Andrea Omicini

Abstract.

Keywords:

Constraining Ob jects as Logic Theories

mailto:aomicini@deis.unibo.it

http://www-lia.deis.unibo.it/Staff/AndreaOmicini/

LIA - DEIS - Universit` a di Bolo gna

Viale Risor gimento, 2 – 40136, Bolo gna (Italy)

pr ovability c onstr aints

hier ar chic al c onstr aints

Constr aints, Obje ct-Oriente d Pr o gr amming, Multi-The ory L o gic

L anguages

The aim of this work is to present a computational mo del based

on logic programming where constrained computations can b e p erformed over

application domains describ ed through an ob ject-oriented data mo del. This

mo del is essentially based on two kind of constraints:

and .

Prov ability constraints concern the truth v alue of a formula with resp ect to

a given logic theory

, which is b ounded to satisfy the formula. Message passing

is then re-interpreted in a declarative way as a relation constraining sp ecific

ob ject prop erties.

Hierarchical constraints make it p ossible to define an ob ject taxonom y in

terms of a hierarchy of theories. Relationships such as class/instance and

class/sup erclass can then b e uniformly handled as constraints, which can b e

either statically defined in the text of a program, or dynamically inferred dur-

ing a computation. This suggests a new notion of logic program, which is no

longer statically defined once for all, but may instead grow dynamically in a

declarative way

, as a result of a constrained computation.

Examples of constrained ob ject-oriented computations are presented by using

two simple multi-theory logic languages. Their op erational semantics is finally

given in form of a transition system, by extending the typical CLP semantics

characterisation.

Con ten ts

DEIS T e chnic al R ep ort no. DEIS-LIA-002-95 LIA Series no. 2

1 Intro duction 3

2 An Ob ject-Based Logic Language with Constraints 4

3 An Ob ject-Oriented Logic Language with Constraints 10

4 The Op erational Semantics 19

5 Conclusions and F urther Remarks 29

2.1 A Simple Ob ject-Based Logic Language . . . . . . . . . . . . . . . . 4

2.2 Constraining Ob ject Prop erties . . . . . . . . . . . . . . . . . . . . . 7

2.3 Constrained Ob ject-Based Computations . . . . . . . . . . . . . . . 9

3.1 A Simple Ob ject-Oriented Logic Language . . . . . . . . . . . . . . . 10

3.2 Constraining Ob ject Representation . . . . . . . . . . . . . . . . . . 14

3.3 Constrained Ob ject-Oriented Computations . . . . . . . . . . . . . . 18

4.1 The General F ramework . . . . . . . . . . . . . . . . . . . . . . . . . 19

4.2 The Syntax . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

4.3 The Mapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

4.4 The Semantics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4.4.1 T op-down execution mo del for a constraint logic language . . 24

4.4.2 Extending the mo del . . . . . . . . . . . . . . . . . . . . . . . 25

4.4.3 Program extension . . . . . . . . . . . . . . . . . . . . . . . . 28

X

1 Intro duction

1 In tro duction

a-priori

c onstr aine d c omputations

is-a

pr ovability

c onstr aint hier ar chic al c onstr aint

demo

meta-level c onstr aints

is-a

3

Declarative programming makes it p ossible to express programs and computations

in terms of the prop erties of the elements of the domain of discourse, and of the

relationships b etween them. The Logic Programming ability to describ e domains

through uninterpreted structures enables inferential activities to b e p erformed over

any application domain which can b e describ ed through definite clauses. In turn,

Constraint Programming makes it p ossible to express and imp ose relations as con-

straints globally affecting the evolution of a computation. However, typical con-

straint languages (such as those fitting the CLP( ) scheme, see [5]) are meant to

b e used to compute over pre-defined domains (such as real numb ers, finite domains,

etc.) where the notion of truth is given in the domain, and not describ ed

through appropriate program structures.

On the other hand, ob ject-oriented programming provides an effective approach

to mo dellin g application domain abstractions b oth in terms of program structure,

and in terms of computation organisation. It has already b een shown how a multi-

theory language can b e exploited so as to capture ob ject-oriented mechanisms and

abstractions into a first-order logic language [7, 9, 3]. By expressing ob jects as com-

p osition of logic theories, logic programs can b e structured and logic computations

can b e organised in an ob ject-oriented fashion.

The purp ose of this work is then to show how multi-theory logic programming

can b e exploited so as to enable over user-defined domains,

mo delled in an ob ject-oriented way

. The idea this work is based on is that b oth

message passing op erations and relationships can b e conceived as constraints

in order to provide the p ower needed to express intra- and inter-ob ject relations

as constraints over ob ject prop erties. Corresp ondingly

, the notions of

and are intro duced.

Prov ability constraints formalise the intuition that op erations [2], typical

of multi-theory logic languages (such as mo dule-based ones), involve a notion of

directionali ty which clearly contrasts with declarativeness. As a result, such op era-

tions should b e conceived as , b ounding a formula to logically

follow from a logic theory

. These constraints, then, may b e used not only to prop erly

set v alues in a logic formula so that it follows from a given theory

, but, conversely ,

also to configure (in any applicable sense) a logic theory so as to make it satisfy a

formula.

Hierarchical constraints, in turn, descend from the idea that there is no concep-

tual reasons why relationships, such as class/sup erclass, should b e statically set

in the b o dy of a program, and defined once for all for any computation over the

program. Instead, by conceivin g them as constraints b etween abstractions of the

application domain, such relations can b e dynamically inferred and eventually given

as results for a computation, to b e used, for instance, to deal with classification

L

L L

L

L L ob

oo ob

oo

oo ob

2.1 A Simple Ob ject-Based Logic Language

2 An Ob ject-Based Logic Language with Constrain ts dynamic lo gic pr o gr am

structur e

world

p artial inc omplete

extension formulae

4

problems.

As a result, we show how ob ject-oriented computations can b e p erformed by

constraining b oth ob ject prop erties (through prov ability constraints) and ob ject

representation (through hierarchical constraints). Moreover, through hierarchical

constraints, we intro duce the idea of as a set of (meta-level)

relations which can b e either statically defined in the program text, or inferred as a

result of a constrained computation.

The work is then organised as follows. Section 2 intro duces , a simple

ob ject-based logic language exploiting prov ability constraints. Some examples of

constrained computations over an ob ject-based data mo del are shown and discussed.

Section 3 presents , a simple multi-theory logic language extending with

theory comp osition, where ob ject taxonomies can b e defined by means of hierarchical

constraints. Some examples are presented, suggesting a new notion of logic program.

In fact, when intended as the knowledge from which new information can b e derived

by deduction, an program is partially given in the static textual definition, and

partially determined during a pro of, and may then constitute part of the result of a

computation.

Section 4 gives the semantics characterisation of (subsuming the one) in

terms of a transition system mo delled after the typical CLP one. Finally

, Section 5

contains conclusions and further remarks, in particular concerning new p ersp ectives

op ened by the notion of dynamic logic program.

Ob ject-oriented languages organise programs (as well as computations) around the

elements of the domain of discourse. Thus, the structure of ob ject-oriented programs

directly reflects the programmer’s own mo del of the application domain.

So, the main step towards an ob ject-oriented logic language is concerned with

the of a logic program. The idea of the logic program as a monolithic

entity

, expressing universal truthes ab out the (the application domain) taken

as a whole, has to b e abandoned. Instead, the partition of a logic program into a

multipli city of logic theories b etter captures the idea of representing a collection of

different abstractions of the domain of discourse through , knowl-

edge chunks.

The most natural choice for an ob ject-oriented approach in logic programming

is then a multi-theory logic language, where a program consists of a multipli city

of logic theories. Multi-theory logic languages extends Horn clause syntax through

[8, 4], enabling clause b o dies to dep end on different theories than

the one a clause b elongs to. T ake for instance the case of the simple logic language

1

1

□

/

/

L L

L ob oo

oo

Who = cat ?

L L

−

L

L

P ∈ L

−

L

Example 2.1.

ob ob

ob

ob

ob

ob units

unit name

unit switch op er ator

2 An Ob ject-Based Logic Language with Constraints

Since is a subset of , used in Section 3, the description of its semantics can b e taken

from Section 4, where the full op eration al characterisati on of is given.

/-

dog

cat mouse

:- unit dog. :- unit cat. :- unit mouse.

eats(bone). eats(mouse). eats(cheese).

hates(cat). hates(dog). hates(X) :- X /- eats(mouse).

hates eats

?- dog /- hates(Who), mouse /- hates(Who).

dog /- hates(Who) hates(Who)

dog

Who = cat dog hates(cat)

mouse hates(X’)

:- X’ /- eats(mouse) X’

Who X’ X’ /- eats(mouse) X’ =

cat cat eats(mouse)

Who = cat

5

, which will b e used throughout this Section. makes it p ossible to define

different logic theories, called , and to use them separately

. Units are denoted

through an identifier (the ), which is a ground term for the program, and

can b e referred to in extension formulae through the (

in the co de). A left-to-right selection rule will b e assumed for , following the

op erational b ehaviour of most used logic languages.

Example 2.1 illustrates a simple case of program, and discusses a p ossible

computation.

A program consists of the following three units, called ,

, and , resp ectively .

The informal interpretation of the clauses of the first two units is very intuitive,

since they are facts describing prop erties of the domain abstraction corresp ond-

ing to the unit. Then, dogs hate cats and eat b ones, while cats hate dogs and

eat mice. Instead, the third unit contains b oth a ground fact and a clause with

an extension goal in its b o dy

. While the unitary clause simply states that mice

eat cheese, the second clause b ounds the prop erty to the prop erty

of a different domain abstraction, unknown at the time the program is written.

The following query

, asking who is hated by b oth dogs and mice,

succeeds with computed answer

In fact, the meaning of the unit switch op erator leads to interpret the ex-

tension goal as the request to prove formula

using the clauses of unit . Then, the first subgoal succeeds by constraining

, given that unit contains the unitary clause .

Supp ose now that the second clause of is renamed apart as

, using the fresh v ariable . Then, the second subgoal

b ounds to , and is rewritten as . Given that

, and that unit contains the fact , the computation finally

succeeds with computed answer (output constraint) , thus ascertain-

ing that cats are hated by b oth dogs and mice.

adopts the simplest, non-trivial approach to ob ject representation for a multi-

theory language, by representing each element of the application domain as a sepa-

2

3

2

3

/

u / a a u

, , , ,

Example 2.2.

P

P

P

P

P

P

P P P P

P P

P

P bone cat cheese dog mouse ob

ob

ob

ob

c

nc

ob c nc c nc

c nc

L

−

−

L

P H

P L

H

H

P

L

H

P H

P

P ∈ L H H H H ∩ H ∅

H ∪ H H

H { }

2 An Ob ject-Based Logic Language with Constraints

op en lo gic the ories

unit switch op er ator

demo

al l

c or e

non-c or e

c or e names

non-c or e names

F or an exhaustive survey ab out mo dulari ty in logic languages, see [4].

This approach is roughly the same adopted by mo dule systems of most wide-spread commercial

Prolog frameworks (such as SICStus [14] and Quintus [13]). However, while mo dules are typicall y

read as b eing mere syntactic containers, what we want to stress here is the ob ject-based interpreta-

tion of units, where any logic theory actually corresp onds to a sp ecific abstraction of the applic atio n

domain, rather than to a simple collectio n of pro cedures and data.

6

rate logic theory

. An program consists of a set of logic theories, the units, each

one representing an ob ject, whose true prop erties are defined by the corresp onding

unit clauses.

Units are [1], since the truth v alue of a formula with resp ect

to a given unit may also dep end on the clauses of other units. This makes it p ossible

to define the prop erties of an ob ject in terms of the prop erties of others. In order

a formula to b e proved with resp ect to a different unit, the

is provided, as a sort of meta-op erator [2], having the formula to b e proven

and the identifier of the logic theory where the pro of has to b e p erformed as its

arguments. Adopting an ob ject-oriented p ersp ective, this reminds to message

passing. A formula can then b e read as a message sent to the ob ject .

adopts ground terms as unit identifiers. This choice naturally follows from

the notions of Herbrand Universe and pre-interpretation of a logic program. In fact,

abstractions of the domain of discourse are already mapp ed onto a logic program

by means of its pre-interpretation. In particular, a pre-interpretation of a program

maps the elements of the application domain onto the Herbrand Universe of

the program, that is, the collection of all ground terms which can b e built starting

from the constants and function symb ols of . Thus, ground terms in can b e

used as unit identifiers to o, since each unit represents an element of the application

domain by itself. As a result, each unit of our framework is naturally denoted by an

element of (as in [7]), and not by some extra-logic symb ol (as in [3]).

F urthermore, we may easily think of the elements of as unit names, not

only the ground terms actually used as such in the text of a program . Thus, an

program may b e thought as explicitly defining a (presumably) finite numb er of

units (henceforth called units) as finite collections of first-order clauses, while

implic itly defining a (generally) non-finite numb er of units (henceforth

units) as empty logic theories.

Corresp ondingly

, we define as the set of the , that is the identifiers

of the core units of a program , and as the set of the , that is

the identifiers of the non-core units of . As a result, we may think of a program

as partitioning into two set, and , such that = , and

=

T ake again the program of Example 2.1. There,

=

P

□

□ no

P P

4

5

4

5

ob c c nc

, , ,

ab ort b efor e

H { } H { }

L P ∈ H P ⊢ −

− −

Example 2.3.

t t / a

X / a, X t X t, X / a

2.2 Constraining Ob ject Prop erties

2 An Ob ject-Based Logic Language with Constraints

cat dog mouse bone cheese

bone cheese

?- bone /- hates(Who).

X’ /- eats(mouse) X’ cat

?- mouse /- hates(Who), dog /- hates(Who).

mouse X X’

Who = X’ X’ /- eats(mouse)

X’

eats(mouse)

Precisely

, SICStus adopts an semantics, with exception raising.

T ake an program , where and , and assume a sequential, left-to-right

selection rule. Then, the goal = fails, while = succeeds.

7

where = denote core units, and =

denote non-core units. Then, units and are implici tly defined

as empty

, in that they have no relev ant prop erties as far as this program is

concerned. W e might “send” any formula to them for a pro of, but such a pro of

is do omed to failure, as in the following example:

Since any term can b e used in order to denote units in extension formulae, it is then

p ossible to write unit switch formulae where the unit identifier is not ground in a

clause b o dy

. As in Example 2.1, computations may b e aimed at determining the

ground term denoting the unit with resp ect to which the truth v alue of a formula

has to b e computed.

What happ ens, then, when the unit identifier in an extension formula is non-

ground and the formula is selected for resolution?

T ake, for instance, the program of the Examples 2.1-2.2, and supp ose

the subgoal is selected has b een b ound to .

This is the case, for instance, of the following query

In fact, the first subgoal is unified with the head of the second clause of unit

, where is prop erly renamed apart with the fresh v ariable , and con-

strains . The resulting subgoal is then selected,

but its truth v alue cannot b e determined yet, since is not a ground term,

and we cannot say at this p oint of the computation which clauses to use for the

pro of of .

In that case, industrial mo dule-based systems (like SICStus [14]) typically adopt

a failure semantics. Thus, however, the op erational b ehaviour departs from the

declarative semantics, in that the truth v alue of a goal dep ends on the subgoals

ev aluation order.

One solution is obviously to define a sp ecialise d, data-driven selection rule, based

on the idea that only formulae whose truth v alue can b e actually computed are to

b e selected.

6

6

□

P ob c

Who = cat ?

L P H { } P ⊢ − −

Example 2.4.

t t / a X / a

X X t X t pr ovability c onstr aint

meta-level c onstr aint

2 An Ob ject-Based Logic Language with Constraints

T ake an program such that = , and . The goal should either fail

or succeed, dep ending on (either = or = ), which however is still not b ound when the

computation ends.

?- mouse /- hates(Who), dog /- hates(Who).

X’ /- eats(mouse)

Who = X’

X’ /- eats(mouse)

X’

eats(mouse)

Who = cat

dog hates(cat)

X’ = cat X’ /- eats(mouse)

cat /- eats(mouse)

?- dog /- hates(Who), mouse /- hates(Who).

8

However, a data-driven approach is not enough from a conceptual viewp oint. In

fact, it do es not solve the problem of what should happ en to formulae which never

reach the complete configuration: should they either succeed or fail, b oth cases

would lead to a loss of declarativeness.

A more general solution is to adopt a constraint-based approach. As a first

result, this would solve the problem of the selection of formulae whose truth v alue

cannot b e computed yet, since selection and ev aluation no longer coincide as far as

constraints are concerned (see Example 2.4 b elow).

Adopting a constraint-based solution, however, obviously requires the definition

of the constraints which are to b e handled. The main idea b ehind the prop osed

mo del is to re-interpret the relationship b etween a formula and its asso ciated unit

as a , b ounding a formula and a logic theory so that the former

logically follows from the latter. F rom this p oint of view, a unit switch formula in

the resolvent may b e seen b oth as a formula to b e proven with resp ect to a given

unit, and as a . How it is actually handled by the inference

engine dep ends on whether the truth v alue of the formula can b e computed or not.

T ake Example 2.3, where the query

leads to the selection of the formula for resolution, with

.

Since the truth v alue of cannot b e computed yet, it has to

b e handled as a prov ability constraint, b ounding unit (whose clauses are un-

known at this p oint of the computation) to satisfy atomic formula .

Then, the second subgoal is selected, and succeeds by constraining ,

given that unit contains the unitary clause .

Since now , the constraint corresp onding to can

b e treated in the same way as the subgoal , thus leading

computation to success with the computed answer

By the way

, this is the same computed answer of the goal of Example 2.1

indep ende ntly of the different subgoal ordering, as well as of the selection rule,

as exp ected.

L

□

7

7 ob

Example 2.5.

Who = X’, X’ /- eats(mouse)?

2.3 Constrained Ob ject-Based Computations

X’ X’ /- eats(mouse) cat

?- mouse /- hates(Who).

mouse X’ Who =

X’ X’ /- eats(mouse)

X’ eats(mouse)

?- mouse /- hates(Who).

Information hiding is not a concern of this work. However, it would b e easy to define a more

complex binding strategy exploiti ng many levels of visibi li ty for either predicates or clauses of a

unit.

9

In addition, in a typical constraint-based systems, unresolved constraints which can-

not b e ev aluated for the lack of enough information are given as results of a computa-

tion. A constraint-based approach would then make it p ossible to re-interpret those

formulae whose truth v alue cannot b e computed for the lack of sufficient information

as constraints of some sort.

Consider again the program of the Examples 2.1-2.4, and supp ose

that in the subgoal is never b ound to , nor to any

other ground term. This is the case, for instance, of the following simple query

The only subgoal is then unified with the head of the second clause of unit

, prop erly renamed with the fresh v ariable , thus constraining

. The resulting subgoal is then selected and treated as a

prov ability constraint, b ounding unit (yet unknown) to satisfy .

Then, since no other subgoals remain to b e selected, the computation ends

while the constraint is still alive. F ollowing the typical b ehaviour of constraint

languages, the computation succeeds with a conditional answer represented by

the remaining constraint, which is added to the computed answer as its final

output. The computation finally results in the following output

which may b e easily read as the statement (not arguable, indeed) that mice hate

mouse-eaters.

The resulting computational mo del may b e given different interpretations.

First of all, it endorses an ob ject-based mo del for programs and computations.

Programs are structured as flat collections of software comp onents (logic theories)

each one representing an abstraction of the domain of discourse. Such comp onents

encapsulate b oth metho ds and attributes of the ob jects, which are denoted through

a unique identifier. Computations evolve through message passing b etween ob jects,

where a message is actually the delegation of the pro of of a logic formula from one

theory to another.

On the other hand, a full declarative mo del is provided. Ob ject prop erties and

their relationships are represented relationally

, and a declarative semantics can b e

easily defined.

L

L

L

L

L P ob

ob

ob

ob

ob

3.1 A Simple Ob ject-Orien ted Logic Language

Who

Who

X’ /- eats(mouse)

X’ = cat cat eats(mouse)

3 An Ob ject-Orien ted Logic Language with Constrain ts

3 An Ob ject-Oriented Logic Language with Constraints 10

The main p oint, however, lays in the ability to p erform some kind of constrained

computations over a user-defined domain. Any domain which can b e describ ed

through definite Horn clauses can b e computed over with constrained computations,

where the relationships b etween different ob jects, and b etween different prop erties

of a given ob ject can b e expressed as meta-level constraints.

T ake for instance Example 2.5. There, a simple constraint b ounds ob ject ,

whatever it is, to have a particular prop erty (in particular, to b e a mouse-eater).

Any subsequent evolution of the state of the computation affecting (as in Ex-

ample 2.4) must satisfy that very constraint, or the computation is do omed to fail.

A first, obvious limitation of from an ob ject-oriented viewp oint is that it is

not an ob ject-oriented language at all. The flatness of the collection of the program

comp onents prevents the incremental definition of ob jects in an program, since

do es not make it p ossible either to build hierarchies of ob jects, or to exploit

inheritance mechanisms. This problem will b e addressed in the next Section by

providing mechanisms for theory comp osition, and by re-interpreting inheritance

relations as a new kind of constraint.

Moreover, do es not exploit any meaningful mechanism of constraint prop-

agation for prov ability constraints. F or instance, since the clauses of all units are

given in an program , the prov ability constraint resulting

from the computation of Example 2.5 may b e used to propagate the equality con-

straint , since is the only unit of the program making

true. However, we do not mean to discuss here all the desirable features of the sam-

ple languages presented in this work. It should b e enough to understand that the

notion of prov ability constraint (or that of hierarchical constraint, presented in the

next Section) can b e fully exploited by providing many different kind of propagation

mechanisms, dep ending on the p eculiar language characteristics, and according to

the desired language features.

The Ob ject-Oriented paradigm promotes the incremental definition of software com-

p onents, by organising programs in terms of hierarchies of classes. Each ob ject of

the application domain can b e defined in terms of a p eculi ar part, describing its

unique features, and a common part, shared with other domain abstractions, which

represents a class of elements. Thanks to inheritance mechanisms, ob jects can del-

egate computations concerning shared features to more general comp onents (static

inheritance), as well as classes can exploit more sp eciali sed knowledge b elonging to

more sp ecific elements (dynamic inheritance).

The idea is to represent each abstraction of the application domain as a sep-

8

8

L

, ,

oo yes

Example 3.1.

L L L

L L L

L

‖ ≺

L

L

⟨ ⟩

‖ ≺ ‖ ≺ oo ob ob

ob oo oo

ob

oo

oo

b ehaviou r will b e formally defined in Section 4.

3 An Ob ject-Oriented Logic Language with Constraints

units

c ontexts is-a

p ar ent

p ar ent unit child unit

c ontext switch formula

|< kitty jojo

cat pet pet

dog

odie

kitty kitty

/- likes(jojo) kitty cat pet

kitty cat pet

kitty cat cat pet

?- kitty /- likes(jojo).

kitty

likes(jojo) cat pet

pet

                                                                                                                        :- unit kitty |< cat. :- unit jojo |< cat. :- unit odie |< dog.

                                                                                                                        colour(white). colour(black). colour(brown).

                                                                                                                        sex(female). sex(male). sex(male).

                                                                                                                        :- unit dog |< pet. :- unit cat |< pet.

                                                                                                                        eats(bone). eats(mouse).

                                                                                                                        hates(cat). hates(dog).

                                                                                                                        :- unit pet.

                                                                                                                        likes(X) :- #sex(female), X /- sex(male).

                                                                                                                        likes(X) :- #sex(male), X /- sex(female).

11

arate logic theory

, containing only that knowledge which is p eculi ar to a domain

abstraction, while relying over other theories for the knowledge shared with other

abstractions.

A multi-theory logic language with theory comp osition is then an obvious choice

for an ob ject-oriented approach in logic programming. T ake for instance the case of

a simple logic language , subsuming . Like in , intro duced in Section 2,

it is p ossible to define different logic theories, called , and denote them through

ground terms. Like , adopts a left-to-right selection rule. In addition,

extends by enabling unit comp osition into , through a sort of relation

in form of the relation b etween units. Henceforth, we will denote such a

relation with the infix predicate symb ol .

Example 3.1 illustrates a simple program, and shows a p ossible computation.

Consider the following program.

By means of the op erator in unit declaration, units and declare

as their , which is in its turn a of . Unit

declares no parent unit, and is the parent unit for , to o, which is in its turn

the parent unit of .

Thus, when referring a unit like in a (like

), the context , obtained as a linear comp o-

sition of units , , and , has to b e taken into account for formula

demonstration, since and .

As a result, the following query succeeds:

In fact, since it do es not contain any suitable clauses, unit delegates

the pro of of to its ancestor units and , so that the first

clause of is chosen for the pro of, and renamed apart with a fresh v ariable,

□

9

10 root

′

P

′

′ ′

P

9

10

1 +1 1

1

th oo

⋆ ⋆

⋆

⋆ ⋆

⋆

⋆ ⋆

⋆ ⋆

P P

′ ′′

P

′ ′

′ ′ ′′ ′′

′ ′

′ ′ ′ ′

′ ′ oo

ob oo

oo

oo

th

oo

oo

oo

th

n i i th

n

n n n

t, t , t

t t t t

t t , t t t t

t t

t t t t

t t t t t t t t

t t t t

♯

, ,

t, t t t

t t t t

t , . . . , t i, i < n, t t t

t

t , . . . , t t t

⟨ ⟩

‖ ≺ ‖ ≺

L

L L

L

L

∅

L

L

‖ ≺ ∈ H ‖ ≺ ∈ P

L

∅

∈ H ∀ ≤ ‖ ≺ ∈ P ‖ ≺ ∅ ∈ P

⟨ ⟩ p ar ent

p ar ent unit

p ar ent

c ontext

asso ciate d c ontext

3 An Ob ject-Oriented Logic Language with Constraints

desc endant anc estor

pr op er desc endant pr op er anc estor

∅ ∈ H ∈ H L P

‖ ≺ ‖ ⪯ ‖ ≺

∈ H

‖ ≺ ∈ P ⇒ P | ‖ ≺

‖ ≺ ∈ P P | ‖ ≺ ⇒ P | ‖ ≺

P | ‖ ⪯

P | ‖ ≺ ⇒ P | ‖ ⪯

P | ‖ ⪯ P | ‖ ≺

X’ #sex(female), X’ /- sex(male)

X’ = jojo

#

pet sex(female)

kitty

kitty::sex(female)

X’ /- sex(male)

sex(male) jojo jojo cat pet

X’ = jojo jojo cat cat pet

root

Consequently

, by default, (equiv alentl y

, ) for any program .

Two other relation s ( and ) will b e useful in the following , based on the relation. If

, then the following relations hold:

= = (1)

= = = (2)

and

= (3)

= = = (4)

If = , we will say that is a of , or that is an of . If = ,

we will say that is a of , or that is a of .

12

say . Thus, the resolvent b ecomes , with

.

The self op erator ( in the co de) intro duces a different kind of binding, since

it enables to delegate the pro of of upwards to the self ob ject,

represented here by unit , where the formula is trivially found to b e true,

given that is a clause of the program.

The computation finally succeeds, since the last subgoal forces

the pro of of in the unit of the context , given

that , , and .

Thus, a program contains a collection of logic theories, called units, in the same

way as an program do es. However, promotes the incremental definition

of software comp onents, in that each unit of an program contains only that

knowledge which is p eculi ar to a domain abstraction, and relies over other units for

the knowledge shared with other abstractions through the relation. Then, all

units of an program define one (and only one) . Units representing

abstractions which are not conceptually based on other ones do not explici tly declare

any parent unit, but are by default considered as child units of the empty unit ,

denoted by in any program.

Thus, an program will contain also information ab out relations b e-

tween logic units, denoted with the infix op erator . If , tells

that unit is a child unit of , or that is the parent unit of . Since each unit

of has one and only one parent unit, which can b e another unit of the program

or the empty unit , each unit is implici tly asso ciated with a (that is, a

sequence of units), defining the corresp onding abstraction as a whole. In fact, if

such that 1 , and , then

the whole information concerning the ob ject denoted by is given by the context

, which is called the of . In such a context, will

L

−

□

oo

11 n

oo

1 1

11

⟨ ⟩

L

‖ ≺

⟨ ⟩

−

⟨ ⟩

Example 3.2.

Example 3.3.

t , . . . , t

, ,

u / a

a

u u

u

♯

g

u c g

u c

, ,

3 An Ob ject-Oriented Logic Language with Constraints

p ar ent c ontext

c omp osition

p ar ent

p ar ent

p ar ent

e arly binding

sup er

late binding self op er ator

self kitty cat

pet pet pet root

pet

kitty kitty cat pet

kitty cat pet

#

?- kitty /- likes(jojo).

likes(jojo) kitty

kitty cat pet

likes(jojo)

pet

#sex(female)

F rom this p oint of view, it should b e noted that do es not provide for multipl e inheri tance.

Only simple inheritanc e is allowed, given that every unit can define one parent unit only .

13

represent the p eculiar information ab out the abstraction, while the

will describ e the information shared with other abstractions. Thus,

the whole information ab out a domain abstraction can b e obtained by

of all the units involved in a chain of relations.

The set of the relations in an program can b e seen as a way to define

the typical inheritance tree of ob ject-oriented languages, where units can b e used as

a uniform representation for instances, classes, sup erclasses.

Consider again the program of Example 3.1, and re-interpret the

relations as class/instance and class/sup erclass relations. Then, unit

represents an instance of class , which is a derived class of its sup erclass

. In turn, since declares no parent unit, implici tly holds,

so that we can read as a base class.

The asso ciated context of is represented by the context ,

which can b e thought as the linear comp osition of units , , and ,

actually representing all the knowledge asso ciated with a branch (from the in-

stance to the ro ot) of the inheritance tree of the program.

Thus, when a context switch formula like is encountered during a computation,

it has to b e read as a request to prove formula using the clauses of the context

asso ciated with . Roughly

, any time the clauses contained in unit do not suffice

for the pro of of a formula, the other units up on which is based (according to

Definitions 1-2) will b e used, then adopting an p olicy

. This makes

it p ossible to exploit of the inheritance mechanism typical of ob ject-oriented

languages, which is used by classes to delegate computations to sup erclasses.

Instead, a p olicy is obtained through the ( in the

co de). When a formula is prefixed by such an op erator in the b o dy of a clause of

a unit in a context , the pro of of will not dep end on the clauses of the context

asso ciated with only

, but on all the clauses of context . This enables classes

to delegate metho d resolution to derived classes, thus repro ducing the typical

inheritance mechanism.

Consider again the program of Example 3.1, and the same compu-

tation. There, the query

forces the pro of of in the asso ciated context of the unit .

The context switch op erator, then, makes context b ecome the

current context of the computation. Since a clause for is found

in unit , this b ecomes the current unit for the computation, but the current

context do es not change. Then, when is encountered, the pro of

P

□

□

t , t

, ,

♯

12

13

12

13 ob oo

oo

ob oo th

⟨ ⟩

⟨ ⟩

L L

L

                 yes

                 Who = dog?

pet root pet pet

‖ ≺ ⟨ ⟩

L P L ∀ ∈ H ‖ ≺ ∅

Example 3.4.

Example 3.5.

p ar ent

implicitly

explicitly

3.2 Constraining Ob ject Represen tation

3 An Ob ject-Oriented Logic Language with Constraints

Since , is the asso ciated context of .

An program can b e read as an program by assuming that .

                                                                                             sex(female) pet

kitty cat pet

?- kitty /- likes(odie).

?- kitty /- hates(Who).

likes/1 pet

pet dog cat

|<

#|<

pet

14

of do es not dep end on the clauses of only

, but on all the

clauses of the current context , according to the semantics of

the self op erator .

The main difference b etween and lays in the capability of expressing hi-

erarchies of logic theories. Elements of the application domain are conceptually

organised in an inheritance tree through the relation, which captures b oth

class/instance and class/sup erclass relationships in a uniform way

. Domain abstrac-

tions are then represented as structured logic theories, obtained by comp osing the

units asso ciated with a branch of the inheritance tree into a context.

Usually

, information ab out inheritance relationships is given in the text of a pro-

gram, and is exploited during a computation. However, it may sometimes

b e useful to compute over inheritance relations, for instance in order to

reason ab out classification.

Consider again the program of Example 3.1: if we ask Kitty whether

it likes Odie or not, the answer is yes:

However, since it is a cat, we know that Kitty hates dogs,

so it should hate Odie to o, which is a dog. What we would need, then, is a way

to say that the clauses of class should apply to p ets of the same

kind, in particular it should apply to instances of the same class derived from

(two s, or two s).

Then, we may think of intro ducing a small collection of predicates, providing access

to inheritance relations from inside a computation. F or instance, supp ose we define

the following two op erators: the binary op erator, unifying its second argument

with the term denoting the parent unit of the unit denoted by the first argument,

and the unary op erator, unifying its argument with the base unit of the unit

representing the self ob ject at the time of the computation when the op erator is

encountered (a sort of “self version” of the first op erator, intuitively). More sophis-

ticated computations ab out classes can now b e p erformed.

Consider the program obtained from that of Example 3.1, by

rewriting unit as follows.

P no

□

□ oo

oo

, ,

, ,

Example 3.6.

⟨ ⟩

⟨ ⟩

‖ ≺

‖ ≺

L

P

L H ad ho c

p ar ent hier ar chic al c onstr aints

p ar ent

3 An Ob ject-Oriented Logic Language with Constraints

:- unit pet.

likes(X) :- #|< K, X |< K, #sex(female), X /- sex(male).

likes(X) :- #|< K, X |< K, #sex(male), X /- sex(female).

X K

?- kitty /- likes(odie).

likes kitty

kitty cat pet pet

likes(odie) X’

K’ X’ = odie #|< K’, X’ |< K’,

#sex(male), X’ /- sex(female)

#|< K cat

kitty kitty cat pet

kitty cat K’ cat

X’ = odie odie dog X’ |< K’ K’

dog K’ = cat pet

?- kitty /- likes(Who).

#|< K’, X’ |< K’, #sex(female),

X’ /- sex(male) X’ = Who #|< K’ K’ cat

X’ |< K’

X’ X’

K’

15

A p et, then, likes someone ( ) if it is of the same kind ( ) and of different sex.

Thus, Kitty dislikes p o or Odie.

In fact, as in the previous Examples, the formula is solved in the

asso ciated context . Thus, the first clause of , which is the

matching clause for , is renamed apart with fresh v ariables, say

and , so that , and the new resolvent b ecomes

.

The predicate in the first subgoal gets the parent unit of the cur-

rent self unit , given that the current context is , and

. As a consequence, is b ound to .

Since and , the subgoal tries to unify with

and fails, given that . The second matching clause of obviously

leads to failure in the same way .

However, such an approach seems to o to our purp oses, and intro duces new

problems to b e solved, basically given by its essentially op erational nature.

Consider the program of Example 3.5. What result should we

exp ect from the following query?

After the initial goal has b een rewritten as

, with , the subgoal unifies with .

However, the subgoal cannot pro duce now any meaningful result,

since is unb ound, the parent unit of unit is unknown, and its identifier

cannot b e unified with . Thus, neither success nor failure should b e accepted

as satisfactory results for this computation.

Even though some susp ension semantics could b e asso ciated with the new op era-

tors, a more general and satisfactory approach consists of re-interpreting inheritance

relations ( relations, here) as . Such constraints b ound

any domain abstraction to b e a no de of an inheritance tree, involving in principl e all

the elements of the Herbrand Universe of a program. Thus, given a program of

, each element of is in principle a unit identifier, which is b ound to another

one through a relation. Such a relation can b e either given statically in the

text of the program, or dynamically inferred from a set of hierarchical constraints

during a computation.

□

P

P ϑ ϑ

14

14

th oo

root i ii

iii

‖ ≺

•

•

•

L

Example 3.7.

T

U T T ⊆ U T

U T H

H ∅

Who |< cat, Who /- sex(male)?

p ar ent

dynamic classific ation

3 An Ob ject-Oriented Logic Language with Constraints

?- kitty /- likes(Who).

X’ |< K’

K’

X’ cat X’ cat

#sex(female)

X’ /- sex(male)

Who

Who = X’

|<?

At any moment of the computation, a set of hierarchical constraints is consistent if there

exists at least another hierarchic al constraint set and a substitution such that ,

and defines an inheritanc e tree where ( ) each no de is lab elled by an element of , ( ) each

element of lab els one and only one no de, and ( ) the ro ot is lab elle d by ( ).

16

F or instance, the two op erators defined ab ove could b e re-interpreted as con-

straint predicates: the first one constraining its second argument to denote the

parent unit of the one identified by the first argument, the second one b ounding its

argument to denote the parent unit of the self unit, that is the unit representing the

self ob ject.

The main adv antage of such an approach lays in its declarativeness, which frees

the mo del from all the op erational details needed for the op erator description. A

simple structure can b e given as the constraint domain, and the corresp onding no-

tions of consistency and entailment can b e exploited to p erform simple inferences

over the inheritance tree, as shown in Section 4. The following Example should

help catching the intuition laying b ehind hierarchical constraints.

The same query of Example 3.6 pro duces now to the following result:

meaning that Kitty likes male cats, as desirable. In fact, when subgoal

is selected, it is simply taken as a constraint b ounding unit to b e the parent

unit of unit (that is, to b e unit , since at this p oint of the

computation). The next subgoal ( ) simply succeeds, while the last

results in the prov ability constraint . Finally

, the computation

successfully ends, by returning as conditional answer the two alive constraints,

the hierarchical one and the prov ability one, applying to the query v ariable ,

given that .

Moreover, this approach makes it p ossible to fully exploit the dynamicity of the

inheritance relations. In fact, since relations corresp ond to hierarchical con-

straints, inheritance relations can now

b e given as input constraints

inferred during a computation

provided as output results

In particular, we are no longer forced to define the whole taxonomy of the application

domain once for all, statically

, in the text of a program. Instead, a unit could

b e defined in a program without declaring its parent unit, through the

unary p ostfix op erator. Its parent unit could instead b e determined as a result of a

computation, thus carrying out a simple pro cess of .

□

, , oo

oo

L

⟨ ⟩ ‖ ≺

L ‖ ≺

‖ ≺

‖ ≺

‖ ≺ ‖ ≺ jojo |< cat, odie |< dog?

Example 3.8.

Example 3.9.

de clar ative pr o gr am extension

3 An Ob ject-Oriented Logic Language with Constraints

jojo odie

?- jojo /- hates(odie), kitty /- likes(jojo).

jojo

jojo kitty

cat pet

jojo jojo cat pet jojo cat

hates(odie) cat odie

dog

jojo |< cat odie |< dog

kitty cat

cat pet

jojo cat odie dog

:- unit kitty |< cat. :- unit jojo |<?. :- unit odie |<?.

colour(white). colour(black). colour(brown).

sex(female). sex(male). sex(male).

:- unit dog |< pet. :- unit cat |< pet.

eats(bone). eats(mouse).

hates(X) :- X |< cat. hates(X) :- X |< dog.

:- unit pet.

likes(X) :- #|< K, X |< K, #sex(female), X /- sex(male).

likes(X) :- #|< K, X |< K, #sex(male), X /- sex(female).

17

Consider the following program text.

and do not declare their parent unit, so that we cannot tell from the

program which classes Jo jo and Odie are instance of. The following computation

succeeds and classifies Jo jo and Odie as a cat and a dog, resp ectively .

The first subgoal is treated as a prov ability constraint, even though the unit

identifier is the name of a unit of the program. The asso ciated context of ,

in fact, is unknown, since its parent unit is unknown in turn.

The second subgoal, instead, forces to have the same parent unit as

(that is, ), through the first clause of . Once the asso ciated context of

is known to b e (since ), it can b e used for the

pro of of . Then, the third clause of constrains hated to

b e a . The computation finally ends with success, and the two hierarchical

constraints and can b e given as output results.

Example 3.8 shows a simple case of dynamic classification. The query do es not

contain any v ariable, and could b e read as representing a couple of observ ations

ab out the domain of discourse. Then, the pro of exploits the program so as to infer

from such observ ations which classes the two abstractions (Jo jo and Odie) b elong

to.

Dynamic classification represents an example of .

At the end of the computation, the program of Example 3.8 contains several

relations, whose some ones stated by the program text (such as and

), and some others inferred from the computation induced by the query

(such as and ). What we would like to stress here is that

the program obtained through dynamic extension in Example 3.8 has substantially

the same b ehaviour of the program which we could obtain by adding the two output

relations to the program text, as shown in Example 3.9 b elow.

By extending the program text of Example 3.8 with the two relations

□

□

‖ ≺ ‖ ≺

L L

L

L

L L

Example 3.10.

ob oo

ob

oo

oo oo odie |< cat, jojo |< dog?

W = mouse?

jojo |< cat, odie |< dog, W = mouse?

3.3 Constrained Ob ject-Orien ted Computations jojo cat odie dog

?- odie /- hates(jojo), kitty /- likes(odie).

                                                                                                                        :- unit kitty |< cat. :- unit jojo |< cat. :- unit odie |< dog.

                                                                                                                        colour(white). colour(black). colour(brown).

                                                                                                                        sex(female). sex(male). sex(male).

                                                                                                                        ... ... ...

?- jojo /- eats(W).

?- jojo /- hates(odie), kitty /- likes(jojo), jojo /- eats(W).

18

and ,

the query

pro duces the same result (apart from output constraints) of the query

when p erformed with resp ect to the program of Example 3.8.

The main difference b etween the programs of Example 3.8 and Example 3.9 is that

the latter b ounds all computations to treat Odie as a dog and Jo jo as a cat through

a static, non-mo difiable declaration. Instead, the former may pro duce either the

same kind of classification (as in Example 3.8) or a completely different one, such

as in the following Example.

With resp ect to the program text of of Example 3.8, the query

pro duces a quite different answer than the query of Example 3.8.

As in the case of , the computational mo del of may b e given different inter-

pretations. Like , logic theories encapsulates b oth metho ds and attributes of the

ob jects, which are represented in a uniform way by means of clauses, and message

passing is re-interpreted as the delegation of the pro of of a logic formula from one

theory to another.

In addition, endorses an ob ject-oriented mo del for programs and computa-

tions. Programs are structured as a hierarchy of software comp onents (units), pro-

viding for a uniform representation of b oth classes and instances in form of structured

logic theories, called contexts, obtained by unit comp osition. As a result, classes are

first-class ob jects as instance are, so they can b e used as recipients for messages.

Moreover, typical inheritance mechanisms, with sup er and self binding, can b e easily

exploited in . The (simple) inheritance tree of an program is not statically

defined once for all in the text of the program, but can b e inferred (either partially σ

L

L

L

L ob

oo

oo

oo

4.1 The General F ramew ork

4 The Op erational Seman tics a priori

a priori

tr ansformational ly

sc op e language

sc op e

sc op e language kitty /- likes(Who)

Who kitty

Who

cat sex Who male

kitty /- likes(Who)

Who Who jojo

                                                                                             odie kitty

19

or totally) in a dynamic way during a computation. Thus, the programmer is not

forced to classify all the domain abstractions , but can leave the task of

classifying some of them to the computation.

On the other hand, a full declarative mo del is provided. Like in the case of

, ob ject prop erties and their relationships are represented relationally

, and a

declarative semantics can b e easily defined.

The main p oint, however, lays again in the ability to p erform constrained com-

putations over a user-defined domain mo delled through an ob ject-oriented data

mo del. Both ob ject prop erties (through prov ability constraint) and ob ject classi-

fication (through hierarchical constraints) are handled as constraints, so that they

can b e given as inputs, imp osed by a computation, or returned as output results.

T ake for instance Example 3.7, where the initial goal b ounds

ob ject to b e liked by . Then, the computation transforms such an input

constraint into two output constraints, a hierarchical constraint classifying as a

, and a prov ability constraint b ounding the prop erty of to . Any

p ossible further computation (that is, any computation pro duced by a goal having

as its first subgoal) would take automatically into account

that is a male cat, so that could b e subsequently b ound to , but neither

to , which is a male dog, nor to , which is a female cat.

A first, obvious limitation of from an ob ject-oriented viewp oint is that it do es

not supp ort any meaningful notion of ob ject state. Since instances are fixed and

non-mutable, they can b e neither created nor mo dified during a computation, so

all p ossible instances have to b e foreseen and given by the programmer

in the program text. The problem of creating and configuring instances from class

templates has b een addressed in [10] by providing mechanisms for declarative theory

creation and configuration, based on an ab ductive framework.

As a multi-theory logic language, can b e describ ed in terms of the general

framework defined in [12]. Within this framework, the semantics of a multi-theory

language is given , by mapping the language onto a more general

one (called ) whose semantics is taken as known.

In short, such a framework is based on the notion of , as the way in which

any multi-theory logic language captures the abstractions of the application domain.

In particular, a replaces the standard notion of atomic formula with

that of -formula, which formalises the idea that the truth v alue of a formula in

a multi-theory logic language is no longer absolute, but dep ends on the particular

domain abstraction which the formula is referred to, and which is describ ed through

⟨ ⟩

4.2 The Syn tax

curr ent c ontext

4 The Op erational Semantics

σ

σ

σ

σ

σ

s σ

σ

σ σ

oo

σ

σ

oo

σ σ

oo

oo

oo

oo

oo

oo σ

,

σ σ

σ ρ

σ

σ a

s a σ ,

G

σ , G σ

σ

s ρ , s σ s

σ s

,

σ ρ

τ ,

τ

τ

L

L

L

L

L

L

L

L

L L

L

L

L

L L

L

L

L

L

L

L

L

L L

L

L

L L L L

L

L L L

L L oo oo

oo

oo

oo oo

oo

oo oo

oo

oo

oo oo oo oo

oo

oo oo oo

oo oo

L A

L

S ⟨I A ⟩

• I

•

• ∅

•

L

∈ A L

∈ I | | S ⟨I A ⟩

L

∅ L

∈ I P L P

L

S I A

S

S I L S

∅

S

L

L

L

V V

L

V A L

L

20

a collection of logic axioms. Thus, a -formula is a formula asso ciated with a scop e,

where its truth v alue has to b e determined.

Say that is a multi-theory language, and is the set of all its atomic formulae.

Then, the b ehaviour of can b e fully describ ed in terms of the corresp onding scop e

language by defining

the set of the scop e identifiers

the -function

the default scop e

the -representation function

The -function maps any formula in the b o dy of an clause into the corresp onding

-formula. In particular, according to [12], if is an atomic formula of ,

and is a scop e identifier, then is an atomic -formula of . The

default scop e is the scop e where any query has to b e ev aluated, so that an initial goal

for a multi-theory language implie s that the initial goal for the corresp onding

scop e language is ( ). The -representation function maps programs into

programs of the scop e language, which are sets of -clauses. In particular, given a

scop e identifier and a program of , ( ) returns the -set of , that

is the set of the -clauses representing (see [12] for the details).

As a consequence, in order to formally define , next Subsections will map

it onto the corresp onding scop e language , which will b e denoted

henceforth with the shorter notation . Subsection 4.2 will give the syntactic

structures of , by defining , while Subsection 4.3 will map onto by

defining , , and . Finally

, Subsection 4.4 will intro duce an op erational

characterisation of in form of a transition system, extending the one in [12]

in order to b etter cop e with the new notions of constraint intro duced. This will

complete the description of the op erational semantics.

Like any logic language, alphab et contains v ariables, constraints, functions, and

predicate symb ols. Say Σ is the set of the constant and function symb ols of ,

the v ariable set, Π the predicate set. Then, we will denote with (Σ ),

or with the shorter notation , the set of the terms which can b e built from

Σ and , and with the set of the atomic formulae which can b e built

applying predicate symb ols of Π to terms of .

A scop e in is represented by a unit in a context. The context (called the

) represents the self ob ject at any p oint of the computation, in that

it contains all the knowledge related to the ob ject whose prop erties are currently

{ |

|

}

4.3 The Mapping

L

L

′ ′

L

L

L L

L

L L

′

L

L ⋄

L

′

L L

′

L L

L L

4 The Op erational Semantics

oo

oo oo

oo

oo oo

oo

oo oo

oo

oo i j

oo oo oo

oo oo

oo oo

⟨ ⟩

L

L

L

I L

I ⋄ ∈

⋄

S

L S

I L

S ∈

L

• ⋄ | |

• ⋄ ⋄ ⋄

• ⋄ − ⋄

• ⋄ ⋄

L | |

L

L

− curr ent unit

p ar ent

self unit

extension formulae oo

oo

oo

σ

oo

σ

i j i j

oo

σ

oo

i j

oo

i j o o

i j i j i j

i j

i j i i

oo s

oo

oo kitty /- likes(odie) pet

kitty pet

kitty cat pet

likes kitty

pet

, ,

t t t, t τ

o o o o

σ σ σ

σ o, o , o τ a

g , g σ

σ o o , a a σ

σ o o , g , g σ o o , g , σ o o , g σ

σ o o , o / g σ o o, g σ

σ o o , ♯g σ o o , g σ

σ

σ s

a σ a σ

σ σ

σ

σ

o / g

21

under ev aluation. The unit (called ) is a unit of the current context,

and represents that part of the self ob ject actually in charge of the computation.

T ake for instance Example 3.1 on page 11, showing the computation induced by

the pro of of the goal . After a clause of has b een selected

among the clauses of context asso ciated with , represents the current unit

of the computation, while the current context is obviously . W e

may easily interpret this by saying that the prop erty of dep ends on its

b eing a .

The set of the relations of an program asso ciates one context to

each unit. On the other hand, the current context of a computation is always the

asso ciated context of a unit, called the , representing the p eculiar part of the

self ob ject. As a consequence, we only need two unit identifiers in order to denote a

scop e of : the self unit and the current unit identifier.

Since units in are denoted through terms (ground terms in the unit definition

in the text of the program), a pair of terms can suffice for scop e denotation. As a

result, the set of the scop e identifiers for is defined as follows:

::= (5)

so that represents the scop e having self unit and current unit .

This completes the definition of the syntactic structure of .

The -function maps goal formulae of onto -formulae of . Precisely

, it

takes a scop e denotation (an element of ) and a goal formula of , and returns

a -formula of as its arguments. Be terms, an atomic formula

and goal formulae of . Then, we define as follows.

( ) ::= ( 1)

( ( )) ::= ( ) ( ) ( 2)

( ) ::= ( ) ( 3)

( ) ::= ( ) ( 4)

Definition ( 1) handles atomic formulae, and can b e taken as a simple illustration

of the meaning of the -function: when ev aluated with resp ect to a scop e , an

atomic formula of directly matches the -formula through the -function.

Definition ( 2) trivially deals with conjunctions of formulae. Definition ( 3)

and Definition ( 4) handle (see [8, 4]) of , containing those

meta-op erators directly manipulating a formula scop e. Definition ( 3) defines the

semantics of a context switch formula : indep endently of the current scop e

□

15

16

15

16

‖ ≺ ‖ ⪯ oo

oo

oo oo

⋆ ⋆

Definition 4.1.

L

L

′

L L

′

′

P

′ ′

′ ′ ′′ ′′

′ ′

4 The Op erational Semantics

i j i

i

oo oo

oo

i j

i j i j

oo

⋆ ⋆

⋆

⋆ ⋆

⋆

⋆ ⋆ p ar ent

hier ar chic al c onstr aint

hier ar chic al c onstr aint σ g

o σ

♯g o o o

o

g

σ

♯

t, t τ ,

t t

t

t

C

o , o

C o o o o

C

C t t C t t

C t t , t t C t t

C t t

C t t C t t

⋄

L L

| ≺ | ≺

| ≺

S

| ≺

∈ V

| ≺

‖ ≺ | ≺

L P

P ∈ H

| | ≺ ⇐ ⇒ ‖ ≺ ∈ P

| ≺

‖ ≺ L

| ≺ | ⪯

| ≺

| | ≺ ⇒ | | ≺

| | ≺ | ≺ ⇒ | | ≺

| | ⪯

| | ≺ ⇒ | | ⪯

Only the last two have actually b een discussed in the Examples ab ove.

This Definition s obviousl y match the and relations , resp ectively

, from Definiti ons (1-4)

on page 12.

22

(the first argument of the -function), has to b e proven in a scop e whose current

and self units are b oth set to . According to Definition ( 4), instead, the truth

v alue of dep ends on the current scop e : by making the self unit b ecome

the current unit, all the clauses of the current context ( asso ciated context) can

b e used for the pro of of the formula .

A formal definition of hierarchical constraints is now needed in order to complete

definition. allows three constraint predicate symb ols to b e used in

clause b o dies: the unary predicates and , b ounding their argument to denote

the parent unit of the current and self unit, resp ectively

, and the binary predicate

, b ounding its second argument to b e the identifier of the parent unit of the

unit denoted by its first argument. Corresp ondingly

, adopts only one binary

predicate symb ol, , representing a constraint directly matching a relation.

( ) Given (Σ ), the syntax

represents a b ounding term to denote a unit whose

parent unit is denoted by .

The corresp ondence b etween relations and constraints can then b e stated as

follows. Given an program , a set of equality and hierarchical constraint

resulting from a formula pro of w.r.t. , and two ground terms , it

obviously holds that

= (6)

It is worth to b e noticed that constraints range over pairs of generic (even non-

ground) terms, while a relation is meaningful to an program only when it

b ounds a pair of ground terms.

Two other relations, represented through the infix op erators and , will b e

useful in the following, based on the constraint. Given a set of equality and

hierarchical constraints, then

= = = (7)

= = = (8)

and

= (9)

= = = (10) σ

σ root

L

≡

≡

L

17

18

19

17

18

19

{ |

|

|

}

⋃

{ |

|

|

}

L

L

′

L

′

L

L

L

′ ′

L

L

L

L

L

⋄ L

L

⋄ ⋄

L

                                 #|< X # (|< X)

X |< Y X /- (|< Y)

4 The Op erational Semantics

oo

oo oo

oo

oo

oo

oo

oo

oo

oo

oo

i j oo

oo

i j i k

oo

oo

oo oo

i j oo

oo

i j j

i j i

i j

oo th

σ

σ

th th

oo i j σ

σ

σ

th

o o i j j

σ

i j

o o o o σ

i k j k

oo

th

L S

∈ L

L

• ⋄ | ≺ | ≺

• ⋄ | ≺ | ≺

• ⋄ | ≺ | ≺

L ∅

∅

∅ ∅ ⋄ ∅

L P ∈ I

• P ⋄ ∅ ∅

•

| | ← ⋄ ← ∈ P

P ⋄

| | ← | | ← ∈ P ⋄ ‖ ≺

L

∅ σ σ o, o , o , o τ a

g , g

σ o o , o o o σ

σ o o , ♯ o o o σ

σ o o , o o o o σ

o, o , o σ

ρ

ρ , o ρ

h σ o o , B o h B

ρ , o o

h B h B ρ , o o , o o ρ

ρ σ

σ

σ

σ

ρ

Only Definiti on ( 5) would b e actually needed, in case the two constraints used in Exam-

ples 3.7-3.8 were defined through the following equiv al ences:

(11)

(12)

This implements a pure extension p olicy for unit comp osition. More complex strategies can

b e obtained by using more sophisticated op erators instead of the union op erator (see [11] for an

example).

By definiti on, only clauses from the context asso ciated with the current unit are taken into

account by the -representation function, thus making static inheri tance the default inheritan ce

mechanism.

23

The corresp ondence b etween and is obviously set through the following

suitable definition of the -function , where , is an

atomic formula, are formulae.

( ) ::= ( 5)

( ) ::= ( 6)

( ) ::= ( 7)

The default scop e for is obviously represented by the empty theory , so that

we define as follows:

::= (13)

Finally

, given an program , and the terms , the -representation

function can b e defined recursively as follows.

( ) ::= ( 1)

( ) ::

( ) ::=

( )

( 2)

Definition ( 2) show how the -set of a generic scop e has to b e built, as a

union of two sets of -clauses: the first obtained by transforming the clauses of

the current unit into suitable -clauses, the second (representing the recursive part

of the definition) obtained by “lifting up” the -clauses b elonging to the rest of

the asso ciated context of the current unit (in other words, the asso ciated context

of the parent unit of the current unit). Definition ( 1) actually represents the

termination condition of this recursive definition, by stating that no formula is true

in the empty theory ( in the co de), whatever the current context is.

′ oo

oo

r c i s

r

r

r

c

4.4 The Seman tics

4 The Op erational Semantics

L

L

X

⟨ ⟩

→ → → →

→

• ⟨ ∪ ⟩ → ⟨ ∪ ∪ ⟩

←

• ⟨ ∪ ⟩ →

←

→

A, C , S A

C S C

S

A a, C , S A B , C , S a h r

h B a h

a h a

h

A a, C , S r

h B h

a

4.4.1 T op-down execution mo del for a constraint logic language

c onstr aint stor e

r esolution

c onstr aining infer enc e satisfiability

fail

24

The semantics characterisation of scop e languages presented in [12] is p owerful

enough to capture most of the multi-theory languages known in literature, extend-

ing standard LP syntax with new op erators enabling scop e manipulation. However,

a pro of-theoretical characterisation relying on an inference system in the sequent

calculus seems now inadequate to gracefully cop e with the constraint-based com-

putations of . A more satisfactory solution is to rewrite the inference engine in

terms of a transition system, as usual for CLP languages [6], where states are charac-

terised by different (multi-)sets of atomic formulae and constraints, and transitions

b etween states are describ ed in form of four standard T ransition Rules.

In the following, we will first sketch briefly the standard CLP pro of-theoretical

semantics, then we will extend it to cop e with , taking into account b oth prov-

ability and hierarchical constraints.

It is known that standard LP can b e taken as a particular instance of the general

CLP( ) scheme [5]. Prolog, for instance, can b e interpreted as a constraint logic

language whose constraints are equality relations over finite trees (terms of the

Herbrand Universe).

F ollowing [6], the op erational semantics of a CLP language can b e given by

expressing its top-down execution mo del in terms of a transition system. T ransitions

o ccur b etween states represented as triples of the form . contains the

resolvent, consisting of atomic formulae and constraints, which has to b e ev aluated.

and altogether constitute the , collecting b oth active (in ) and

passive (in ) constraints.

The transition system is based on four different T ransition Rules:

( ), ( ), ( ), and ( ). T ransition Rule

represents the resolution step of the inference engine, which takes an atomic

formula and lo oks for a clause head to b e unified with the selected subgoal.

( = ) ( 1)

where is a program clause, and have the same predicate symb ol,

and ( = ) summarises all the equations resulting from unification of with

the clause head .

( 1 )

where no clause exists whose head has the same predicate symb ol of

.

T ransition Rule adds a new constraint to the store, by taking it from the resol-

vent.

oo

oo

oo

′ ′

′ ′

′ ′

′

′

L

L

L

Definition 4.2.

c

i

i

s

s

s

oo

i j σ

i j

4.4.2 Extending the mo del

4 The Op erational Semantics

• ⟨ ∪ ⟩ → ⟨ ∪ ⟩

→

• ⟨ ⟩ → ⟨ ⟩

→

• ⟨ ⟩ → ⟨ ⟩

• ⟨ ⟩ →

⟨ ∅ ∅⟩

S L

∈ A ⋄ ∈ I

⋄ −

A c, C , S A, C , S c r

c

C S

C , S

A, C , S A, C , S r

C , S C , S

C

A, C , S A, C , S r

C

A, C , S r

C

r r

r r

G

G, ,

A

σ

A σ

σ

a o o

o o / a infer

infer

c onsistent

c onsistent

fail

c onsistent

infer c onsistent

derivation

pr ovability c onstr aint

25

( 2)

where is an atomic constraint.

The general role of the T ransition Rule is to infer new constraints from the

constraint store through the function, which takes and and returns a

(p ossibly) different state ( ).

( 3)

where ( ) = ( ) .

The last T ransition Rule is in charge of checking the satisfiability of the constraint

store, through the definition of the predicate, which applies to the active

constraints in .

( 4)

where ( ) holds.

( 4 )

where ( ) do es not hold.

While T ransition Rules ( 1– 2) are common to all CLP systems, T ransition Rules

( 3– 4 ) are usually exploited in order to sp eciali se the system of choice, by means

of suitably tailored definitions of the function and of the predicate.

The of an initial goal is then represented by a sequence of transi-

tions starting from the initial state . Such a deriv ation ends when no more

transitions can b e applied, and succeeds when is the empty set in the final state

(fails otherwise).

Several things have to b e taken into account in order to extend the aforementioned

transition system so as to make it applicable to , the scop e language of .

First, the system has to deal with -formulae, instead of standard logic formulae.

Moreover, it has to cop e with b oth prov ability and hierarchical constraints. F or

these purp oses, the resolvent is to b e thought as a multi-set of atomic -formulae

and constraints (hierarchical and prov ability ones).

What needs b e formalised is the distinction b etween prov ability constraints and

-formulae, b oth syntactically and semantically . F rom a syntactic viewp oint, we

will denote a prov ability constraint as follows.

( ) Be , . Then, the

notation

□

□

20

20

3 8

L

L

L L

L oo

oo

oo oo

oo

L

L

L

L

L L

L

P

L

L

L

Definition 4.3.

− L S

L S

− ⋄ ⋄ −

− L ⋄ −

S

4 The Op erational Semantics

j i i

s

i j i j

i j σ

i j i

⋆

th i

⋆

j

i

⋆

σ

s

/

o a s

σ s, o / a σ o o, a o o / a

o / a o o / a oo

oo

oo

oo

oo oo

oo

oo

oo

oo

oo

oo

σ σ

oo

− | |

⋄ ⋄ −

| ≺

S ⋄ ∈ I

| ⋄ ⇐ ⇒

| | ⪯ ∅ | ⪯

| | ⪯ ⇒ ∈ H

∈ I |

| | pr ovability c onstr aint

-c omputability

c omp

-c omp

c omp

c omp

c omp

c omp a

o o o

σ

σ σ

σ

σ

σ

s / a σ a σ

A σ

σ

σ o o , a o o / a σ

σ

σ

σ σ

σ C

o o σ

C σ o o

C o , o o

C o o o

s σ C C

σ s σ a σ

s σ

σ

It is worth to b e noticed that the symb ol has different meanings in and . It

represents the context switch op erator, and it is used to denote prov abil ity constraints,

to o. This is mainly meant to stress the strong connection b etween the two notions, formalising the

interpretatio n of a context switch op erator as a prov abili ty constraint.

More precisely

, given a term and an atom , for any scop e it holds that

( ) = ( ) =

where is a (context switch) formula of , while is a (prov abili ty constraint) formula

of .

26

denotes a b ounding the atomic formula to logically follow

from unit in the context (i.e., the asso ciated context of unit ).

Intuitively

, a prov ability constraint is a -formula whose scop e is not sufficiently

sp ecified, so that its -set (that is, the set of the -clauses representing its scop e)

cannot b e prop erly computed through the -representation function. Then, we

should somehow define a notion of applicabil ity of the -representation function, by

delimi ting its domain: whenever enough information is not given to the function,

it can not pro duce the result, that is the -set of a given scop e. In other terms, a

prov ability constraint should b e handled as the -formula iff the -set of its

scop e can b e prop erly determined. The idea is then to define our transition system

so that at any time of the computation the resolvent consists of -computable

formulae and constraints only .

F or this purp ose, we re-formulate Definition ( 1) as follows:

( ) ::= ( 8)

Moreover, to the end of formally defining the notion of (that is, the

computability of the set of the -clauses representing a scop e), we intro duce the

-computability relation - , based on the one.

( ) Given a set of equality and hierarchical constraints of

, and a scop e identifier , we define the unary relation -

such that

= - ( )

=

=

Then, we say that scop e is -computable (with resp ect to ) iff =

- ( ). Corresp ondingly

, a -formula is said to b e -computable if

and only if its scop e is -computable.

Intuitively

, the - relation holds if and only if it is applied to a scop e iden-

tifier which is ground and such that the hierarchy asso ciated with it is completely

given in the constraint set.

oo

oo

oo

oo oo

s

i

s

s r

σ

s p

{ |

|

}

⟨ ⟩ ⟨ { }⟩

{ }

L

L

′ ′ ′

′ ′ ′

′ ′′ ′ ′′ ′

′

′ ′

L

′ ′

L

4 The Op erational Semantics

c omp

infer

infer

infer

c omp

infer

set

L S

−

| |

• ⟨ ⟩ → ⟨ ∪ ⟩

•

∪ | | ≺ | ≺ ⇒ ∈

•

| | − ∈ |

• ∪ | | → ∪ ∪

∈ I | | ← ∈ σ

σ σ s / a

σ a

A σ σ s

r

r

A, C , S A A , C , S r

A , C , S C , S

C S t t , t t t t C

σ

σ

A

A a s / a S, C σ s

σ

σ

r r r r

σ σ

σ A σ

A p t , C , S A B , C , S h p t r

s h B σ s h p t

p t σ h

27

The idea is that all formulae are mapp ed onto constraints by the -

function, according to Definitions ( 2- 8), and that a prov ability constraint

is transformed into a -formula and shifted from the constraint store to the

resolvent when and only when its scop e is -computable, i.e. when - ( )

is true with resp ect to the constraint store.

As a consequence, T ransition Rule ( 3) (inference) has to b e substantially mo d-

ified, taking into account that prov ability constraints may result in new formulae to

b e added to the resolvent. Thus, the extended version of T ransition Rule ( 3) can

b e formalised as follows.

( 5)

where ( ) = ( ) .

In particular, the function

moves all equality and hierarchical constraints from passive to active con-

straints, and propagates them. Apart from the obvious propagations, the

following relation is exploited by the function:

= = = (14)

representing simple inheritance in the system.

transforms prov ability constraints whose scop e is -computable into the corre-

sp onding -formulae, and moves them from passive constraints to the resolvent

through the set , while leaving the others untouched as passive constraints.

In particular,

::= = - ( ) (15)

As a result, only equality and hierarchical constraints may b e found in the active

constraint store. Moreover, prov ability constraints are not propagated at all, and

the constraint store should b e actually thought as a two-sorted set of equality and

hierarchical constraints joint to a multi-set of prov ability constraints. Finally , -

formulae are put in the resolvent only when their scop e is -computable.

T ransition Rules ( 6- 6 ) generalise T ransition Rules ( 1- 1 ). According to Def-

initions ( 2- 8) and to the function definition, they are always applicabl e to

any -formula o ccurring in , since only -computable formulae can b e found there.

(

~

) = (

~

) ( 6)

where , - ( ), and = (

~

) contains all the equations

resulting from (

~

) unification with the -clause head .

0

0

0 0

0

⟨ ⟩

{ |

|

} oo

oo oo

oo

oo

oo

oo s r

p

th

⋆

oo th th

th th

σ

oo

′

′

′

′ ′

′ ′′ ′ ′′

L

L L

L

′ ′

L

L

L

4.4.3 Program extension

A p t , C , S r

σ s

r

s / a o o

A

S

r

C

C t t C t

C t t C t t

C t t , t t C t t

G σ , G

σ

C

C o o o o

σ , G , C ,

ρ

• ∪ | | →

∅

− | ≺

• | | ≺ ⇒ | ̸∅

• | | ≺ ⇒ |

• | | ≺ | ≺ ⇒ |

S

L S ∅ ⋄ ∅

‖ ≺ P

| ≺ ‖ ≺ ∈ P

S

⟨ ∅ ⋄ ∅ ∅⟩

P L

‖ ≺ fail

set

c on-

sistent

c onsistent

r o ot

acyclicity

simple inheritanc e

c omp

28

(

~

) ( 6 )

where - ( ) = .

On the other hand, as intuitive, T ransition Rule ( 2) (constraining) has not to b e

changed, since formulae of the forms and are recognised as constraints

by the transition system, and simply shifted from the resolvent to the (passive)

constraint store .

Analogously , T ransition Rule ( 4) has not to b e changed, but a sp ecific

definition has to b e provided. Apart from handling equality relations, the

predicate has simply to check that the set of the hierarchical constraints

is consistently built. In particular, the active constraint store is consistent with

resp ect to the hierarchical constraints if

= = = = ( )

= = = = ( )

= = = = ( )

Finally

, in order to complete the sp ecification of the transition system, what is

still to b e given is the triple defining the initial state. As one may exp ect, given an

initial goal of , the initial resolvent for is defined to b e ( ),

while the set of the passive constraints is empty

. Instead, in order to make the

- relation meaningful from start, the initial set of the active constraints

is represented by the (generally non-empty) set of the hierarchical constraints

corresp onding to the set of the relations contained in , that is the set of all the

program relations given in the program text. So, coherently with (6) on page 22,

::= (16)

As a result, the initial state of a sequence of transitions representing an deriv a-

tion is defined as

( )

As usual, such a deriv ation ends when no more transitions can b e applied, and

succeeds when the final state has the empty resolvent (fails otherwise).

The definition of the function on page 23 makes its result dep end on the program

taken as its first argument. However, one of the main p oints here is that an

program is no longer b ound to b e statically given once for all by its textual definition.

Instead, since relations corresp ond to hierarchical constraints, they can b e either

given statically in the text of a program, or dynamically inferred during a pro of.

oo

{ |

|

} p ar ent

0

0

0 0 0 0

0

0 σ

σ

ρ

o c o c

o o o, o

o o C o o o, o

C

ρ

P

′ ′

P

‖ ≺

‖ ≺

‖ ≺ ‖ ≺

‖ ≺

‖ ≺

‖ ≺

‖ ≺ ′ ′ ′

P

L

5 Conclusions and F urther Remarks urther Remarks

oo

oo

oo

oo

cl

cl

oo

cl cl

cl cl

oo

oo σ

oo

L

L

L P

P

• ∈ H L

• ‖ ≺ ∈ H

P P

P P ∪ P P L

P P ∪ P P P

P P L

P ⊆ P ‖ ≺

P

‖ ≺

| ≺ ‖ ≺

P ‖ ≺ | | ≺ ∈ H

L

‖ ≺

L

29

As a result, an program is not given once for all b efore the computations start,

but may grow during a pro of, so that, for instance, the numb er of scop es which are

-computable p ossibly grows along with the set of the hierarchical constraints.

W e have to define the notion of program which the -representation function

can b e applied. According to Definition ( 2), we have to sp ecify exactly what an

program is at any time of the computation. Generally sp eaking, we use to see a

logic program as the knowledge used by the inference engine in order to derive new

information by deduction. A Standard LP program, for instance, is represented by

a fixed collection of definite Horn clauses.

Actually

, an program can b e thought as a two-sorted set of relations,

concerning the axioms and the taxonomy

, resp ectively

. In particular, contains

relations of the form :: , where and is an clause, constituting

the axiomatic representation of the domain abstractions

relations of the form , where , representing the domain tax-

onomy .

If we denote the two set as and , resp ectively

, it obviously holds that

= . Now, if we denote with the initial program from the textual

definition, so that = (with and having an obvious mean-

ing), = holds, since the clauses of an program do not change during

a pro of. Instead, , since new relations may b e inferred from the set

of the hierarchical constraints, p ossibly growing during a pro of. By defining

as the set of the ground relations which can b e inferred from the (active) con-

straint store, we have formally established the (actually

, quite intuitive) relationship

b etween hierarchical constraints ( ) and relations ( ).

::= = and (17)

where is the active constraint store. Since now the set of relations constituting an

program is defined at any time of the computation, can b e always applied.

Moreover, the way in which hierarchical constraints are handled by the system en-

sures that only relations which are consistent with the previously existing ones

can b e added to the program, thus enforcing the declarative reading of programs.

This work has presented a simple example of a constraint ob ject-oriented computa-

tional mo del based on logic programming. Ob jects are represented as (structured)

logic theories, organised in a hierarchy according to class/instance, class/sup erclass

relationships. Computations evolve through message passing b etween ob jects. Both

L L

L

L

p ar ent ob oo

oo

oo

cl ause unit, head, body

5 Conclusions and F urther Remarks 30

message passing and hierarchical relations b etween logic theories are re-interpreted

here as meta-level constraints: resp ectively

, prov ability constraints b ound a logic for-

mula to logically follow from a theory

, while hierarchical constraints make it p ossible

to infer the parent theory from a computation.

Apart from enforcing the declarative reading of a multi-theory logic language,

these two kinds of constraints enable new forms of computations to b e p erformed,

where b oth ob ject prop erties (through prov ability constraints) and ob ject represen-

tations (through hierarchical constraint) can b e b oth the sub jects and the results of

a logic pro of. Throughout this pap er, some simple examples have b een given and

discussed, illustrating the usefulness of the new notions intro duced, by exploiting

two simple multi-theory logic languages, and .

However, one of the main criticisms which can b e addressed to the approach

presented here concerns the problem of ob ject state. The languages presented do

not allow any meaningful notion of ob ject state to b e captured: instances cannot

b e created from classes, and they can b e neither configured nor mo dified during a

computation. Actually

, classes and instance only exist in the programmer’s inter-

pretation.

F rom this viewp oint, a more satisfactory approach for a multi-theory logic frame-

work seems to b e the one adopted by McCab e in [7], where parametric logic theories

(where a logic v ariable used in a logic theory identifier has the whole theory as its

scop e) are used to define classes and instances of an ob ject-oriented logic language.

However, this approach to o suffers from unacceptable limitations, such as the coinci-

dence b etween ob ject state and ob ject identifier, thus badly addressing the problem

of ob ject identity

, or the inabili ty to gracefully cop e with insufficiently sp ecified

theory names, thus weakening the declarative reading of the language.

Moreover, as discussed in particular in Subsection 4.4.2, the mo del presented

here suggests a new notion of (multi-theory) logic program, where a program is

no longer statically given once for all by its textual definition, but may instead

b e built as a result of a logic pro of. Even though the languages presented here

only partially exploit the p ower of such an idea, [10] shows how a multi-theory

language of the same class of can b e extended towards a notion of ob ject state

configuration. By enabling also the set of the clauses to grow during a computation

in a constraint framework based on ab duction, declarative ob ject (theory) creation

and configuration can b e dynamically p erformed.

Intuitively

, a program of can b e conceived as a p oint in the space defined

by the sets of all p ossible relations of the form ( ) and of the

p ossible taxonomy trees defined by relations. A program text, then, defines

the program only partially

, by restricting the subspace up on which it can range.

Prov ability and hierarchical constraints, then, p ossibly restrict further such a space

during a pro of. F urthermore, many different sorts of constraints could b e imagined

and defined, so that prov ability and hierarchical ones can b e seen as the simplest i j

←

‖ ≺

− o a B

o o

o / a

REFERENCES

Ac kno wledgemen ts

References axiom c onstr aints

the or em c onstr aints

Pr o c. FGCS’92 Int. Confer enc e

L o gic Pr o-

gr amming

L o gic Pr o gr amming, LNCS

Journal of L o gic Pr o gr amming

Pr o c. 14th Annual

ACM Symp. on Principles of Pr o gr amming L anguages

31

cases of constraints over ob ject prop erties and over ob ject representation, resp ec-

tively

. More generally

, one could think of program relations (such as :: ,

or ) b eing p ossibly mo delled through , that is constraints

b ounding the clausal representation of domain abstractions (such as hierarchical con-

straint), while goal formulae, to b e proven with resp ect to a theory (such as ),

could b e mo delled through , affecting the exp ected logical con-

sequences of a logic theory (such as prov ability constraints). As a result, deduction,

ab duction, and induction could b e all re-interpreted as inference mechanisms link-

ing (either forward or backward) axiom constraints and theorem constraints. F uture

works will b e devoted to explore the implications of such a re-interpretation of the

notion of logic program.

First of all, I would like to thank Antonio Natali. Without its help and supp ort,

this research would have not even b egun.

Other p eople contributed to make this work much b etter than what I could have

done without their suggestions, remarks, and criticisms: the time that Enrico Denti,

Evelina Lamma, Paola Mello, Michela Milano, and F abrizio Riguzzi devoted to read

and comment early versions of this rep ort was really precious to me.

[1] A. Bossi, M. Gabbrielli , G. Levi, and M.C. Meo. Contributions to the semantics

of op en logic programs. In H. T anak a, editor, ,

pages 570–580, 1992.

[2] K.A. Bowen and R.A. Kowalski. Amalgamating Language and Metalanguage

in Logic Programming. In K.L. Clark and S.A. T arnlund, editors,

, pages 153–173. Academic Press, 1982.

[3] A. Brogi, E. Lamma, and P

. Mello. Ob jects in a Logic Programming F ramework.

In A. V oronkov, editor, , pages 102–113. Springer-

V erlag, 1992.

[4] M. Bugliesi, E. Lamma, and P

. Mello. Mo dularity in Logic Programming.

, 19-20:443–502, 1994.

[5] J. Jaffar and J.-L. Lassez. Constraint Logic Programming. In

, pages 111–119. ACM,

1987.

REFERENCES

Journal

of L o gic Pr o gr amming

L o gic and Obje cts

Journal of L o gic

Pr o gr amming

Pr o c. 6th Int. Confer enc e on L o gic Pr o gr amming

Pr o gr ammazione L o gic a Orientata agli Oggetti

Quintus Pr olo g

User’s Guide

SICStus Pr olo g User’s

Manual

32

[6] J. Jaffar and M.J. Mahrer. Constraint Logic Programming: a survey .

, 19-20:503–581, 1994.

[7] F.G. McCab e. . Prentice Hall International, London, 1992.

[8] D. Miller. A logical analysis of mo dules in LogicProgramming.

, 6:79–108, 1989.

[9] L. Monteiro and A. Porto. Contextual logic programming. In G. Levi and

M. Martelli, editors, , pages

284–302. The MIT Press, 1989.

[10] A. Omicini . Ab duction and ob ject state configuration. T echnical Rep ort DEIS-

LIA-003-95, University of Bologna (Italy), 1995. LIA Series no. 3.

[11] A. Omicini . . PhD thesis, Uni-

versit` a di Bologna, Italy , F ebruary 1995.

[12] A. Omicini. A general framework for multi-theory logic languages. T echnical

Rep ort DEIS-LIA-009-96, University of Bologna (Italy), 1996. LIA Series no. 16.

[13] Quintus Computer Systems, Inc., Mountain View, California.

, 1986.

[14] Swedish Institute of Computer Science, Kista, Sweden.

, 1994.