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Abstract

In his 1975 paper \What is in a link?", Woods pointed out that early

approaches in semantic nets were epistemologically ambiguous. Di�erent

meanings could and had been attributed to the same network. The current

paper is a similar enterprise and shows an epistemological ambiguity arising

in the context of logic programming. Many di�erent logic programming

formalisms and semantics have been proposed. Hence, logic programming

can be seen as a family of formal logics, each induced by a pair of a syntax and

a semantics, and each having a di�erent declarative reading. However, we

may expect that (a) if a program belongs to di�erent logics of this family and

has the same formal semantics in these logics, then the declarative meaning

attributed to this program in the di�erent logics is equivalent, and (b) that

one and the same logic in this family has not been associated with distinct

declarative readings.

I show in this paper that neither (a) nor (b) holds. The paper investigates

the causes and the consequences of this phenomenon.

1 Introduction

In the early 70-ties, the area of Knowledge Representation in AI was the scene

of a lively debate between logical approaches versus non-logical approaches such

as semantic networks. In 1975, a signi�cant event in this debate was Woods epi-

stemological analysis of semantics networks [17]. Woods pointed out a number of

major epistemological problems with the semantic networks of that time, in par-

ticular that semantic nets were epistemologically ambiguous in the sense that\the

same semantic network notations could be used by di�erent people (or even by the

same person at di�erent times for di�erent examples) to mean di�erent things".

Clearly, the existence of a non-ambiguous meaning is a precondition for the use of

any language for knowledge representation. Not surprisingly, Woods' study had a

major impact and was received as a decisive argument in favour of using formal

semantics for characterising the meaning of knowledge representation languages.



This study is an epistemological investigation of Logic Programming (LP) and

investigates its declarative reading(s). The main contribution is to show that at the

epistemological level, LP and its extensions show the same type of epistemological

confusion as occurred to semantic nets in the early 70ties.

The above statement may not surprise immediately. Indeed, the area of logic

programming is complex and many di�erent syntaxes and semantics have been

presented. Logic programming is not a logic but can be seen as a family of logics,

each induced by a pair of a syntax and a formal semantics. Each of these logics

can be expected to have its own declarative reading, thus giving rise to a complex

landscape of di�erent interpretations and views. However, this is not the ambiguity

problem that I am referring at. There is a deeper problem.

There is a substantial overlap between the di�erent LP logics. For example,

for acyclic normal programs, completion semantics, the stable semantics and the

well-founded semantics are known to coincide [1]. For strati�ed programs, stable,

well-founded and perfect semantics coincide. In general, we should expect that:

(a) the declarative reading underlying the di�erent semantics are equivalent for

programs for which di�erent semantics coincide;

(b) each logic consisting of a pair of syntax and semantics in this family has a

unique declarative reading. If in one way or the other, di�erent readings

have been associated to the same syntax and semantics, then these readings

must be equivalent in some deep sense.

The deep ambiguity of logic programming is that neither (a) nor (b) holds. I will

show that virtually all programs including those for which all semantics coincide,

have been assigned very di�erent meanings. This ambiguity boils down to the

following phenomenon. Assume that we have a logic program written by some

expert to represent his knowledge. Assume moreover that we know which formal

model semantics was intended by the expert and that we even know what are the

models of the program. Still, we are unable to know what is the knowledge of

the expert and how the world looks like according to the expert. This is a deep

ambiguity of an analogous kind as Woods uncovered in semantic nets in the early

seventies.

The �rst aim of this paper is to pinpoint the ambiguity problem of LP. This is

the topic of section 2. What makes LP's ambiguity even more surprising is that

unlike semantic nets in the middle seventies, it arises in the context of logics with

formal model semantics. Section 3 investigates causes and consequences of this

phenomenon.

2 The ambiguity formally demonstrated

The epistemological study of a logic aims to clarify its declarative reading. A

standard technique in philosophical logic, going back to Leibniz, is by explaining

in what states of the world the formulas of the logic are true. The states of the

world in which a given formula is true represent the possible states of the world.

An epistemological theory that expresses in what states logical statements are true



is sometimes called a truth conditional semantics (e.g. [12], p. 3). Obviously, a

model theory can be understood as a formal description of the possible worlds and

thus induces a truth conditional semantics on a logic.

An alternative approach that is used for nonmonotonic logics such as default

logic (DL) and autoepistemic logic (AEL) relies on our understanding of standard

classical logic. The idea is to formalise the meaning of a theory in some logic by

de�ning its belief set(s). A belief set represents the set of all standard propositional

or �rst order predicate logic formulas that can an ideally rational agent could infer

from the theory. Formally, a belief set is a set `T of �rst order formulas that

contains each of its entailed formulas. For any �rst order theory T , let Cn(T )

denote the set of its logical implications: Cn(T ) = f�jT j= �g. Then T is a belief

set i� T = Cn(T ). Obviously, with each belief set we can associate a collection

of possible states as well, namely the collection of all models of T . Autoepistemic

logic and Default logics are modal logics and contain operators which refer to the

belief state of the agent or theory. Due to this self-reference, a theory in these

logics may sometimes have multiple belief sets, contrary to classical logic.

Originally, logic programming was seen as a sub-logic of classical logic. A

de�nite logic program was seen as a classical logic Horn theory [7]. However,

when the negation as failure inference rule was introduced in Prolog systems,

the view of logic programs as sets of classical logic implications broke down. It

was realized that the soundness of this rule could not be justi�ed on the basis

of the classical logic semantics of a logic program. Important e�orts were made

to propose alternative formal semantics for logic programming for which negation

as failure is sound. This resulted in a number of di�erent semantics of which the

least Herbrand model semantics for de�nite logic programs [15] and the completion

semantics [2], the stable semantics [5] and the well-founded semantics [16] for

normal program with negation are the most important ones.

An important tool for de�ning these semantics was the use of embeddings of

logic programming in other logics, in particular in classical logic (CL), default logic

(DL) and autoepistemic logic (AEL). Among the many embeddings that have been

proposed, below we consider three of the most important ones. One is the well-

known Clark completion. Restricting to the propositional case, the meaning of a

logic program P in this embedding is given by the set of equivalences
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. In the sequel, the completion of a program P will be denoted

comp(P ).

In [4], Gelfond proposed to interpret a logic program as an autoepistemic theory

in which a negation as failure literal not p is interpreted as the epistemic statement

\p is not known" and represented it by the modal literal :Kp in autoepistemic

logic. In this embedding, a logic programming rule:

p :- q, not r

is interpreted as the following AEL formula:

p q ^ :Kr



In the sequel, I will refer to this embedding as ael

1

and denote the mapping of

a logic program P as ael

1

(P ). In [5], this embedding provided, at least partly,

the foundation for the stable semantics. In particular, it was shown that a stable

model of a program P is the set of atoms in an autoepistemic expansion of ael

1

(P ).

Another seminal embedding is the one of [9] in Default Logic. It maps a rule

p :- q, not r

to the default:

q : :r

p

The embedding of a program P will be denoted dl(P ). Marek and Truszczy�nski

showed that a stable model of P is the set of atoms in a default extension of dl(P ).

Each of the above embeddings have been proposed as a characterisation of the

natural meaning of logic programs and as the foundation of some formal model

semantics. Each embedding has been demonstrated by natural examples. It is

easy to demonstrate that these di�erent embeddings di�er even for the most simple

programs where all semantics coincide. Consider the case of Horn programs and

as an illustration, take the simple non-recursive Horn program:

P

1

= fp :- qg

The �rst point is that P

1

is a non-recursive Horn program. For such programs, all

semantics coincide. The empty set fg is the unique least model, the unique model

of the completion, the unique stable model and the unique well-founded model of

P

1

.

Now, let us compare the meaning of P

1

as expressed by the di�erent embeddings

on which these model semantics are based. The comparison can be done on a

formal basis, by comparing the belief sets associated with these embeddings.

� comp(P

1

) is the theory

�

q $ false

p$ q

�

The unique belief set associated to the completion of P

1

is:

Cn(comp(P

1

)) = Cn(f:q;:pg)

� According to Gelfond's mapping, the meaning of P

1

is the autoepistemic

theory ael

1

(P

1

) :

fp qg

In [11], Moore de�ned the semantics of autoepistemic logic in terms of au-

toepistemic expansions. As shown in the same paper, the set T of classical

logic formulas in an expansion E is a belief set which completely determines

E: E can be reconstructed from T . Moore also showed that autoepistemic

logic extends classical logic in the following sense: if an autoepistemic the-

ory T contains no occurrences of the modal operator, then it has a unique



expansion which corresponds to the belief set Cn(T ). Consequently, ael

1

interprets each Horn program as a Horn theory. ael

1

(P

1

) has one autoep-

istemic expansion extending the unique belief set:

Cn(fp qg)

Note that this is a strict subset of the belief set of P under completion

semantics. Under this interpretation, P

1

does not entail :p nor :q.

� The meaning of P

1

according to the embedding in default logic is the default

dl(P

1

):

�

q :

p

�

In [14], Reiter characterised the semantics of a default theory by default

extensions, which are belief sets. The unique default extension of this set is:

Cn(fg)

I.e. this is the set of tautologies. The reason that this is the unique default

extension is that the justi�cation q of the default cannot be derived, and

hence, the default does not apply. Note that the implication p q 62 Cn(fg).

So the belief represented by this default theory is even weaker than the

interpretation of this program as a Horn theory.

The following table summarises the meaning of the di�erent embeddings:

Embedding comp(P ) ael

1

(P

1

) dl(P

1

)

f p :- q g fq $ false; p$ qg fp qg

�

q :

p

�

Belief set Cn(f:p;:qg Cn(fp qg) Cn(fg)

Models of belief set fg fg; fpg; fp; qg fg; fpg; fp; qg; fqg

On the one hand, we observe that the least model, the model of the completion,

the stable and the well-founded model of P

1

coincide. On the other hand, we

observe that the three embeddings assign a di�erent belief set to P

1

. Consequently,

P

1

is an example of a program for which all formal model semantics coincide, but

for which the declarative reading is di�erent under the three di�erent views. So it

illustrates that point (a) of the introduction does not hold.

P

1

also illustrates that ael

1

and dl assign a di�erent meaning to logic programs,

despite the fact that they both induce the stable semantics. So, this example

illustrates that point (b) of the introduction does not hold.

Note that in the above example, the completion semantics is the strongest, in

the sense that its belief set strictly contains the belief sets of the other embeddings.

The proposition below shows even though dl and ael

1

both induce the stable

semantics, the meanings of a logic program under dl and ael

1

di�er under very weak

conditions. Below an autoepistemic theory T is called equivalent with a default

theory W if the default extensions of W are obtained from the autoepistemic

expansions of T by restricting the latter to the �rst order formulas (and dropping

all modal formulas).



Proposition 2.1 Let P be any logic program containing a rule p :- B such that

p is false in a stable model M of P and all negative literals in B are true in M

(and thus B contains a false positive literal).

Then ael

1

(P ) and dl(P ) are non-equivalent.

3 Ambiguity: how could it arise?

The phenomenon of the ambiguity of LP addressed in the current paper is similar

in nature to the ambiguity of links pointed out by Woods. What makes LP's

ambiguity even more surprising is that unlike semantic nets in the middle seventies,

it arises in the context of logics with model semantics. As illustrated above, formal

semantics do not seem to guarantee a non-ambiguous declarative reading! How is

it possible that the embeddings di�er while the induced models coincide?

Half of the explanation is that the de�nition view and the non-monotonic views

assign di�erent roles to a \model". In classical logic and hence in the completion,

a model represents a possible state of the world. In the non-monotone views, it

represents a set of believed atoms. The same mathematical structures are used

to represent two very di�erent sorts of concepts. For example, the fact that the

unique model of comp(P

1

) is fg means that the world is known to be in the state

in which both p and q are false. The fact that the stable model is fg means that

nor p nor q are known to be true by ael

1

(P

1

) and dl(P

1

).

The di�erent roles of \models" cannot be the only explanation of the ambiguity

since in the embeddings dl and ael

1

, the role of the stable model is the same. Here

another explanation is in order, namely that a set of believed atoms only provides

weak and incomplete information about the meaning of a theory. In general, many

di�erent belief sets may share the same atoms. For example, the belief sets of a

de�nite program P interpreted as a classical logic Horn theory, or as an inductive

de�nition whose unique model is the least Herbrand model or as ael

1

(P ) or as

dl(P ) di�er in general. Yet, all these belief sets contain exactly the same atoms.

In the case of normal programs with negation, the above proposition shows that

for most programs P , the theories dl(P ) and ael

1

(P ) have di�erent belief sets, but

the sets of atoms in these belief sets correspond.

The above observations have an unsettling consequence. Comparing sets of

believed atoms and possible worlds is as comparing apples and oranges. Many

mathematical results relating di�erent model semantics are meaningless and po-

tentially misleading at the epistemological level! E.g. a stable model is a model

of the completion. At the epistemological level, this mathematical result may be

as informative as to say that 2 miles is less than 4 kilogram. In particular, this

result is often misinterpreted that the default interpretation of a logic program is

stronger, i.e. has larger belief sets, than the completion semantics. Actually P

1

is

an example showing that the contrary often happens.

It all depends on what a \model" means. Let S be some formal model theory

for a language L. What S says about the declarative reading of theories of L

depends on whether we interpret the models as possible states of the world or as

atomic belief sets, i.e. sets of believed atoms. For example, as shown in [5], stable



semantics and least model semantics are known to coincide for de�nite programs.

But this result does not prove equivalence between the declarative readings of

de�nite programs underlying these semantics because the least Herbrand model

plays a di�erent role in both declarative readings.

This is illustrated well by the transitive closure program P

tr

:

tr(X,Y) :- p(X,Y).

tr(X,Y) :- p(X,Z), tr(Z,Y).

p(a,b).

...

where p/2 is de�ned by a set of atomic rules representing some directed graph. It

is often claimed that the stable semantics deals well with this program. Indeed,

the stable model is the unique least model of this program and correctly represents

the unique possible state of the graph and its transitive closure. However, it is

easily veri�ed that both dl and ael

1

accept many more possible states which do

not correspond to the unique intended one. In fact, the meaning of this program

under ael

1

is the same as the (weak) classical logic interpretation of this program,

and the meaning under dl is strictly weaker (the belief set of dl(P

tr

) is a strict

subset of the belief set of ael

1

(P

tr

)).

A fundamental problem of LP at the declarative level is that these di�erent

interpretations of models and model semantics are constantly mixed up.

4 Conclusion

One of the central goals of logic programming and of its extensions was and still

is to combine the advantages of formal declarative logic and procedural languages

[7]. Epistemological clarity is a sine qua non for a declarative logic. Therefore, for

anyone who wishes to consider logic programming logics as declarative logic, the

ambiguity phenomenon poses a fundamental threat to the paradigm that must be

resolved. This paper provides a �rst step towards a solution by pinpointing the

problem and showing the underlying causes.
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