρ set = P(Val

ρ)

Val
ρ bag = Val

ρ −→ N

whereP(·) represents the set of all finite subsets. The set of values in OCL is:

ValOCL =
⋃

τ∈TypeOCL

Val
τ .

Now let us discuss how we will translate OCL operations on sets and bags,
saye1→ω(e2, . . . , en). For OCL typesρ set andρ bag, we define a function
αset andαbag on BOTL values. These functions abstract from the order of the
elements in a list and return a set or a bag. Formallyαset : Val −→ ValOCL

is given by

αset(v) =







∅ if v = []
{h} ∪ αset(w) if v = h :: w
v otherwise.

Using{| · |} as notation for bags and⊎ for their union,αbag : Val −→ ValOCL

is given by

αbag(v) =







{||} if v = []
{|h|} ⊎ αbag(w) if v = h :: w
v otherwise.
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For each operatione1→ω(e2, . . . , en) on sets or bags, there exists a correspond-
ing operation in BOTL, saȳω(e1, e2, . . . , en), such that the diagram in Figure 3
commutes. This shows in which sense the translation of OCL into BOTL is
faithful.

Val

ValOCLVal
n
OCL

α

[[ω̄]]

[[ω]]

α

Val
n

Figure 3 Commutative diagram.

Example 3.1. Consider the OCL expressione1→union(e2). The intended se-
mantics[[union]] is the mathematical union on sets. In BOTL, there will be an
appropriate operator with semantics[[union]] :Val

τ list×Val
τ list −→Val

τ list.
According to the commutative diagram, we have thatαset([[union(v1, v2)]]) =
[[union]](αset(v1), αset(v2)). That is, the result on lists is equal, up to abstrac-
tion from sets, to the corresponding union on sets. The operator union can be
defined for instance asunion(w1,w2), concat(w1, w2) wherew1 andw2 are
lists.

Example 3.2. Consider now equality on sets in OCL:e1 = e2 wheree1 and
e2 have type set. The corresponding BOTL expression will have semantics
[[=̄]] : Val

τ list × Val
τ list −→ Val

bool. The operator̄= is defined as follow:

=̄(w1, w2) , EqList(sort(del duplicates(w1)), sort(del duplicates(w2))).

Apart fromdel duplicates , the same argument applies to bags.

Invariants. The key issue for the translation ofcontext C invariant e, con-
cerns the identification of the states in which the invariantexpressione has to
hold. In particular we have to ensure that none of the methodsin dom(C.meths)
is active. In fact, during the execution of methods, there can be some interme-
diate configurations in whiche does not hold (see Example 3.3).

Pre/postconditions. The translation of pre/postconditions is more involved.
In particular, the OCL operator@pre has to be handled in a special way as it
forces us to consider two different moments in time, viz. thestart and end of
a method invocation. We use the following strategy. Consider the constraint:



16

context C :: M(~p) pre epre post epost. By definition, e@pre subexpressions
occur a finite number of times, sayn ≥ 0, only in epost. We first enumerate
all the occurrences ofe@pre subexpressions inepost. We write e@ipre for
1 ≤ i ≤ n. Then when we translateepost, by means of the functionδ that
we will define in the next subsection, we substitute termse@ipre with new
fresh logical variablesui ∈ τi for 1 ≤ i ≤ n. The value of the variableui

is bound to the appropriate value in the translation ofepre. We “add” to the
translated preconditionδ(epre) a binding termui = δ(e) for all ui ande@ipre.
Thus, the variablesui are associated to the value ofe in e@ipre at the beginning
of the method execution, and therefore can be used instead ofe@ipre in the
postcondition. Note that the judgmentui ∈ τi can be inferred by the type ofe
in e@ipre.

3.3. TRANSLATING OCL EXPRESSIONS TO BOTL

We will now define a syntactic mapping of OCL into BOTL. First we will
give a partial functionδ that translates OCL expressions. Then by means of
δ we will address the issues involved in the translation of OCLconstraints.
The functionδ takes three parameters:o, m, ~p. Given aχ ∈ COCL, the first
parametero represents a variable bound to an object of the context classC. In
case of pre/postconditions, the value of parameterm is a method occurrence
of the context methodM and~p is the list of its formal parameters. In case of
invariants,m has an arbitrary value whereas~p is the empty list. The translation
functionδ :SOCL⇀(LogVar×LogVar×VName

∗)−→Sexp is given by

δo,m,~p(self) = o

δo,m,~p(z) =







o.z if o ∈ C ref andz ∈ dom(C.attrs)
m.z if z ∈ ~p
z otherwise

δo,m,~p(result) = m.return

δo,m,~p(e@ipre) = ui

δo,m,~p(e.a)=

{

flat(δo,m,~p(e).a) if e∈C ref list andC.attrs(a)=τ list

δo,m,~p(e).a otherwise

δo,m,~p(ω(e1, . . . , en)) = ω̄(δo,m,~p(e1), . . . , δo,m,~p(en))

δo,m,~p(e.ω(e1, . . . , en)) = ω̄(δo,m,~p(e), δo,m,~p(e1), . . . , δo,m,~p(en))

δo,m,~p(e→ω(e1, . . . , en)) = ω̄(δo,m,~p(e), δo,m,~p(e1), . . . , δo,m,~p(en))

δo,m,~p(e1→iterate(z1; z2 = e2 | e3)) =

with z1 ∈ δo,m,~p(e1) from z2 := δo,m,~p(e2) do z2 := δo,m,~p(e3) .
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The translation ofSOCL is straightforward for almost every operator.

A variablez is prefixed by the context object if it is one of its attributes;
it is prefixed bym if it is amongm’s formal parameters.

As discussed in the previous section, in translatinge@pre, we assume
an enumeration of their occurrences, saye@ipre for 1 ≤ i ≤ n. Each
numbered expression is then replaced by a fresh variableui.

In case of attributes or navigatione.a we apply the definition recursively
on the prefix. If bothe anda are lists then the resulting BOTL expression
has to be flattened since the result would produce a nested list that is not
admitted by OCL. This is done explicitly with the operationflat .

The expressionse→ω(e1, . . . , en) ande.ω(e1, . . . , en) are translated us-
ing the corresponding BOTL(n+ 1)-ary operation̄ω.

3.4. TRANSLATING OCL CONSTRAINTS TO BOTL

In this section we will complete the translation of OCL into BOTL by defining
a map∆ : COCL −→ Texp.

Invariants. In case of an invariant, the translation has the typical prefix AG.
The invariant must hold for all active objects of the classC when none of their
methods is active. Lety ∈ LogVar anddom(C.meths) = {M1, . . . ,Mk}.
We define:

∆(context C invariant e) =
AG[∀z ∈ act(C ref) : ∀m1 ∈ z.M1 ref : . . . : ∀mk ∈ z.Mk ref :

(¬act(m1) ∧ . . . ∧ ¬act(mk)) ⇒ δz,y,[](e)].

The reader is invited to check that the BOTL equivalent of OCLinvariant (1)
is indeed the expression (3) when the collectionguests is a bag.

Pre/postconditions. As discussed above, we augment the precondition with
some extra information that is used to evaluate the postcondition.

Consider the OCL constraintcontext C :: M(~p) pre epre post epost. The
extendedtranslated precondition w.r.t. the objecto and the method occurrence
m, eo,m,~p

pre , is given by

eo,m,~p
pre , δo,m,~p(epre) ∧

∧

e@ipre∈epost

(ui = δo,m,~p(e))

whereui for 1 ≤ i ≤ n are fresh logical variables.

Here the symbol∈ means “occurs syntactically in”. Thus, given a precondition
epre we can build an extended preconditioneo,m,~p

pre using a new variableui for
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each subexpressione@ipre involved in the postcondition, which “freezes” the
value of e while evaluating the precondition and can be used instead inthe
postcondition. Now we are ready to map OCL pre/postconditions to BOTL.

∆(context C :: M(~p) pre epre post epost) =
∀u1 ∈ τ1, . . . , un ∈ τn : ∀z ∈ act(C ref) : ∀m ∈ z.M ref :

AG[(ez,m,~p
pre ∧ ¬act(m)) ⇒
AX[act(m) ⇒ A[act(m)U(term(m) ∧ δz,m,~p(epost))]]

whereterm(m) ≡ act(m) ∧ EX[¬act(m)].

The expressionsez,m,~p
pre andepost are embedded in a kind of “template” scheme.

Intuitively, a pre/postcondition holds if and only if for all invocationsm of M
executed by an object of the classC we have that: if the (extended) precondition
holds at the moment of the method call, then the postcondition holds when the
method execution terminates. This must be true for all active objects ofC and
all possible executions of the methodM . In other words, a pre/postcondition
is actually an invariant on method calls.

Example 3.3. Suppose we want to translate pre/postcondition (2) in Section 1.
Again, let us call the preconditionepre and the postconditionepost. Consider
two logical variablesz andm. The former will be instantiated with an object of
class Hotel and the latter with an occurrence of the method checkIn. Applying
δ to epre yields:

δz,m,g(not guests→includes(g)) = ¬δz,m,g(guests→includes(g))

= ¬includes(z.guests ,m.g)

where includes is a BOTL operation that, given a listw and an elementl,
returnstt if and only if the elementl belongs tow. The extended precondition
becomes:

ez,m,g
pre ≡ ¬includes(z.guests ,m.g) ∧ u1 = δz,m,g(guests)

≡ ¬includes(z.guests ,m.g) ∧ u1 = z.guests

After some calculations, the translation of the postcondition yields:

δz,m,g(epost)= δz,m,g(guests→size) = δz,m,g(guests@pre→size) + 1
∧ δz,m,g(guests→includes(g))

= (size(z.guests)=size(u1)+1 ∧ includes(z.guests ,m.g)).

The translation of (2) now yields:

∀u1 : ∀z ∈ act(Hotel ref) : ∀m ∈ z.checkIn ref : AG[(ez,m,g
pre ∧ ¬act(m))

⇒ AX[act(m) ⇒ A[act(m)U(term(m) ∧ δz,m,g(epost))].
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Figure 4 describes the configurations of the transition system during the exe-
cution of the methodcheckIn and indicates how the validity of the pre/postcon-
dition changes. The second and the third column describe howthe components
σ andγ evolve w.r.t the configuration (first column). In configuration 1 object
g1 does not belong to the guests ofh. The set of method calls is empty. In this
state¬act(checkIn) and the preconditionepre are valid. In configuration 2, the
method is active and, as a first step,g1 is inserted amongz guests. Thus,epre
does not hold anymore. However, from this stateepost becomes valid. In con-
figuration 3,g1 is assigned to roomr and the method execution ends. Finally
in configuration 4, checkIn is not active anymore, and the postconditionepost

still holds. Notice how in this example it becomes clear why the invariant (1)
does not hold during the execution ofcheckIn.

h : Hotel r : Room

g2 : Guestg1 : Guest

h : Hotel r : Room

g2 : Guestg1 : Guest

h : Hotel r : Room

g2 : Guestg1 : Guest

¬act(checkIn)

¬epre

epost

act(checkIn)

¬epre

epost

¬epre

act(checkIn)

epost

¬act(checkIn)

¬epost

epre

h : Hotel r : Room

g2 : Guestg1 : Guest

µ : h.checkIn

g

return

Conf

µ : h.checkIn

g

return

()

⊥

σγ

3

4

2

1

Valid formulae

Figure 4 Configurations during the execution of checkIn(g1).
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4. CONCLUDING REMARKS

The temporal logic BOTL developed in this paper, facilitates the specification
of static properties (similar to OCL) and dynamic properties (using CTL) of
object-based systems. The syntax and semantics of the logicwere formally
defined, and a translation of OCL into BOTL has been presented, thus providing
a formal semantics to a large subset of OCL. In the future we plan to extend our
approach towards subtyping and inheritance, and to work towards an effective
model checking approach for BOTL. The latter issue requiresa treatment of the
potentially infinite number of active objects and events (method invocations).
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