
Relating Defeasible and
Normal Logic Programming

through Transformation Properties

Carlos I. Ches̃nevar, J̈urgen Dix,
Frieder Stolzenburg, Guillermo R. Simari

3/2001

Fachberichte
INFORMATIK

Universität Koblenz-Landau
Institut für Informatik, Rheinau 1, D-56075 Koblenz

E-mail: researchreports@infko.uni-koblenz.de ,

WWW: http://www.uni-koblenz.de/fb4/





Relating Defeasible and Normal Logic
Programming through Transformation

Properties�

Carlos Iv́an Ches̃nevar,cic@cs.uns.edu.ar 1

Jürgen Dix,dix@uni-koblenz.de 2

Frieder Stolzenburg,stolzen@uni-koblenz.de 2

Guillermo Ricardo Simari,grs@cs.uns.edu.ar 1

1Univ. Nacional del Sur, Av. Alem 1253, (8000) Bah´ıa Blanca, ARGENTINA
2Universität Koblenz-Landau, Rheinau 1, 56075 Koblenz, GERMANY

Abstract

This paper relates theDefeasible Logic Programming(DeLP) framework and
its semantics SEMDeLP to classical logic programming frameworks. InDeLP we
distinguish between two different sorts of rules:strict anddefeasiblerules. Neg-
ative literals (�A) in these rules are considered to representclassicalnegation.
In contrast to this, innormal logic programming(NLP), there is only one kind
of rules, but the meaning of negative literals (notA) is different: they represent a
kind of negation as failure, and thereby introduce defeasibility. Various seman-
tics have been defined forNLP, notably the well-founded semantics WFS and
the stable semantics Stable.

In this paper we consider thetransformation propertiesfor NLP introduced
by Brass and Dix and suitably adjusted for theDeLP framework. We show which
transformation properties are satisfied, thereby identifying aspects in whichNLP
andDeLP differ. We contend that the transformation rules presented in this paper
can help to gain a better understanding of the relationship ofDeLP semantics
with respect to more traditional logic programming approaches. As a byproduct,
we get thatDeLP is a proper extension ofNLP.

KEYWORDS: defeasible argumentation; knowledge representation; logic pro-
gramming; non-monotonic reasoning.

�This paper emerged while the first author was visiting the University of Koblenz in February 2000.
It is part of the joint Argentine-German collaboration project DeReLoP [DSSF99]. A preliminary ver-
sion appeared at CACIC ’2000 [CDSS00].
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1 Introduction and motivations

Defeasible Logic Programming (DeLP) [SL92, Gar97, GSC98] is a logic program-
ming formalism which relies upondefeasible argumentation[PV01, CML00] for solv-
ing queries.DeLP combinesstrict rules, defined as in extended logic programming,
anddefeasible rules, of the formA —< B, indicating that reasons to believe in the an-
tecedentB provide reasons to believe in the consequentA. Solving a queryQ in DeLP
gives rise to a proofA for Q (written hA ;Qi for short) involving both strict and defea-
sible rules, calledargument. In order to determine whetherQ is ultimately accepted
as justified belief, a recursive analysis is performed which involves findingdefeaters,
i.e., arguments against acceptingA , which are better thanA (according to a preference
criterion). Since defeaters are arguments, a recursive procedure is to be carried out, in
which defeaters, defeaters of defeaters, and so on, must be taken into account.

Logic programming has experienced considerable growth in the last decade, and
several extensions have been developed and studied, such as normal logic program-
ming (NLP) and extended logic programming (ENLP). For these formalizations dif-
ferent semantics have been developed, such as well-founded semantics and stable
model semantics: we refer to [DPP97, BD01, DFN01] for an in-depth discussion of
extensions of logic programming and their semantics. In contrast,DeLP has an “oper-
ational” semantics which is determined by the outcome of the dialectical process used
for answering queries.

In [BD97, BD98, BD99], a number oftransformation ruleswere introduced which
allow to “simplify” a normal logic program (nlp) P to get its WFS. The application of
these rules leads to a new, simplifiedNLP P0 from which its WFS can be easily read
off. In this paper we will focus on finding similar transformation rules forDeLP, which
can be used to simplify the knowledge encoded in aDeLP program. In our analysis,
we show that inDeLP a complete simplification of the original program cannot be
achieved. However, our results suggest some connections between the semantics of
classical approaches and logic programming withDeLP.

The paper is structured as follows: Section 2 introduces preliminary notions con-
cerningNLP and DeLP. Section 3 introduces transformations forNLP. Section 4
shows how to adapt these transformations forDeLP, analizing two classes ofDeLP
programs:DeLPneg (Subsection 4.1) andDeLPnot (Subsection 4.2). Subsection 4.4
summarizes the relationships betweenNLP andDeLP, and the main results we have
obtained. Finally, Section 5 discusses related work and concludes.

2 Preliminaries

In order to render the paper in a self-contained manner, this section contains all the
necessary definitions. Subsection 2.1 introduces normal logic programs, and Subsec-
tion 2.2 introduces the defeasible logic programming framework. We will focus our
analysis on propositional logic programs because, following [Lif94], program rules
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with variables can be viewed as “schemata” that represent their ground instances.
However, for an efficient implementation it is not suitable to actually ground a given
program. It is much better to leave variables as they are and compute appropriate sub-
stitutions (variable bindings). Therefore, whenever suitable, we are also using the for-
malism ofmost general unifiers(mgU) stemming from logic programming.

2.1 Normal Logic Programs (NLP )

Definition 2.1 (Normal logic program P ) A normal logic program (nlp) P is a finite
set of normal program rules. A normal program rule has the form A L1; : : : ;Lk,
where A is an atom and each Li is an atom B or its negationnotB. If B = fL1; : : : ;Lkg
is the body of a rule A B, we also use the notation A B+;notB�, whereB+
(resp.B�) contains all the positive (resp. negative) body atoms inB.

In NLP, atomsA and negated atomsnotA are calledliterals. However, we must not
confuse this notion with the notion of a literal introduced in Section 2.2. In the sequel
we will speak ofan atom and its negation, referring to an atomA and its default
negationnotA. If B+ = B� = /0, we say that the rule is a fact and denote it byA (or
just byA).

We will now introduce some concepts useful for describing what a semantics of a
nlp is. Let ProgL be the set of all normal propositional programs with atoms from a
signatureL . By LP we understand the signature ofP , i.e. the set of atoms that occur
in P . A (partial) interpretation based on a signatureL is a disjoint pair of setshI1; I2i
such thatI1[ I2� L . A partial interpretation is total ifI1[ I2 = L . We may also view
an interpretationhI1; I2i as the set of atoms and negated atomsI1[not I2.

Definition 2.2 (Semantics SEM)A semantics SEM is a mapping which assigns to
each logic programP a set SEM(P ) of (partial) models ofP , such that SEM is “in-
stantiation invariant”, i.e. SEM(P ) = SEM(ground(P )), where ground(P ) denotes
the Herbrand instantiation ofP . A semantics SEM is called3-value basedif for each
programP the partial interpretation SEM(P ) is a 3-valued model1 of P .

In Section 3 we will consider a particular 3-valued semantics fornlp called WFS,
which can be computed by applyingtransformation ruleson anlp P .

2.2 Defeasible Logic Programs (DeLP)

The DeLP language [SL92, Gar97, GSC98] is defined in terms of two disjoint sets
of rules: a set ofstrict rules for representing strict (sound) knowledge, and a set of
defeasible rulesfor representing tentative information. Rules will be defined usinglit-
erals. A literal L is an atomp or a negated atom�p, where the symbol “�” represents
strong negation. In addition, we will considerdefault negationwith “not” here. We
define formally:

1We equip with the Kleene interpretation, where undef undef is considered to be true.
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Definition 2.3 (Literal, assumption literal) A literal L is an atom p or a negated
atom�p, where the symbol “�” representsstrong negation. An assumption literal
A has the form ”notA”, where A is a literal.

Definition 2.4 (Strict rules Head Body) A strict rule is an ordered pair, conve-
niently denoted as Head Body , the first member of which, Head, is a literal, i.e.
an atom p or a negated atom�p (strict negation), and the second member, Body, is
a finite set of literals, which may be (additionally) negated with “not ” (default nega-
tion). A strict rule with the head L0 and bodyfL1; : : : ;Lkg can also be written as
L0  L1; : : : ;Lk. If the body is empty, it is written L true, and it is called afact.
Facts may also be written as L.

Definition 2.5 (Defeasible rulesHead—< Body) A defeasible ruleis an ordered
pair, conveniently denoted as Head—< Body, the first member of which, Head, is
a literal, i.e. an atom p or a negated atom�p (strict negation), and the second mem-
ber, Body, is a finite set of literals, which may be (additionally) negated with “not ”
(default negation). A defeasible rule with the head L0 and bodyfL1; : : : ;Lkg can also
be written as L0 —< L1; : : : ;Lk, k> 0.

Syntactically, the symbol “—< ” is all that distinguishes a defeasible rule from a
strict rule. Defeasible rules account for tentative information that can be used if noth-
ing can be argued against it, whereas strict rules are used to represent non-defeasible
information.

In the sequel, atoms will be denoted with lowercase letters (a, b, . . . ). The letter
r (possibly indexed) will be used for denoting rule names. Literals (i.e. an atom or a
negated atom) will be denoted with capital letters (A, B, . . . ), possibly indexed. Sets
will be denoted asA , B, . . . ,possibly indexed. Logic programs will be usually denoted
asP1, P2, etc.

Definition 2.6 (Defeasible logic programP =(Π;∆)) A defeasible logic program
(dlp) is a finite set of strict and defeasible rules. IfP is a dlp, we will distinguish
in P the subsetΠ of strict rules, and the subset∆ of defeasible rules. When required,
we will denoteP as(Π;∆).

We will distinguish the class of all defeasible logic programs that use only strict
(resp. default) negation, denoting them asDeLPneg (resp.DeLPnot). Note that strong
negation “�” is applied to atoms (also in rule heads), whereas default negation is
applied to literals (possibly strongly negated). But default negation does not occur in
heads of programs (see Definition 2.1). We will associate with every programP a set
of assumable factsof the formassumeL, for every literalL in P . Those literals will
be given a special meaning in the argumentation framework and they will be used to
define the semantics of default negation.

We will write P to denote thecomplementof a literal P, defined as follows:
P=def�P,�P=defP, andassumeP=defP.
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Next we will define the notion of adefeasible derivationfor a dlp. In brief, it is
a finite set of rules obtained by backward chaining from a literalQ as in a PROLOG

program, using both strict and defeasible rules from the givendlp P . The symbol “�”
is considered as part of the predicate when generating a defeasible derivation. The
definition is similar to the one of SLDNF-derivation in [Llo87], except that literals
negated with “not ” are associated with assumable facts.

Definition 2.7 (Derivation sequence)A defeasible derivation for a literal Q in a gen-
eral dlp P (possibly containing assumable facts) is a finite sequence of (instantiations
of) rules inP . For this, we consider sequences Gi of goals i.e., sequences of sequences
of literals, and ri of rules for i� 0 as follows:

1. G0 = [Q]. r0 is not defined.

2. Let Gi = [Q1; : : : ;Qm; : : : ;Qn] with 1�m� n.

� If there is a strict or defeasible rule inP with head L0 and bodyfL1; : : : ;Lkg
such that L0 and Qm have the most general unifierσ, then Gi+1 =
[Q1; : : : ;Qm�1;L1; : : : ;Lk;Qm+1; : : : ;Qn]σ and ri+1 = (L0  L1; : : : ;Lk)σ
or ri+1 = (L0 —< L1; : : : ;Lk)σ, respectively.

� If Qm has the form notL for some literal L (possibly negated
with �) and the assumable fact r= assumeL is in P , then Gi+1 =
[Q1; : : : ;Qm�1;Qm+1; : : : ;Qn] and ri+1 = r.

The sequence of rules S= [r1; : : : ; rl ] (for some suitable l> 0) is called defeasible
derivationfor Q in P iff the corresponding sequence Gl is empty. We say that Q can be
defeasibly derived fromP and writeP `Q in this case.

Definition 2.8 (Contradictory set of rules) A set of rulesS is contradictoryiff there
is a defeasible derivation fromS for some literal P and its complementP, i.e.,S ` P
andS ` P.

Given a dlp P , we will always assume that the setΠ of strict rules is non-
contradictory (i.e., there is no literalP such thatΠ ` P andΠ `�P). If a contradictory
set of strict rules were used in adlp, the same problems as in extended logic program-
ming would appear. The corresponding analysis has been done elsewhere [GL90].

Example 2.9 Consider an engine the performance of which is determined by two
switches sw1 and sw2. The switches regulate different features of the engine’s behav-
ior, such as pumping system and working speed. We can model the engine behavior
using adlp program(Π;∆), where

Π = f(sw1 );(sw2 );(heat );(�fuel ok  pumpclogged)g

(specifying that the two switches are on, there is heat, and whenever the pump gets
clogged, fuel is not ok), and∆ models the possible behavior of the engine under differ-
ent conditions (Figure 1).
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pumpfuel ok—< sw1
(when sw1 is on, normally fuel is pumped properly);

fuel ok—< pumpfuel ok
(when fuel is pumped, normally fuel works ok);

pumpoil ok—< sw2
(when sw2 is on, normally oil is pumped);

oil ok—< pumpoil ok
(when oil is pumped, normally oil works ok);

engineok—< fuel ok;oil ok
(when there is fuel and oil, normally engine works ok);

�engineok—< fuel ok;oil ok;heat
(when there is fuel, oil and heat, usually engine is not working ok);

pumpclogged—< pumpfuel ok; low speed
(when fuel is pumped and speed is low, there are
reasons to believe that the pump is clogged);

low speed—< sw2
(when sw2 is on, normally speed is low);

�low speed—< sw2;sw1
(when both sw2 and sw1 are on, speed is considered not to be low).

Figure 1: Set∆ (Example 2.9)

Next we introduce the definition of argument inDeLP. Basically, an argument for
a literal Q is a defeasible derivationS= [r1; : : : ; rk] which is non-contradictory with
respect to a givendlp program, and the defeasible information inS is minimal with
respect to set inclusion.

Definition 2.10 (Argument) Given a dlp P = (Π;∆), we will define H Bass =
fassumeL j L is a literal in Pg. An argumentA for a query Q, denotedhA ;Qi, is de-
fined asRA[HA, whereRA is a subset of ground instances of the defeasible rules ofP
andHA� H Bass, such that:

1. there exists a defeasible derivation for Q fromΠ[A .

2. Π[A is non-contradictory, and

3. A is minimal with respect to set inclusion.
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An argumenthA ;Qi is strict iff A = /0. An argumenthA1;Q1i is a sub-argument
of another argumenthA2;Q2i, if A1 � A2. Given an argumenthA ;Qi, we will also
write HhA;Qi to denote the set of assumption literals inhA ;Qi. Next we introduce the
auxiliary notion ofimmediate subargument, which will be used later in the proofs of
Propositions 4.12 and 4.24.

Definition 2.11 (Immediate subarguments)Let hA ;Hi be an argument, such that
H  P1; : : : ;Pk is the last strict rule used in the defeasible derivation of H from
Π[A . Clearly, in such a case there exist subsetsA1; : : : ;Ak of A , which are argu-
ments for P1,. . . ,Pk. We will call hA1;P1i , . . . , hAk;Pki immediate subargumentsof
hA ;Hi.

Example 2.12 Consider thedlp program(Π;∆), with

Π = f(p  q;not r);(w  q; r);(s  )g
∆ = f(q —< s);(r —< s)g

It follows that A = f(q —< s);(r —< s)g is an argument for w, andB =
fassume�r;(q —< s)g is an argument for p. In the argumenthB; pi the last strict rule
used in the derivation of p is p q;not r. ThenB 0 = fq —< sg is an argument for
q, and it is an immediate subargument ofhB; pi. In the argumenthA ;wi the last strict
rule used in the derivation of w is w q; r. ThenhA ;qi and hA ; ri are immediate
subarguments ofhA ;wi.

Example 2.13 Consider Example 2.9. Then the set

A = f (pumpfuel ok—< sw1), (pumpoil ok—< sw2),
(fuel ok—< pumpfuel ok), (oil ok—< pumpoil ok),
(engineok—< fuel ok;oil ok)g

is an argument for engineok. The set

B = f (pumpfuel ok—< sw1), (lowspeed—< sw2),
(pumpclogged—< pumpfuel ok; low speed)g

is an argument for� f uel ok. The setC = f�low speed—< sw2;sw1g is an argument
for �low speed.

Given adlp programP , we will denote byArgs(P ) the set of all possible arguments
hA ;Qi that can be built fromP wrt. arbitrary queriesQ. We emphasize that this set
consists of pairshA ;Qi and not just of argumentsA alone. This makes the condition
Args(P ) = Args(P )0 much stronger and is important for our Propostion 4.1 to hold.

The following definition captures the notion of conflict between two arguments.

Definition 2.14 (Counterargument) An argumenthA1;Q1i counterarguesan argu-
menthA2;Q2i at a literal Q iff there is a subargumenthA ;Qi of hA2;Q2i such that
Π[fQ1;Qg is contradictory.
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Example 2.15 Consider Example 2.13. ThenhB;� f uel oki is a counterargument
for hA ;engineoki, since there is a subargumentA 0 = f fuel ok —< pumpfuel ok,
oil ok —< pumpoil ok, engineok —< fuel ok;oil ok g for f uel ok, such thatΠ[
f f uel ok;� f uel ok) is contradictory.

Informally, a queryQ will succeed if the supporting argument is not defeated; that
argument becomes ajustification. In order to establish thatA is a non-defeated argu-
ment, counterarguments that could bedefeatersfor A are considered, i.e., counterargu-
ments that are preferred toA according to some criterion.DeLP considers a particular
preference criterion calledspecificity[SL92, GSC98] which favors an argument with
greater information content and/or less use of defeasible rules. Next we will introduce
this concept formally.

Definition 2.16 (Specificity) Given adlp programP , let ΠG denote the maximal set
of Π that does not contain facts, and let Fdenote the set of all possible literals that
have a defeasible derivation inP .

An argumenthA1;Q1i is strictly more specificthan an argumenthA2;Q2i (denoted
hA1;Q1i � hA2;Q2i) if and only if:

1. For all H�F : if ΠG[H[ A1 `Q1 andΠG[H 6` Q1, thenΠG[ H[ A2 `Q2.

2. There exists H0 � F such thatΠG[H 0 [A2 ` Q2 and ΠG[ H 0 6` Q2 and
ΠG[ H 0[ A1 6` Q1.

Example 2.17 Consider the followingdlp P :

P = f (p —< f1; f2), (�p —< f1), (f1  ), (f2  ) g

Then the set of all literals derivable inP is F= f p, �p, f1, f2 g. Consider the
argumentshA1; pi and hA2;�pi, with A1 = f p —< f1; f2 g andA2 = f �p —< f1 g.
For every H� F, condition 1 in Definition 2.16 holds. For H0 = f f1g, condition 2 in
Definition 2.16 holds. HencehA1; pi is strictly more specific thanhA2;�pi.

Definition 2.18 (Proper defeater, blocking defeater)An argumenthA1;Q1i defeats
hA2;Q2i at a literal Q iff there exists a subargumenthA ;Qi of hA2;Q2i such that
hA1;Q1i counterargueshA2;Q2i at Q, and either:

(a) hA1;Q1i is strictly more specific thanhA ;Qi. In this casehA1;Q1i is called a
proper defeaterof hA ;Qi.

(b) NeitherhA1;Q1i is strictly more specific thanhA2;Q2i, nor hA2;Q2i is strictly
more specific thanhA1;Q1i. In this casehA1;Q1i is a blocking defeaterof
hA ;Qi.

Example 2.19 Consider Examples 2.13 and 2.15. ThenhB;� f uel oki is a proper
defeater forhA ;engineoki, since it is more specific.
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This conceptualization allows us to apply the notion of counterargumentation (Def-
inition 2.14) and defeat (Definition 2.18) in a natural way when assumption literals are
involved, as shown in the following example.

Example 2.20 Consider adlp P = (Π, ∆), where

Π = fr  , s  , t  , q  sg,
∆ = f p —< notq; r, q —< t g

ThenA =f p —< notq; r, assume�q g is an argument for p, which is counterargued
by the argumenthfq —< tg;qi as well as by the argumenth /0;qi.

Since defeaters are arguments, there may exist defeaters for the defeaters and so
on. That prompts for a complete dialectical analysis to determine which arguments are
ultimately defeated. Ultimately undefeated arguments will be marked asU-nodes, and
the defeated ones asD-nodes. The formal definitions required for this process are as
follows:

Definition 2.21 (Argumentation line) Let P be adlp, and lethA ;Qi be an argument
in P . An argumentation linestarting fromhA ;Qi, denotedλhA;Qi (or simplyλ) is a
possibly infinite sequence of arguments

λhA;Qi = [ hA0;Q0i, hA1;Q1i, hA2;Q2i, . . . ,hAn;Qni . . . ]

satisfying the following conditions:

1. If hA ;Qi has no defeaters, thenλhA;Qi = [ hA ;Qi ].

2. If hA ;Qi has a defeaterhB;Si in P , thenλhA;Qi = hA ;Qi Æ λhB;Si.

We distinguish two sets in any argumentation lineλ: the set ofsupporting arguments
λS = f hA0;Q0i, hA2;Q2i, hA4;Q4i, . . .g and the set ofinterferring argumentsλI = f
hA1;Q1i, hA3;Q3i, hA5;Q5i, . . .g.

Argumentation lines can be thought of as an exchange of arguments between two
parties, a proponent and an opponent [Res77]. Dialectics imposes additional require-
ments on such an argument exchange to be considered rationally acceptable. In such
a setting,fallacious reasoning (such as circular argumentation and falling into self-
contradiction) is to be avoided. This can be done by requiring that all argumentation
lines beacceptable[SCG94]. An acceptable argumentation line starting with an ar-
gumenthA0;Q0i constitutes an exchange of arguments which can be pursued until
no more arguments can be introduced because of the dialectical constraints discussed
above. These notions will be introduced in the following definitions.

Definition 2.22 (Contradictory set of arguments) Given adlp P = (Π;∆), a set of
arguments S =

Sn
i=1fhAi ;Qiig is contradictory wrtP iff Π[

Sn
i=1 Ai is contradictory.
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Definition 2.23 (Acceptable argumentation line)Let P be a dlp, and let λ =
[hA0;Q0i, hA1;Q1i, . . . , hAn;Qni, . . . ] be an argumentation line inP . Let λ0

=[ hA0;Q0i, hA1;Q1i, . . . ,hAk;Qki, . . . ] be an initial segment ofλ. The sequenceλ0 is
anacceptable argumentation linein P iff it is the longest initial segment inλ satisfying
the following conditions:

1. The setsλ0
S andλ0

I are each non-contradictory sets of arguments wrtP .

2. No argumenthA j ;Qji in λ0 is a sub-argument of an earlier argumenthAi ;Qii of
λ0 (i < j).

3. There is no subsequence of arguments[hAi�1;Qi�1i;hAi;Qii;hAi+1;Qi+1i] in λ0,
such thathAi ;Qii, is a blocking defeater forhAi�1;Qi�1i andhAi+1;Qi+1i is a
blocking defeater forhAi ;Qii.

The rationale for the conditions in Definition 2.23 can be better understood in a
dialectical setting [SCG94]. Condition 1 disallows the use of contradictory informa-
tion on either side (proponent or opponent). Condition 2 eliminates the“circulus in
demonstrando”fallacy (circular reasoning). Finally, condition 3 enforces the use of a
stronger argument to defeat an argument which acts as a blocking defeater.

Example 2.24 Consider Example 2.9. The sequence

λ1 = [ hA ;engineoki, hB;� f uel oki, hC ;�low speedi ]

is anacceptable argumentation line, whereas any sequence having the initial segment

λ2 = [ hA ;engineoki, hB;� f uel oki, hD; f uel oki ]

with D = f pumpfuel ok —< sw1, fuelok —< pumpfuel ok g is an argumentation
line which is not acceptable, since the last argument defeatshB;� f uel oki, but it is a
subargument of an previous argument inλ2 (viz.hA ;engineoki). HencehD; f uel oki
is deemed as a fallacious argument to be excluded from the dialectical analysis.

Proposition 2.25 Any acceptable argumentation line in adlp P is finite.

Proof: SinceP has no function symbols, andP is a finite set of program rules, the set
of all possible argumentsArgs(P ) is necessarily finite. Hence the only way to get an
infinite argumentation lineλ = [ hA0;Q0i, hA1;Q1i, hA2;Q2i, . . . , hAn;Qni . . . ] is by
having the same argument twice inλ, i.e.,hAi ;Qii= hA j ;Qji, and henceAi = A j . But
this cannot be the case in an acceptable argumentation line because of condition 2 in
Definition 2.23. Therefore any acceptable argumentation lineλ is necessarily finite.

Let ΛhA0;Q0i = fλ1;λ2; : : : ;λmg be the set of all acceptable argumentation lines
starting withhA0;Q0i in a dlp P . A tree structure can be built out of the elements of
ΛhA0;Q0i, so that every path in the tree corresponds to someλi 2ΛhA0;Q0i. This structure
will be calleddialectical tree. Formally:
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Definition 2.26 (Dialectical tree) Let P be adlp, and letA0 be an argument for Q0
in P . A dialectical treefor hA0;Q0i, denotedThA0;Q0i, is a tree structure defined as
follows:

1. The root node ofThA0;Q0i is hA0;Q0i.

2. hB 0;H 0i is an immediate child ofhB;Hi iff there exists an acceptable argumenta-
tion lineλhA0;Q0i = [ hA0;Q0i, hA1;Q1i, . . . ,hAn;Qni ] such that there are two el-
ementshAi+1;Qi+1i = hB 0;H 0i andhAi;Qii = hB;Hi, for some i= 0; : : : ;n�1.

Clearly, leaves in a dialectical tree correspond to undefeated arguments. Defeat
among arguments in a dialectical tree can be propagated from the leaves up to the root,
according to the marking procedure given in Definition 2.27.

Definition 2.27 (Marking of the dialectical tree) Let hA ;Qi be an argument and
ThA;Qi its dialectical tree, then:

1. All the leaves inThA;Qi are marked as U-nodes.

2. Let hB;Hi be an inner node ofThA;Qi. ThenhB;Hi will be a U-node iff each
child of hB;Hi is a D-node. The nodehB;Hi will be a D-node iff it has at least
a child marked as U-node.

An argumentA for a literalQ which turns to be ultimately labeled as undefeated
in ThA;Qi is called ajustificationfor Q.

Definition 2.28 (Justification) LetA be an argument for a literal Q, and letThA;Qi be
its associated acceptable dialectical tree. The argumentA for Q will be a justification
iff the root ofThA;Qi is a U-node.

It can be shown [Gar97] that for anydlp P , strict arguments inP have no counterar-
guments, and therefore no defeaters. As a direct consequence of Definitions 2.26, 2.27
and 2.28, it follows that any strict argumentA for a literalQ will be a justificationfor
Q: similar results hold for other argumentation systems, such as Vreeswijk’s [Vre93]
and Prakken and Sator’s [PS97].

Example 2.29 Consider Example 2.9, and assume our main query is engineok.
An argumenthA ;engineoki can be built, which is defeated by the argument
hB;� f uel oki (as shown in Examples 2.13, 2.15 and 2.19). Hence, the argu-
ment hA ;engineoki will be provisionally rejected, since it is defeated. How-
ever, hA ;engineoki can be reinstated, since there exists a third argumentC =
f�low speed—< sw2;sw1g for�low speed which on its turn defeatshB;� f uel oki.

Hence, hA ;engineoki comes to be undefeated again, since the argument
hB;� f uel oki was defeated. But there is another defeater forhA ;engineoki,
the argument hD;�engineoki, where D = f pumpfuel ok —< sw1,
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hA ;engineoki
(D)
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@
@@

hB;� f uel oki
(D)

hD;�engineoki
(U)

�
��

hC ;�low speedi
(U)

Figure 2: Dialectical tree (Example 2.9)

pumpoil ok —< sw2, fuelok —< pumpfuel ok, oil ok —< pumpoil ok,
�engineok —< fuel ok;oil ok;heat g. Hence hD;engineoki is once again pro-
visionally defeated.

Since there are no more arguments to consider,hA ;engineoki turns out to be
ultimately defeated, so that we can conclude that the argumenthA ;engineoki is not
justified.

Figure 2 shows the resulting dialectical tree, as well as its associated labeling.

A given queryQ can be associated with a particularanswer setaccording to some
criterion. Several criteria have been analyzed corresponding to different outcomes
in the dialectical process. A possible criterion is specified in the following defini-
tion [Gar97]:

Definition 2.30 (Answers to a given query Q)Given adlp P , a query Q can be clas-
sified as a positive, negative, undecided or unknown answer as follows:

1. Q is a positive answer iff there exists a justificationhA ;Qi.

2. Q is a negative answer iff for each argumenthA ;Qi, in the dialectical treeThA;Qi,
there exists at least a proper defeater forA marked as U.

3. Q is an undecided answer iff Q is not justified, and for each argumenthA ;Qi, it
is the case thatThA;Qi has at least one blocking defeater marked as U.

4. Q is an unknown answer iff there is no argument for Q.

Given adlp P , we callPositive(P ), Negative(P ), Unde�ned(P ) andUnknown(P ) the
sets of positive, negative, undecided and unknown answers, resp.

From the previous definition we can derive a 3-valued semantics SEMDeLP(P ) for
adlp P , classifying literals inP asaccepted, rejectedor undefinedas follows:

Definition 2.31 (SEMDeLP)
For anydlp P , we define SEMDeLP (P ) = hP accepted;P re jected;P unde fi, where
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P accepted = fQjQ2 Justi�ed(P )g
P re jected = fQjQ2 Unknown(P )[Negative(P )g

P unde f = fQjQ2 Unde�ned(P )g.

Example 2.32 Consider P as defined in Example 2.9, and consider the anal-
ysis performed in Example 2.29. Then engineok 2 Negative(P ), �engineok 2
Positive(P ), heat 2 Positive(P ), and workingtemperaturelow 2 Unknown(P ).
Hencef�engineok;heatg � P accepted, and engineok2 P re jected.

3 Transformations for NLP : classifying well-founded
semantics

We are now considering logic programs containing default negationnot . A pro-
gram transformationis a relation7! between ground logic programs [BD97, BD99,
BDFZ01]. A semantics SEM allows a transformation7! iff SEM(P1) = SEM(P2),
for all P1 andP2, such thatP1 7! P2. In this case we also say that the transformation
7! holdswrt. SEM. Well-founded semantics forNLP can be elegantly characterized
by a set of transformation rules [BD99], which reduce a givennlp programP into a
simplified versionP 0, from which the WFS can be easily read off.

Definition 3.1 (Transformation rules for WFS) Given a programP 2 ProgL , let
HEAD(P ) be the set of all head-atoms ofP , i.e., HEAD(P ) = fHjH  B+;notB� 2
Pg. LetP1 andP2 be ground programs. The following transformation rules character-
ize WFS:

RED+ (Positive Reduction): ProgramP2 results from programP1 byRED+ (written
P1 7!P P2) iff there is a rule H B in P1 and a negative literalnotB2 B such
that there is no rule about B inP1, i.e., B 62 HEAD(P1), andP2 = (P1 nfH  
Bg)[fH  (B nfnotBg)g.

RED� (Negative Reduction): ProgramP2 results from programP1 by RED� (writ-
tenP1 7!N P2) iff there is a rule H B in P1 and a negative literalnotB2 B
such that B appears as a fact inP1, andP2 = P1nfH  Bg.

SUB (Deletion of non-minimal rules): ProgramP2 results from programP1 bySUB
(written P1 7!M P2) iff there are rules H B and H B 0 in P1 such that
B � B 0 andP2 = P1nfH  B 0g:

UNFOLD (Unfolding): ProgramP2 results from programP1 by UNFOLD (written
P1 7!U P2) iff there is a rule H B in P1 and a positive literal B2 B such that
P2 = P1nfH  Bg [ fH  ((B nfBg)[B 0) j B B 0 2 P1g.

TAUT (Deletion of Tautologies): Program P2 results from programP1 by TAUT
(written P1 7!T P2) iff there is H  B 2 P1 such that H2 B and P2 =
P1nfH  Bg:

13



A programP 0 is a normal formof a programP wrt. a transformation “7!” iff
P 7!� P 0, where7!� denotes the reflexive-transitive closure of7!, andP 0 is irreducible,
i.e., there is no programP 00 such thatP 0 7! P 00.

Let “ 7!R” be the rewriting system consisting of the above five transformations, i.e.,
7!R = 7!T [ 7!U [ 7!M [ 7!P [ 7!N. Two distinctive features of this rewriting sys-
tem [BD98] are that it isweakly terminating(i.e., each ground programP has a normal
form P 0), andconfluent(i.e., given a programP , by applying the transformations in
any fair order, we eventually arrive at a normal formnormWFS(P )). This normal form
normWFS(P ) is a residualprogram, consisting of rules without positive body atoms.
For such a simplified program, its well-founded semantics can be easily read off as
follows:

Definition 3.2 (SEMmin) We define SEMmin(P ) = hP true;P f alse;P unde fi for any nlp
P , where

P true = fHjH  2 Pg
P f alse = fHjH 2 LPnHEAD(P )g

P unde f = fHjH 2 LPn (P true[P f alse)g

To illustrate our transformations, we consider the following example taken from
[DOZ01]:

Example 3.3 (Computing WFS) We consider the programP1 and reduce it as fol-
lows:

p
q  not p
q  t;not p
s  notq
q  r
r  q

!SUB

p
q  not p
s  notq
q  r
r  q

!RED�

p
s  notq
q  r
r  q

In the next step, we can applyUNFOLD to one of the two last rules to get:

p
s  notq
q  q
r  q

Now we can delete the resulting tautology by the application ofTAUT and then use
Red+

p
s  notq
r  q

!RED+

p
s
r  q
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Finally applyingUNFOLD to the last one, we get to normWFS(P1) :

p
s

Thus, the wellfounded semantics ofP1 is:

WFS(P1) = fp;s;notq;not t;not rg

Theorem 3.4 (Classifying WFS [BD99])
WFS(P ) = SEMmin(normWFS(P )).

4 Transformation Properties in DeLP

As stated in the introduction, we want to analyze whether transformations forNLP
as the ones described above also hold for aDeLP program. Such an analysis is very
complicated for the whole classDeLP, where we have not only two sorts of rules,strict
anddefeasiblerules, but also two different kinds of negation,� andnot . Adapting the
transformation rules presented in Section 3 to this class of programs is a nontrivial task.
In fact, even defining a semantics for general programs inDeLP is highly nontrivial
and subject of ongoing research.

In our analysis, we will therefore focus first onDeLPneg (i.e., DeLP with strict
negation “�”). As the transformations in [BDFZ01, BD98] are defined with respect
to aNLP setting, we will adapt them accordingly. Therefore, we extend our previous
terminology to be applied to aDeLPneg programP (thus HEAD(P ) will stand for all
heads of rules inP , etc.), distinguishing strict rules from defeasible rules when needed.
In Section 4.2 we will considerDeLPnot (i.e.,DeLP with default negationnot ). In that
case, a similar analysis will be performed.

The following propositions provide ways of determining whether twodlp programs
have the same semantics. These results will be used in the following sections.

Proposition 4.1 Let P and P 0 be twodlp programs. If Args(P ) = Args(P 0), then
SEMDeLP(P 0) = SEMDeLP(P ).

Proof: This is a direct consequence of the Definition 2.31, since the semantics ofDeLP
is entirely determined by relationships among arguments.

The converse does not hold, as shown in the following example.

Example 4.2 Let P1 = f p —< q, p—< r, q  ; r  g, and letP2 = f p —< q,
q  ; r  g. Clearly, SEMDeLP(P1) = SEMDeLP(P2), sincefp;q; rg = P accepted

1 =

P accepted
2 . However Args(P1) 6= Args(P2) (sincehfp —< rg; pi is an argument inP1

but not inP2).
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Definition 4.3 (Isomorphic dialectical trees) Given two argumentshA1;Q1i and
hA2;Q2i, their associated dialectical treesThA1;Q1i and ThA2;Q2i will be isomorphic
iff

1. Q1 = Q2, and bothhA1;Q1i andhA2;Q2i have no defeaters, or

2. ThA1;Q1i has T1, . . . , Tk as immediate subtrees, andThA2;Q2i has T 0
1 , . . . ,

T 0
k as immediate subtrees, and there exists a one-to-one correspondence f:
fT1; : : : ;Tkg 7! fT 0

1 ; : : : ;T
0

kg, such that

(a) Ti and f(Ti) are isomorphic, i= 1; : : : ;k, and

(b) The root ofTi is a proper (resp. blocking) defeater forhA1;Q1i and the root
of f(Ti) is a proper (resp. blocking) defeater forhA2;Q2i, for i = 1; : : : ;k.

Proposition 4.4 Let P1 andP2 be twoDeLPnot programs, such thatThA1;Q1i is the as-
sociated dialectical tree for an argumenthA1;Q1i in P1, andThA2;Q2i is the associated
dialectical tree for an argumenthA2;Q2i in P2. If ThA1;Q1i and ThA2;Q2i are isomor-

phic, then Q1 2 P accepted
1 (resp.P re jected

1 , P unde f
1 ) iff Q2 2 P accepted

2 (resp.P re jected
2 ,

P unde f
2 ).

Proof: This proposition is direct consequence of the definition of marking of a dialec-
tical tree (Definition 2.27).

Corollary 4.5 Let P1 and P2 be two DeLPnot programs, such that HEAD(P1) =
HEAD(P2). Suppose that for any literal Q in HEAD(P1), there exists a dialectical
tree ThA;Qi in P1 iff there exists an isomorphic dialectical treeThB;Qi in P2. Then
SEMDeLP(P1) = SEMDeLP(P1).

4.1 Transformation Properties in DeLPneg

Below we will introduce tentative extensions toDeLPneg of the previous transforma-
tion rules. The distinguishing features of the transformation rules are discussed next.
For each transformation,P1 andP2 denote grounddlp programs. Some transformation
rules have special requirements which appear in boldface.

RED+neg: ProgramP2 will result from programP1 by RED+ (written P1 7!PnegP2)
iff there is a ruleH  B in P1 and a negative literal�B2 B such that there is
no rule aboutB in P1, i.e.,B 62 HEAD(P1), andP2 = (P1nfH  Bg)[fH  
(B nf�Bg)g.

RED�
neg: ProgramP2 will result from programP1 by RED� (written P1 7!Mneg P2)
iff there is a ruleH  B in P1 and a negative literal�B2B such thatB appears
as a fact inP1, andP2 = P1nfH  Bg.
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SUBneg: ProgramP2 will result from programP1 by SUB (written P1 7!SnegP2) iff
there arestrict rulesH  B andH  B 0 in P1 such thatB � B 0 andP2 =
P1nfH  B 0g: The ruleH  B2 is callednon-minimal rulewrt. H  B1.

UNFOLDneg: Suppose programP1 contains astrict rule H  B such thatthere is
no defeasible rule inP1 with head H.

Then programP2 will result from program P1 by UNFOLDneg (written
P1 7!Uneg P2) iff there is a positive literalB 2 B2 which does not appear
as head of a defeasible rule inP1, such thatP2 = P1 n fH  Bg [ fH  
((B nfBg)[B 0) j B B 0 2 P1g.

The clauseH  B is said to beUNFOLDneg-relatedwith eachB  Bi 2 P1

(for i = 1; : : : ;n).

TAUT neg: ProgramP2 will result from programP1 byTAUT neg(writtenP1 7!TnegP2)
iff there isH  B 2 P1 such thatH 2 B andP2 = P1nfH  Bg:

First we considerRED+neg. This transformation ruledoes not holdfor strict nega-
tion. Note that whereasRED+ captures the idea thatnotA trivially holds wheneverA
cannot be derived (and for that reasonnotA can be deleted), the same principle cannot
be applied to�A, which holds wheneverthere is a derivation for�A.

Example 4.6 Consider the followingDeLPnegprogram:Π = f (p  �s), (�s  t),
(q1  ), (q2  ) g and ∆ = f (t —< q1), (�t —< q1;q2) g. Here p is not justified
from P (since the argumentA1 = f t —< q1 g for p is defeated by the argumentA2 =
f �t —< q1;q2 g for �t. If we consideredP 0 = RED+neg(P ) we would get p as a fact,
so p would be justified inP 0.

Let us now considerRED�
neg. This transformation rule holds for both defeasible

and strict rules in aDeLPneg programP , as shown in Proposition 4.7

Proposition 4.7 Let P be a DeLPneg program. LetP 0 be the resulting program of
applyingRED�

neg, i.e.,P 7!MnegP 0. Then SEMDeLP(P 0) = SEMDeLP(P ).

Proof: Let P be aDeLPneg program, and let(A ) 2 P . Furthermore, letr = P  
Q1; :::;Qn (resp.P —< Q1; :::;Qn) be a rule inP , such that�A�Qi , for somei. Then
r cannot be used in any defeasible derivation corresponding to an argument inP , since
if r is used, then both�A andA follow from Π[A , contradicting the definition of
argument). Then, each argument that can be built fromP can also be built fromP 0 =
P nfrg. ThusArgs(P ) = Args(P 0), and therefore SEMDeLP(P ) = SEMDeLP(P 0).

Let us now considerSUBneg. This transformation holds for strict rules, as shown
in Proposition 4.9. It does not hold inDeLPneg for defeasible rules (since having more
literals in the body gives more specific information), as shown in Example 4.8

2Note that we do not distinguish between atoms and their negations because negated literals are
treated as new predicate names.
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Example 4.8 LetP = (Π;∆), whereΠ = fq1;q2g and∆ = f (p —< q1;q2), (p—< q1),
(�p —< q2) g. The argumentA = f (p —< q1;q2) g for p is strictly more specific than
B = f (�p —< q2) g for �p. However, if we considerP 0 = P nf(p —< q1;q2)g, then
we get two arguments which block each other (A = f (p —< q1) g for p andB = f
(�p —< q2) g for �p).

Proposition 4.9 Let P be aDeLPneg program. LetP 0 be the program resulting from
applyingSUBneg, i.e.,P 7!MnegP 0. Then SEMDeLP(P ) = SEMDeLP(P 0).

Proof: Clearly,P = P n fr j r is a non-minimal ruleg. Let r = P  Q1; : : : ;Qk be
a non-minimal rule inP , and assume there is an argumentA for some literalH in
which r is part of the defeasible derivation forH. From the definition of defeasible
derivation, for each literalQ1; : : : ;Qk there is an argumenthB1;Q1i, . . . ,hBk;Qki, such
that

Sk
i=1Bi � A . Sincer is a non-minimal rule, there existsr 0 = P  Q1; : : : ;Qj

2 Π, j < k, such that for each literalQi (i = 1; : : : ; j) there are argumentshB1;Q1i

,. . . ,hB j ;Qji. But
S j

i=1 Bi �
Sk

i=1Bk. Hence by replacingr by r 0 we get either the
same setA as an argument forH, or a proper subsetA 0 � A must be an argument
for H. This means thatA is not an argument according to Definition 2.10, because it
does not satisfy condition 3. In any case, the ruler can be removed fromP , without
affecting the arguments that can be obtained fromP . ThereforeArgs(P ) = Args(P 0)
(P 0= P nfrg). Hence SEMDeLP(P ) = SEMDeLP(P 0).

Let us now considerUNFOLDneg. As indicated in its definition, this property is
only defined for a certain class of strict rules. It does not hold for defeasible rules, as
shown in Example 4.10. It does not hold for strict rules in general either: we imposed
the additional condition that no defeasible rule has the same head as the literal which
is being removed when applying “unfolding”. The reason for doing so is shown in
Example 4.11.

Example 4.10 (UNFOLD does not hold for defeasible rules)Consider the follow-
ing example

Π ∆
has feathers flies—< bird
hasbeak �flies—< bird;wounded
wounded bird —< has feathers;hasbeak

In P , there is an argument A1 = f (�flies —< bird;wounded),
(bird —< has feathers;hasbeak)g for � f lies which is strictly more spe-
cific than A2 = f (flies —< bird), (bird —< has feathers;hasbeak)g
for f lies. In this case, the first argument is a justification. However,
if UNFOLDneg is applied on defeasible rules, we getP 0 = (Π;∆0),
with ∆0=f (flies —< has feathers;hasbeak), (�flies —< bird;wounded),
(bird —< has feathers;hasbeak)g. In P 0 we have two conflicting arguments,A1

= f (�flies —< bird;wounded), (bird—< has feathers;hasbeak)g for � f lies and
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A2 = f (flies—< has feathers;hasbeak)g for f lies. In this case, neither of them is
strictly more specific than the other.

Example 4.11 Let P = (Π;∆) be adlp, whereΠ = f (p  q;s), (q f1), (q  f2),
(s  ) g, and∆ = f q —< s g. If we could applyUNFOLDneg on rule (p  q;s)
wrt. the literal q, we would get the programP ’ = P n f(p  q;s)g [ f(p  f1;s),
(p  f2;s) g. ButA1 = f q —< s g is an argument for p inP , but it does not exist in
P ’.

In order to simplify the analysis ofUNFOLDneg, we will define a special
transformationUNFOLD ri

neg corresponding toUNFOLDneg applied to a particular
UNFOLDneg-related ruleri.

Definition 4.12 (Transformation UNFOLD ri
neg) Suppose programP1 contains a

strict rule H  B such thatthere is no defeasible rule inP1 with headH.
Then programP2 will result from programP1 by UNFOLDri

neg (written P1 7!
ri
Uneg

P2) iff there is a positive literal B2 B whichdoes not appear as head of a defeasible
rule in P1, such thatP2 = P1nfH  Bg [ fH  ((B nfBg)[B 0) j ri = B  B 0 2
P1g.

Proposition 4.13 Let P1 be aDeLPneg program which contains astrict rule r=H  
B, such that r1, r2, . . . , rk are all those rules inP1 that areUNFOLDneg-related to r.
Consider the sequence of programsP = P1 7!

r1
Uneg P2 7!

r2
Uneg; : : : ;Pk 7!

rk
Uneg P 0. Then

P 7!UnegP 0 wrt rule r.

Proof: Direct consequence of Definition 4.12 and the definition ofUNFOLDneg.
We present next a particular property of immediate subarguments inDeLPneg,

which will allow us to show that the transformation7!ri
Uneg preserves semantics when

applied to a givenDeLPneg program.

Proposition 4.14 Let hA ;Hi be an argument inDeLPneg, such that the last rule used
in the derivation is the strict rule H P1; : : : ;Pk. Then all immediate subarguments
hA1;P1i . . . , hAk;Pki are such thatAi = A , 8i = 1; : : : ;k.

Proof: SincehA ;Hi is an argument, thenΠ[A `H, such that there exists a defeasible
derivationS = [r1; : : : ; rk] where r1 = H  P1; : : : ;Pk: Clearly, the sequenceS0 =
[r2; : : : ; rk] provides a defeasible derivation for every element of the sequence of goals
G=[P1; : : : ;Pk], using the same setA of defeasible information as inS. In particular,
Π[A ` Pi , 8i = 1; : : : ;k, such thatA is minimal and non-contradictory. ThusA is an
argument forPi , 8i = 1; : : : ;k.

Proposition 4.15 Let P1 be aDeLPneg program, and letP2 be the program resulting
from applying7!ri

Uneg wrt some rule ri.
LethA ;Hi be an argument inP1 affected by the application of7!ri

Uneg. ThenhA ;Hi
is also an argument inP2, and Args(P1) = Args(P2).
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Proof: Let P1 = (Π;∆) be aDeLPneg program, and lethA ;Qi be an argument inP1,
such that (i) a strict ruler = H  B is used in the defeasible derivation ofQ from
Π[A , and (ii) r is UNFOLDneg-related to other ruleri . If this is not the case, then
clearlyArgs(P1) = Args(P2), and the proposition holds trivially.

Since ruler was applied in the defeasible derivation ofQ from Π[A , there exists
an argumenthS ;Hi which is a subargument ofhA ;Qi, such that the last rule used in
the defeasible derivation ofhS ;Hi is r. The strict ruler can be written as

r = H  B;L1; : : : ;Lk (1)

From Proposition 4.14, we get thathS ;Bi, hS ;L1i, . . . ,hS ;Lki are immediate subargu-
ments ofhS ;Hi.

Considerri=B  B, which is the last rule used in the defeasible derivation of
hS ;Bi, such thatr is UNFOLDneg-related tori . Sinceri is a strict rule, it will have the
form

ri = B  P1; : : : ;Pm: (2)

From Proposition 4.14, we get thathS ;P1i, hS ;P2i, . . . , hS ;Pmi are immediate subar-
guments ofhS ;Bi. Thus, argumenthS ;Hi in P1 is such thathS ;P1i, . . . , hS ;Pmi and
hS ;L1i, . . . ,hS ;Lki are also arguments inP1.

Assume we apply7!ri
Uneg to P1, resulting in a newDeLPneg programP2. From

Definition 4.12, we have:

P2 = P1nfH  Bg [ fH  ((B nfBg)[B 0) j ri = B B 0 2 P1g

In this case we getP2 = P1nfrg[fr 0g, wherer 0 is the rule

r 0 = H  L1; : : : ;Lk;P1; : : : ;Pm (3)

Clearly,hS ;Lii, i = 1; : : : ;k andhS ;Pii, i = 1; : : : ;m are also arguments inP2, and
in particularhS ;Hi is also an argument inP2. Note that no new argument other than
hS ;Hi is generated inP2, since the subarguments ofhS ;Hi in P1 andhS ;Hi in P2 are
the same. ThusArgs(P1) = Args(P2).

Corollary 4.16 LetP be aDeLPnegprogram, and letP 0 be the program resulting from
applyingUNFOLDneg wrt some rule r inP . Then SEMDeLP(P ) = SEMDeLP(P 0).

Proof: Follows directly from Proposition 4.13 by repeated application of7!ri
Uneg, for

eachri which isUNFOLDneg-related withr.
Let us now consider tautology elimination.

Proposition 4.17 Let P be aDeLPneg program, andP 0 the program resulting from
applyingTAUTneg to P , i.e.,P 7!TnegP 0 Then SEMDeLP(P ) = SEMDeLP(P 0).

20



Proof: Let hA ;Qi be an argument inArgs(P ), such thatΠ[A `Q using a strict rule
r = P P;Q1; : : : ;Qk. Then the occurrence ofP in the antecedent can also be proven
from Πnfrg[A . Thus, there exists a derivation forQ from Πnfrg[A (the same holds
the other way around). Therefore,hA ;Qi 2Args(P iff hA ;Qi 2Args(P nfrg). Assume
now thathA ;Pi is an argument inArgs(P ), such thatΠ[A ` P using a defeasible
rule r = P —< P;S1; : : : ;Sk. Let A 0 = Anfrg. Clearly,Π[A 0 ` P. But thenhA ;Pi is
not an argument, since it is not minimal (contradiction). Therefore, no defeasible rule
P —< P;S1; : : : ;Sk can be used in building an argument. Therefore,hA ;Pi 2 Args(P )
iff hA ;Pi 2 Args(P nfrg).

It must be remarked that defeasible information in a given argument is represented
through the defeasible rules used in its construction. This explains why we have to re-
strict ourselves to strict rules when consideringSUBnegandUNFOLDneg. Performing
such transformations on defeasible rules may cause the loss of specificity information
present in the antecedent of those rules (i.e., information that distinguishes a defeasi-
ble rule as ’more informed’ than another). A similar situation will arise with respect to
SUBnot andUNFOLDnot, as presented in Section 4.2.

4.2 Transformation Properties in DeLPnot

DeLPnot is the subclass of programs inDeLP which contain only default negation
not , but no strict negation� . This class can also be seen as NLP with the addition
of defeasible rules. In such a setting there is no strict negation “�”, and therefore no
contradictory literalsP and�P can appear. The attack relationship among arguments
is defined in terms of default literals: an argumenthA ;Q1i accounts for acounterar-
gumentfor an argumenthB;Q2i if notQ1 is used as anassumptionin the defeasible
derivation ofQ2 from Π[B.

Assumption literals are the only possible points for attack inDeLPnot. In fact, we
now restrict our framework in that we allow in Definition 2.10 onlyassume�A where
A is an atom. That is, we do not allowassumeA literals. Thus the setHhA;Qi denotes
in this section the set of assumption literals inhA ;Qi where all literals are (strictly)
negated atoms. The reason is that we want to have as muchassume�A as is consis-
tently possible: these negated atoms do represent the closed world assumption which
is always implicit in such a setting.

An argument involving an assumptionassume�A will be attacked by any other
argument concludingA. In order to capture this situation, the notion of acontradictory
set of literalshas been extended after Definition 2.6 to consider assumption literals.

Strict argumentsh /0;Ri have the special property of defeating any other argument
involving an assumption literal, as shown in the following proposition.

Proposition 4.18 Let P be aDeLPnot program, and lethA ;Qi be an argument inP
such that Q follows fromA usingassume�R as an assumption. Ifh /0;Ri, thenhA ;Qi
is not a justification.

21



Proof: Clearlyh /0;Ri is a counterargument forhA ;Qi, in particular (according to speci-
ficity) a defeater. Sinceh /0;Ri has no defeaters (as discussed on page 11), the dialectical
tree with roothA ;Qi will have a children nodeh /0;Ri, which will turn out to be marked
asU (according to Definitions 2.27). HencehA ;Qiwill be marked asD, so thathA ;Qi
is not a justification.

The precise semantics forDeLPnot depends on the analogue of Definitions 2.14
and 2.18 and the appropriate notion of a dialectical tree. Suitable definitions capture
different semantics ([GSC98]). But independently of these notions, it can be stated that
notQ will not hold wheneverQ can be ultimately defeated. In particular,notQ will
not hold whenever there is a strict argument forQ. In this respect,DeLPnot naturally
extends the intended meaning of default negation in traditional logic programming
(notH holds iff H fails to be finitely proven). This fact also suffices to decide which of
the transformation properties are satisfied or to give counterexamples.

Since aDeLPnot program does not involve strict negation, many problems consid-
ered in Subsection 4.1 do not arise. New transformationsRED+not, RED�

not, SUBnot,
UNFOLD r

not, UNFOLDnot andTAUT not can be defined, with the same meaning as
the ones introduced in Subsection 4.1 forDeLPneg, but referring toDeLPnot programs.
Similarly, we will use theP 7!R+not P 0 (resp.7!R�not, 7!Snot, 7!Unot, 7!r

Unot, 7!Tnot) to
denote theDeLPnot programP 0 resulting fromP by application of the transformation
RED+not (resp.RED�

not, SUBnot, UNFOLDnot, UNFOLD r
not, TAUT not).

For each transformation, we will show that the resulting transformed program is
equivalent to the original one. In the case ofSUBnot and UNFOLDnot, we restrict
ourselves to strict rules, since these transformations do not hold when applied on de-
feasible rules (as shown in Examples 4.10 and 4.8).

Proposition 4.19 LetP be aDeLPnot program. LetP 0 be theDeLPnot program result-
ing fromP 7!R+not P 0. Then SEMDeLP(P ) = SEMDeLP(P 0).

Proof: Let P be aDeLPnot program, such thatr = P —< Q1; : : : ;notQ; : : : ;Qk is a
defeasible rule inP , and there is no rule aboutQ in P . Let P 0 be theDeLPnot program
resulting from applying7!R+not to P on ruler.

Let H be an arbitrary literal inP , such that ruler is used in building the defeasible
derivation of some argumenthB;Si, so thatassume�Q is an assumption literal in
hB;Si. SinceP 0 =def P nfrg[fP—<Q1; : : : ;Qkg, it is clear thatShas also a defeasible
derivation fromB nfrg[fP—<Q1; : : : ;Qkg, which is minimal and non-contradictory.
Hence we have the argumenthB nfrg[fP —< Q1; : : : ;Qkg;Si in P 0.

Since there is no rule with headQ in P , there exists no argumenthC ;Qi in P and
hence no counterargument forhB;Si atassume�Q. Therefore each defeater forhB;Si
in P is also a defeater forhB 0;Si in P 0, whereB 0 = B nfrg[fP —<Q1; : : : ;Qkg. The
same line of reasoning applies ifr is a strict ruleP  Q1; : : : ;Qk.

Hence each dialectical treeT in P involving hB;Si as a node is isomorphic to
T 0 in P 0 involving hB 0

;Si in P 0. From Proposition 4.4 it follows that SEMDeLP(P ) =
SEMDeLP(P 0).
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Proposition 4.20 LetP be aDeLPnot program. LetP 0 be theDeLPnot program result-
ing fromP 7!R�not P 0. Then SEMDeLP(P ) = SEMDeLP(P 0).

Proof: Let P = (Π;∆) be aDeLPnot program. Letr = P  Q1; : : : ;notQ; : : : ;Qn

be a strict rule, and assumeQ  2 P . Assumer is used in a defeasible derivation
for building an argumenthA ;Hi. Clearly Π[A ` Q and Π[A ` assume�Q. But
this violates condition 2 in Definition 2.10 (contradiction). Therefore each argument
hA ;Hi in P is also an argument inP nfrg. HenceArgs(P ) = Args(P 0), and therefore
SEMDeLP(P ) = SEMDeLP(P 0).

Proposition 4.21 LetP be aDeLPnot program. LetP 0 be theDeLPnot program result-
ing fromP 7!SnotP 0. Then SEMDeLP(P ) = SEMDeLP(P 0).

Proof: Let P be aDeLPnot program, and letr = P  B1 be a non-minimal strict
rule in P (i.e., there exists a ruler 0 = P  B2 such thatB2 � B1). We consider
B1 = B+1 [ notB�

1 , distinguishing the setB+1 of positive literals from the setnotB�
1

(literals preceded bynot ). If B2� B1, then two situations are to be considered: either
B+2 � B+1 , or B�

2 � B�
1 .

1. SupposeB+2 � B+1 . ThenArgs(P ) = Args(P nfrg), following the same line of
reasoning as in Proposition 4.9.

2. Suppose thatB�
2 � B�

1 , B+2 = B+1 . Suppose there exists an argumenthA ;Hi
such that the strict ruler = P  B1 is used in the defeasible derivation ofH.
Clearly, there is an assumption literalassume�Q in A for eachnotQ in B�

1 . Let
H1 be the set of assumption literals inA . It follows thatA nH2 also provides a
defeasible derivation forH usingr 0 instead, whereH2 is the set of assumption
literals in r 0, such thatH2 � H1. But then the defeasible derivation ofH using
r violates condition 3 in Definition 2.10. Therefore no argument usingr can be
built in P , so thatArgs(P ) = Args(P nfrg).

From this analysis it follows thatP 7!Snot P 0 is such that SEMDeLP(P ) =
SEMDeLP(P 0).

Proposition 4.22 LetP be aDeLPnot program. LetP 0 be theDeLPnot program result-
ing fromP 7!Tnot P 0. Then SEMDeLP(P ) = SEMDeLP(P 0).

Proof: We will consider only the case in which literals preceded bynot are present in
a rule of the formr = P P;Q1; : : : ;Qk. Otherwise the proof follows the same line of
reasoning as in Proposition 4.17.

1. Suppose there exists an argumenthA ;Hi in P such thatΠ[A `H using a strict
ruler = P P;Q1; : : : ;notQ; : : : ;Qk. Then the occurrence ofP in the antecedent
of r can also be proven fromΠ n frg[A 0, whereA 0 = A n fassume�Qg. But
thenhA ;Hi is not an argument, since it violates condition 3 in Definition 2.10.
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Therefore, no ruler = P P;Q1; : : : ;notQ; : : : ;Qk can be used in an argument
in P . HenceArgs(P ) = Args(P 0), with P 0 = P n frg so that SEMDeLP(P ) =
SEMDeLP(P 0).

2. Suppose there exists an argumenthA ;Hi in P such thatΠ[A ` H using a
defeasible ruler = P —< P;Q1; : : : ;notQ; : : : ;Qk. The same line of reason-
ing as above applies, withA 0 = A nfr;assume�Qg. Therefore SEMDeLP(P ) =
SEMDeLP(P 0).

We present next a property of immediate subarguments inDeLPnot, similar to the
one shown in Proposition 4.14. Then we will show that the transformation7!ri

Unot pre-
serves semantics when applied to a givenDeLPnot program.

Proposition 4.23 Let hA ;Hi be an argument inDeLPnot, such that the last rule used
in the derivation is the strict rule H P1; : : : ;Pk;notL1; : : : ;notLj, distinguishing lit-
erals from assumption literals. Then all immediate subargumentshA1;P1i . . . , hAk;Pki

are such thatAi = A n
S j

i=1fassume�Lig, 8i = 1; : : : ;k.

Proof: Follows from the same line of reasoning in Proposition 4.14 when considering
strict rules with assumption literals.

Proposition 4.24 LetP be aDeLPnot program. LetP 0 be theDeLPnot program result-
ing fromP 7!ri

Unot P 0 wrt a strict rule r in P . Then SEMDeLP(P ) = SEMDeLP(P 0).

Proof: Let P1 = (Π;∆) be aDeLPnot program, and lethA ;Qi be an argument inP1,
such that (i) a strict ruler = H  B is used in the defeasible derivation ofQ from
Π[A , and (ii) r is UNFOLDnot-related to other ruleri . If this is not the case, then
clearlyArgs(P1) = Args(P2), and the proposition holds trivially. We can also assume
that /0 � B� � B, i.e., there is at least one literal preceded bynot in B; otherwise the
proposition follows directly from Proposition 4.15.

Since ruler was applied in the defeasible derivation ofQ from Π[A , there exists
an argumenthS ;Hi which is a subargument ofhA ;Qi, such that the last rule used in
the defeasible derivation ofhS ;Hi is r.

The strict ruler can be written as

r = H  B;L1; : : : ;Lk;notM1; : : : ;notMj (4)

distinguishing positive literals from literals preceded bynot. Let S1 =
S n
S j

i=1fassume�Mig. From Proposition 4.23, we get thathS1;Bi, hS1;L1i,
. . . , hS1;Lki are immediate subarguments ofhS ;Hi. Hence we get that

HhS ;Hi = HhS1;Bi[
k[

i=1

HhS1;Lii[
j[

i=1

fassume�Mig (5)
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Considerri=B  B, which is the last rule used in the defeasible derivation of
hS1;Bi, such thatr is UNFOLDnot-related tori . Sinceri is an arbitrary strict rule, it
will have the form

ri = B  P1; : : : ;Pm;notR1; : : : ;notRp: (6)

Let S2 = S1n
Sp

i=1fassume�Rig It follows that

HhS1;Bi =
m[

i=1

HhS2;Pii[
p[

j=1

fassume�Rjg (7)

Replacing (7) in (5), we get

HhS ;Hi =
m[

i=1

HhS2;Pii[
p[

j=1

fassume�Rjg[
k[

i=1

HhS1;Lii[
j[

i=1

fassume�Mig (8)

Thus, argumenthS ;Hi in P1 is such thatS = RS[HhS ;Hi, whereHhS ;Hi is defined
as in (8). Assume we apply7!Unot to P1, where the ruler is UNFOLDnot-related tori ,
resulting in a newDeLPnot programP2. From the definition ofUNFOLD ri

not, we have:

P2 = P1nfH  Bg [ fH  ((B nfBg)[B 0) j ri = B B 0 2 P1g

Consider the original ruler in (4), and theUNFOLDnot-related ruleri in (6). Let
P2 be theDeLPnot program resulting from applying the UNFOLD transformation tor
with respect tori . In this case we get

H  fB;L1; : : : ;Lk;notM1; : : : ;notMjgnfBg[

fP1; : : : ;Pm;notR1; : : : ;notRpg

or equivalently

H  L1; : : : ;Lk;P1; : : : ;Pm;notM1; : : : ;notMj ;notR1; : : : ;notRp (9)

Let S 0 = S nf
S j

i=1fassume�Mig[
Sp

i=1fassume�Rigg. From Proposition 4.23,
it follows that hS 0

;Lii, i = 1; : : : ;k and hS 0
;Pii, i = 1; : : : ;m are arguments inP2. In

particular, we have

HhS 0
;Hi =

k[

i=1

HhS 0
;Lii[

m[

i=1

HhS 0
;Pii[

p[

j=1

fassume�Rig
j[

i=1

fassume�Mig (10)

HenceRS[HhS 0
;Hi is an argument forH in P2, since every defeasible rule inP1 is also

a defeasible rule inP2. But from (8) and (10) it follows thatHhS 0
;Hi = HhS ;Hi, and the

setS 0 = S . Hence,hS ;Hi is an argument in bothP1 andP2.
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NLP under wfs DeLPneg DeLPnot

RED+ yes no yes
RED� yes yes yes
SUB yes yes, for strict rules yes, for strict rules
UNFOLD yes yesa, for strict rules yesa, for strict rules
TAUT yes yes yes

Figure 3: Behavior ofNLP, DeLPneg andDeLPnot under different transformations

aSome additional conditions are required for the transformation to hold.

Therefore, we can conclude that for any argumenthS ;Hi in P1 such that one of the
strict rulesr used in its defeasible derivation isUNFOLDnot-related to another ruleri ,
it follows thathS ;Hi is also an argument inP2. Note that no new argument other than
hS ;Hi is generated inP2, since the subarguments ofhS ;Hi in P1 andhS ;Hi in P2 are
the same. HenceArgs(P1) = Args(P2), and therefore SEMDeLP(P1) = SEMDeLP(P2).

Corollary 4.25 LetP be aDeLPnot program. LetP 0 be theDeLPnot program resulting
from P 7!Unot P 0 wrt a strict rule r in P . Then SEMDeLP(P ) = SEMDeLP(P 0).

Proof: Follows directly from Proposition 4.13 by repeated application of7!ri
Unot, for

eachri which isUNFOLDnot-related withr.

4.3 RelatingNLP and DeLPnot under WFS

A natural question is how well-founded semantics WFS relates toDeLPnot. The answer
is very simple because of our results that the transformation properties are semantics
preserving and the fact that programs in normalform have an obvious semantics.

Theorem 4.26 (DeLPnot extends WFS) Let P be a program inNLP. We can look at
P also as a theory inDeLPnot. Then all atoms A and default atomsnotA that are true
in WFS(P) are also contained in SEMDeLPnot(P).

Proof: As all the transformation properties hold, we can transformP into a normal-
form where all rules only have negative body literals (or are empty):

� The atoms true in WFS(P) are, by Theorem 3.4, exactly thoseA where there
is a rule of the form “A  ”. But those atoms are certainly justified in
SEMDeLPnot(P).

� All default literalsnotA that are true in WFS(P) are, by Theorem 3.4, exactly
thoseA where there is no rule with headA. But thenassume�A  can be
assumed as it can not lead to any contradiction.
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Example 4.27 Consider the normal logic programs

P1 = f (a  b), (b  a), (c  nota;notb) g
P2 = f (a  notb), (b  a) g
P3 = f (a  notb), (b  nota), (c  a), (c b) g
P4 = f (a  b;notd), (b  a;notd), (d  notd) , (c  nota;notb) g
P5 = f (a  notb), (b  nota), (a  nota) g

We analyze the aboveNLP programs asDeLPnot programs.

� WFS inP1 is fnota;notb;cg. The only argument that can be constructed from
P1 as aDeLPnot program is the one which justifies c.

Without the last rule (c nota;notb) no arguments for positive atoms can be
constructed.

� WFS inP2 is empty. UnderDeLPnot, no argument can be built, since the only
possible setf assume�b g leads to contradiction.

� WFS inP3 is empty. InDeLPnot, two sets of assumptions are possible for build-
ing arguments:A1 = fassume�a g and A2 = fassume�b g. We can build the
argumentshA1;bi, hA2;ai, hA1;ci, hA2;ci. Any one of these arguments has a
blocking defeater. From Definition 2.28 it follows that no argument is justified.

� WFS inP4 is fnota;notb;cg. The only argument that can be constructed from
P4 as aDeLPnot program is the one which justifies c.

However, without the last rule c nota;notb no argument can be built inP4

underDeLPnot (there is no defeasible sequence for a nor for b).

� WFS inP5 is empty. But in SEMDeLPnot the argumentf assume�b g is a justifi-
cation for a. This is becausehfassume�bg;ai cannot be defeated (the only way
to do this would be to find an argument involving the assumptionnota, but this
would lead to a contradiction).

The last programP5 shows that SEMDeLPnot is strictly stronger than WFS.

4.4 RelatingNLP and DeLP: Summary

Figure 3 summarizes the behavior ofNLP, DeLPneg andDeLPnot under the different
transformation rules presented before. From that table we can identify some relevant
features:

� An argumentation-based semantics has been given toNLP using an abstract
argumentation framework [KT99]. From Section 4.2 it is clear thatDeLP is
a proper extension ofNLP, since there are transformation properties inNLP
which do not hold inDeLP. This is basically due to the knowledge representa-
tion capabilities provided by defeasible rules.
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� Some properties ofNLP under well-founded semantics are also present inDeLP
(such asTAUT andRED�). It is worth noticing thatRED� holds inNLP be-
cause of a “consistency constraint” (it cannot be the case that bothnot P and
P hold). The same is achieved inDeLP by demanding non-contradiction when
constructing arguments.

� Other transformation properties only hold for strict rules (e.g.SUB), sometimes
with extra requirements (e.g.UNFOLD ). This shows that defeasible rules ex-
press a link between literals that cannot be easily “simplified” in terms of a
transformation rule, and a more complex analysis (e.g. computing defeat) is re-
quired.

� Some properties (e.g.RED+) do not hold at all wrt. strict negation, but do hold
wrt. default negation. In the first case, the reason is that negated literals are
treated as new predicate names (and succeed as subgoals iff they can be proven
from the program). In the second case, default negation behaves much like its
counterpart inNLP. As in NLP, the absence of rules with headH is enough for
concluding thatH cannot be proven, and therefore not justified.

5 Related Work and Conclusion

5.1 Related Work

In recent work [KT99] an abstract argumentation framework has been used as a basis
for defining an unifying proof theory for various argumentation semantics of logic
programming. In that framework, well-founded semantics forNLP is computed by
using an argument-based approach, which has many similarities withDeLP [CS99].

Many semantics for extended logic programs view default negation and symmetric
negation as unrelated. To overcome this situation a semantics WFSX for extended logic
programs has been defined [ADP95]. Well-founded Semantics with Explicit Negation
(WFSX) embeds a “coherence principle” providing the natural missing link between
both negations: if�L holds thennotL should hold too (similarly, ifL thennot�L). In
DeLP this “coherence principle” also holds [GSC98].

Finally, it must be remarked the original Simari-Loui formulation [SL92] contains
a fixed-point definition that characterizes all justified beliefs. A similar approach was
used later by Prakken and Sartor [PS97] in an extended logic programming setting, get-
ting a revised version of well-founded semantics as defined by Dung [Dun93]. These
analogies highlight the link between well-founded semantics and skeptical argumen-
tative frameworks.
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5.2 Conclusion

We have related in this paper the logical frameworkDeLP to classical logic program-
ming semantics, particularly well-founded semantics forNLP. The link between both
semantics was established by looking for analogies and differences in the results of
applying transformation rules on logic programs.

The differences betweenNLP andDeLP are to be found in the expressive power
of DeLP for encoding knowledge in comparison withNLP. Defeasible rules allow the
formalization of criteria for defeat among arguments which cannot be easily “com-
pressed” by applying transformation rules, as explained in Subsection 4.4. Strict nega-
tion in DeLP is also a feature which extends the representation capabilities ofNLP.
However, as already discussed, the same principle which guides the application of the
transformation ruleRED� in NLP can be used for detecting rules that cannot be used
for constructing arguments.

It is worth noting that the original motivation forDeLP was to find an argumen-
tative formulation for defeasible theories in order to resolve potential inconsistencies.
This was at the end of the 80s. In the meantime the area of semantics for logic pro-
grams underwent a solid foundational phase and today several possible semantics to-
gether with their properties are well-known. We think that these results can be applied
to gain a better understanding of argumentation-based frameworks.
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Mechanisms in Knowledge-Based Systems:
Theory and Applications (Proceedings of WS
at KI ’98).

18/98 Jose Arrazola, J̈urgen Dix, Mauricio Osorio,
Claudia Zepeda.Well-behaved semantics for
Logic Programming.

17/98 Stefan Brass, J̈urgen Dix, Teodor C.
Przymusinski.Super Logic Programs.

16/98 Jürgen Dix.The Logic Programming Paradigm.



15/98 Stefan Brass, J̈urgen Dix, Burkhard Freitag,
Ulrich Zukowski.Transformation-Based
Bottom-Up Computation of the Well-Founded
Model.

14/98 Manfred Kamp.GReQL – Eine Anfragesprache
für das GUPRO–Repository –
Sprachbeschreibung (Version 1.2).

12/98 Peter Dahm, J̈urgen Ebert, Angelika Franzke,
Manfred Kamp, Andreas Winter.TGraphen und
EER-Schemata – formale Grundlagen.

11/98 Peter Dahm, Friedbert Widmann.Das
Graphenlabor.

10/98 Jörg Jooss, Thomas Marx.Workflow Modeling
according to WfMC.
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