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Abstract

This paper relates tHeefeasible Logic Programmin@eL P) framework and
its semantics SEM, pto classical logic programming frameworks. DeLP we
distinguish between two different sorts of rulefrict anddefeasiblerules. Neg-
ative literals (A) in these rules are considered to represgassicalnegation.
In contrast to this, imormal logic programmindNLP), there is only one kind
of rules, but the meaning of negative literate{A) is different: they represent a
kind of negation as failureand thereby introduce defeasibility. Various seman-
tics have been defined fa¥LP, notably the well-founded semantics WFS and
the stable semantics Stable.

In this paper we consider thieansformation propertie$or NLP introduced
by Brass and Dix and suitably adjusted for theL P framework. We show which
transformation properties are satisfied, thereby identifying aspects in Wiifh
andDeL P differ. We contend that the transformation rules presented in this paper
can help to gain a better understanding of the relationshipaifP semantics
with respect to more traditional logic programming approaches. As a byproduct,
we get thatDeLPis a proper extension @¥LP.

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.
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1 Introduction and motivations

Defeasible Logic Programmind>eLP) [SL92, Gar97, GSC98] is a logic program-
ming formalism which relies upotiefeasible argumentatigR\VV01, CMLOO] for solv-
ing queries.DelL P combinesstrict rules defined as in extended logic programming,
anddefeasible rulesof the formA —< B, indicating that reasons to believe in the an-
tecedenB provide reasons to believe in the consequer§olving a quenQ in DeLP
gives rise to a proof for Q (written (A, Q) for short) involving both strict and defea-
sible rules, callecargument In order to determine wheth€} is ultimately accepted
as justified belief, a recursive analysis is performed which involves findigigaters
i.e., arguments against acceptiigwhich are better thaA (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 programmin§NLP). For these formalizations dif-
ferent semantics have been developed, such as well-founded semantics and stable
model semantics: we refer to [DPP97, BDO1, DFNO1] for an in-depth discussion of
extensions of logic programming and their semantics. In conttedtP 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 dfansformation rulesvere introduced which
allow to “simplify” a normal logic programrlp) P to get its WFS. The application of
these rules leads to a new, simplifisdlP P’ from which its WFS can be easily read
off. Inthis paper we will focus on finding similar transformation rulesfei P, which
can be used to simplify the knowledge encoded Ded P 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 @t P.

The paper is structured as follows: Section 2 introduces preliminary notions con-
cerning NLP and DeLP. Section 3 introduces transformations WLP. Section 4
shows how to adapt these transformationsBel P, analizing two classes ddelLP
programs:DeLReg (Subsection 4.1) an®elLP,,; (Subsection 4.2). Subsection 4.4
summarizes the relationships betweéhP and DeLP, 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



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 unifieréngU) stemming from logic programming.

2.1 Normal Logic Programs (NLP)

Definition 2.1 (Normal logic program P) A normal logic programlp) P is a finite
set of normal program rules. A normal program rule has the form-Aj,..., L,
where A is an atom and eachis an atom B or its negationotB. If B = {Lg,...,Lx}
is the body of a rule A- B, we also use the notation & B*,notB~, whereB™
(resp.B ™) contains all the positive (resp. negative) body atom8 in

In NLP, atomsA and negated atomstA are callediterals. 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 negatigrreferring to an atonA and its default
negatiomotA. If BT = B~ = 0, we say that the rule is a fact and denote ity (or

just by A).

We will now introduce some concepts useful for describing what a semantics of a
nip is. Let Prog be the set of all normal propositional programs with atoms from a
signaturel.. By Lp we understand the signaturefdf i.e. the set of atoms that occur
in P. A (partial) interpretation based on a signatlirés a disjoint pair of setgls, 1)
such that,Ul, C L. A partial interpretation is total if, Ul, = L. We may also view
an interpretatiorily, 12) as the set of atoms and negated atbmsnot I,.

Definition 2.2 (Semantics SEM)A semantics SEM is a mapping which assigns to
each logic progranP a set SENP) of (partial) models oP, such that SEM is “in-
stantiation invariant”, i.e. SENP) = SEMgroundP)), where groundP ) denotes
the Herbrand instantiation dP. A semantics SEM is calledtvalue based for each
programP the partial interpretation SENP) is a 3-valued modélofP.

In Section 3 we will consider a particular 3-valued semanticsiforcalled WFS,
which can be computed by applyitignsformation rule®n anip P.

2.2 Defeasible Logic ProgramsDelLP)

The DeLP language [SL92, Gar97, GSC98] is defined in terms of two disjoint sets
of rules: a set oftrict rulesfor representing strict (sound) knowledge, and a set of
defeasible rule$or representing tentative information. Rules will be defined uBtng
erals A literal L is an atomp or a negated atom p, where the symbol<” represents
strong negationin addition, we will considedefault negatiorwith “not” here. We
define formally:

We equip+ with the Kleene interpretation, where undefundef 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 negationAn assumption literal
A has the form hot A”, where A is a literal.

Definition 2.4 (Strict rules Head <~ Body) A strict ruleis 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 atomp (strict negation), and the second member, Body, is
a finite set of literals, which may be (additionally) negated witlt” (default nega-
tion). A strict rule with the head d-and body{L;,...,Lx} can also be written as
Lo < Li,...,Lk. If the body is empty, it is written k— true, and it is called &act
Facts may also be written as L.

Definition 2.5 (Defeasible ruledHead—< Body) A defeasible ruleis an ordered
pair, conveniently denoted as Heaek Body, the first member of which, Head, is
a literal, i.e. an atom p or a negated atorp (strict negation), and the second mem-
ber, Body, is a finite set of literals, which may be (additionally) negated with™
(default negation). A defeasible rule with the headahd body{Lj,...,Lx} can also
be writtenas b —< L,...,Lx, 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 leti@rb,(...). 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 lettebs B, .. .), possibly indexed. Sets
will be denoted aé\, B, ...,possibly indexed. Logic programs will be usually denoted
asPq, P, etc.

Definition 2.6 (Defeasible logic progranP =(1,A)) A defeasible logic program
(dIp) is a finite set of strict and defeasible rulesPlfis a dip, we will distinguish
in P the subsell of strict rules, and the subsaétof defeasible rules. When required,
we will denoteP as(IM,4A).

We will distinguish the class of all defeasible logic programs that use only strict
(resp. default) negation, denoting theml2sL Req (resp.DeLP,,;). 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 programet
of assumable factsf the formassumelL, 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 thecomplemenbf a literal P, defined as follows:

~P, N—P:defp, andm:defp-

P

~def



Next we will define the notion of defeasible derivatiofior a dip. In brief, it is
a finite set of rules obtained by backward chaining from a lit€as in a ROLOG
program, using both strict and defeasible rules from the gilfei . 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 [LI087], except that literals
negated with fiot” are associated with assumable facts.

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

1. Go=[Q]. rois not defined.
2. LetG=[Q1,..-,Qm,...,Qn]With1 <m<n.

e Ifthereis a strict or defeasible rule #d with head lg and body{L;, ..., Lk}
such that b and Q, have the most general unifies, then G, =

[Q]_, .. -me—17 L]_7 ceey kaQm-l—l; .. .,Qn]O' and i1 = (Lo < L]_7 ceey Lk)O'
or riy1 = (Lo—<Ly,...,Lk)o, respectively.

o If Qn has the formnotL for some literal L (possibly negated
with ~) and the assumable fact + assumeL is in P, then G,1 =

[le ) melv Qm+17 cee 7Qn] and fir1="r.

The sequence of rulesS[r,...,r ] (for some suitable > 0) is called defeasible
derivationfor Q in P iff the corresponding sequence I8 empty. We say that Q can be
defeasibly derived frorA and writeP ~ Q in this case.

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

Given adlp P, we will always assume that the sBt of strict rules is non-
contradictory (i.e., there is no literBIsuch thafl - P andll - ~P). If a contradictory
set of strict rules were used inddp, 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 sw 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(I,A), where

M={(swl<«+ ),(sw2+« ),(heat<+ ),(~fueLok «+ pumpclogged}

(specifying that the two switches are on, there is heat, and whenever the pump gets
clogged, fuel is not ok), anfi models the possible behavior of the engine under differ-
ent conditions (Figure 1).



pumpfuelok—< swil
(when sw1l is on, normally fuel is pumped properly);

fueLok—< 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 swl
(when both sw2 and sw1l are on, speed is considered not to be low).

Figure 1. SeA (Example 2.9)

Next we introduce the definition of argumenteLP. Basically, an argument for
a literal Q is a defeasible derivatioB= [r1,...,r¢] which is non-contradictory with
respect to a givewIp program, and the defeasible informationSins minimal with
respect to set inclusion.

Definition 2.10 (Argument) Given a dip P = (MM,4A), we will defineHB,, =
{assumeL | L is a literal inP }. AnargumentA for a query Q, denotedA, Q), is de-
fined asRa UHA, whereR, is a subset of ground instances of the defeasible rul@s of
andHa C H B ., such that:

1. there exists a defeasible derivation for Q frohu A.
2. MUA is non-contradictory, and

3. A is minimal with respect to set inclusion.
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An argumentA, Q) is strict iff A = 0. An argumentA;,Q1) is asub-argument
of another argumentAz,Q,), if A1 C A,. Given an argumentA, Q), we will also
write Hia o) to denote the set of assumption literalg, Q). Next we introduce the
auxiliary notion ofimmediate subargumenwhich will be used later in the proofs of
Propositions 4.12 and 4.24.

Definition 2.11 (Immediate subarguments)Let (A,H) be an argument, such that
H « Pq,...,Px is the last strict rule used in the defeasible derivation of H from
MUA. Clearly, in such a case there exist subsgis...,Ax of A, which are argu-
ments for B,...,R. We will call (A1,P1) , ..., (A, ) immediate subarguments
(A, H).

Example 2.12 Consider thedlp program(I1,A), with

M
A

{(p ¢ @g,notr), (W < q,r),(s < )}
{(@==<9),(r—=9)}

It follows that A = {(g —<s),(r —< )} is an argument for w, andB =
{assume~r, (q—<s)} is an argument for p. In the argume(i, p) the last strict rule
used in the derivation of p is p— g,notr. ThenB’ = {q—< s} is an argument for
g, and it is an immediate subargumentBf, p). In the argumentA,w) the last strict
rule used in the derivation of w is w— q,r. Then(A,q) and (A,r) are immediate
subarguments ofA, w).

Example 2.13 Consider Example 2.9. Then the set

A = {(pumpfuelLok—< sw1l), (pumpoil_ok—< sw2),
(fueLok—< pumpfuelok), (oil_.ok—< pumpoil _ok),
(engineok—< fuel.ok, oil_ok) }

is an argument for enginek. The set

B = {(pumpfueLok—< sw1l), (lowspeed—< sw2),
(pumpclogged—< pumpfuel ok, low_speed)}

is an argument for fuel_ok. The se€ = {~low_speed—< sw2 sw1} is an argument
for ~low_speed.

Given adlp programP , we will denote byArgs(P ) the set of all possible arguments
(A, Q) that can be built fronP wrt. arbitrary querie®. We emphasize that this set
consists of pair¢A, Q) and not just of arguments alone. This makes the condition
Args(P) = Args(P ) 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 argument(A;, Q1) counterarguesn argu-
ment(A, Q) at a literal Q iff there is a subargumer, Q) of (A, Q>) such that
Nu{Q1,Q} is contradictory.



Example 2.15 Consider Example 2.13. ThefB, ~fuel_ok) is a counterargument
for (A,engineok), since there is a subargumeAt = { fuel.ok—< pumpfuelok,
0il_.ok —< pumpoil .ok, engineok —< fuelok,oil_ok } for fuel_ok, such thatl U
{fuel_ok, ~fuel_ok) is contradictory.

Informally, a queryQ will succeed if the supporting argument is not defeated; that
argument becomesjastification In order to establish tha is a non-defeated argu-
ment, counterarguments that coulddefeatergor A are considered, i.e., counterargu-
ments that are preferred foaccording to some criterioelL P considers a particular
preference criterion callesbecificity[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 Mg denote the maximal set
of N that does not contain facts, and let Fdenote the set of all possible literals that
have a defeasible derivation .

An argumentA, Q1) is strictly more specifithan an argumentA,, Q-) (denoted

(A1,Q1) > (A2,Q)) if and only if:
1. ForallHCF:if IgUHU A1 FQ;andMgUH # Q1, thenlNgU HU Ao Q.

2. There exists HC F such thatligUH UA F Q2 andlMNgU H' I/ Q, and
MNgU H U A1|7/ Ql.

Example 2.17 Consider the followingllp P :
P={(p—=<ff), (~p—<f), (f1 < ), (2 < )}

Then the set of all literals derivable A is F= { p, ~p, fi, f2 }. Consider the
arguments/Az, p) and (Az, ~p), with A; = { p—<f1,f, } andAz = { ~p—<f; }.
For every HC F, condition 1 in Definition 2.16 holds. For'H= { f1}, condition 2 in
Definition 2.16 holds. Henc@Ay, p) is strictly more specific thatA,, ~p).

Definition 2.18 (Proper defeater, blocking defeater)An argument/A;,Q;) defeats
(A2,Qo) at a literal Q iff there exists a subargumetd,Q) of (A, Q) such that
(A1,Qq) counterarguesAy, Q2) at Q, and either:

(@) (A1,Qq) is strictly more specific thagA, Q). In this case(A1, Q1) is called a
proper defeateof (A, Q).

(b) Neither(A1,Q1) is strictly more specific thafAz, Q2), nor (A2, Qo) is strictly
more specific than/A1,Q1). In this case(A1,Q1) is a blocking defeaterof

(A, Q).

Example 2.19 Consider Examples 2.13 and 2.15. Th@h ~ fuel.ok) is a proper
defeater for{A, engineok), 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 adlpP = (1, A), where

M
A

{r < ,s« ,t+ ,q+ s},
{p—<notq,r,q—<t}

ThenA ={ p—<notq,r, assume~q } is an argument for p, which is counterargued
by the argument{qg—<t},q) as well as by the argumef®, g).

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 markétrasdes and
the defeated ones & nodes The formal definitions required for this process are as
follows:

Definition 2.21 (Argumentation line) LetP be adip, and let(A. Q) be an argument
in P. Anargumentation linestarting from (A, Q), denotedA\*-Q) (or simply]) is a
possibly infinite sequence of arguments

AAQ = (Ao, Qo) (A1,Q1), (A2,Q2), -, (An,Qn) -]
satisfying the following conditions:
1. If (A,Q) has no defeaters, thedAQ = (A, Q) ].
2. 1 (A,Q) has a defeate(B,S) in P, thenA\A-Q = (A Q) o A(B:9),

We distinguish two sets in any argumentation llehe set ofsupporting arguments
As= { (Ao, Qo), (A2,Q2), (A4,Q4), ...} and the set ofnterferring arguments; = {

(A1,Q1), (A3,Q3), (As5,Qs), ... }.

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 fallaciousreasoning (such as circular argumentation and falling into self-
contradiction) is to be avoided. This can be done by requiring that all argumentation
lines beacceptablSCG94]. An acceptable argumentation line starting with an ar-
gument(Ag, Qp) 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 = (1,4), a set of
arguments S £J ;{(Ai, Qi) } is contradictory wrtP iff M U {J[L, A; is contradictory.
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Definition 2.23 (Acceptable argumentation line)Let P be a dlp, and let A =

[(Ao,Qo), (A1,Q1), ..., (An,Qn), ...] be an argumentation line iP. Let A

=[ (A0, Qo), (A1,Q1), ..., {Ax, Qk), . ..] be an intial segment oh. The sequenc¥ is
anacceptable argumentation lirreP iff it is the longest initial segment ik satisfying
the following conditions:

1. The setd'sandA| are each non-contradictory sets of argumentskrt

2. No argumentAj,Q;) in A’ is a sub-argument of an earlier argume;, Q;) of
N (i <)).
3. There is no subsequence of arguméffs_1,Qi—1), (A, Qi), (Ai11,Qir1)] in A,

such that(A;, Q;), is a blocking defeater fofAi_1,Qi—1) and (Aj+1,Qi11) is a
blocking defeater fofA;, Q;).

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 eliminateSdheulus 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
A1 =[ (A,engineok), (B,~fuel.ok), (C,~low_speed ]
is anacceptable argumentation linghereas any sequence having the initial segment
A2 =[ (A,engineok), (B,~fuelok), (D, fuel.ok) ]

with D = { pumpfuelLok—< swl1, fuelok—< pumpfuel ok } is an argumentation
line which is not acceptable, since the last argument defdhts fuel_ok), but it is a
subargument of an previous argumenhin(viz. (A, engineok)). Hence(D, fuel_ok)
is deemed as a fallacious argument to be excluded from the dialectical analysis.

Proposition 2.25 Any acceptable argumentation line irdégp P is finite.

Proof: SinceP has no function symbols, altlis a finite set of program rules, the set
of all possible argumentargs(P ) is necessarily finite. Hence the only way to get an
infinite argumentation lind = [ (Ao, Qo), (A1,Q1), (A2,Q2), ..., (An,Qn) ...]1is by
having the same argument twiceAni.e., (A, Qi) = (Aj,Q;), and hencé\; = A;. But
this cannot be the case in an acceptable argumentation line because of condition 2 in
Definition 2.23. Therefore any acceptable argumentatiomnNiisenecessarily finitem

Let Ao = {1 A5,....Am} be the set of all acceptable argumentation lines
starting with(Ag, Qo) in adip P. A tree structure can be built out of the elements of
APoQo) | s0 that every path in the tree corresponds to sbinge\(Ao:20) . This structure
will be calleddialectical tree Formally:

10



Definition 2.26 (Dialectical tree) Let P be adlp, and letAg be an argument for @
in P. A dialectical treefor (Ao, Qo), denotedT a, o, is a tree structure defined as
follows:

1. The root node of a, ) is (Ao, Qo)-

2. (B’,H’) is animmediate child ofB, H) iff there exists an acceptable argumenta-
tion lineA{A:Q0) = (Ag, Qq), (A1,Q1), . .., {An, Qn) ] such that there are two el-
ementgAi;1,Qir1) = (B/,H’) and(A;,Q) = (B,H), forsome =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 (A,Q) be an argument and
T(a q its dialectical tree, then:

1. All the leaves irT<A7Q> are marked as U-nodes.

2. Let(B,H) be an inner node of 5 q). Then(B,H) will be a U-node iff each
child of (B,H) is a D-node. The nodé,H) will be a D-node iff it has at least
a child marked as U-node.

An argumentA for a literal Q which turns to be ultimately labeled as undefeated
in T<A7Q> is called gustificationfor Q.

Definition 2.28 (Justification) LetA be an argument for a literal Q, and Ié’QA,@ be
its associated acceptable dialectical tree. The argundefdr Q will be ajustification
iff the root of T a o is @ U-node.

It can be shown [Gar97] that for amyfp P, strict arguments iR 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 argumehtfor a literal Q will be ajustificationfor
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 emgine
An argument(A,engineok) can be built, which is defeated by the argument
(B,~fuelok) (as shown in Examples 2.13, 2.15 and 2.19). Hence, the argu-
ment (A,engineok) will be provisionally rejected, since it is defeated. How-
ever, (A,engineok) can bereinstated since there exists a third argumeft =
{~low_speed—< sw2 sw1} for ~low_speed which on its turn defeas, ~ fuel_ok).
Hence, (A,engineok) comes to be undefeated again, since the argument
(B,~fuel.ok) was defeated. But there is another defeater {ér,engineok),
the argument (D,~engineok), where D = { pumpfuelok —< swi,
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(A, en%i)neok>

(B,~fuel.okYD, AZLejz)ngineok>

/(D)

C,~low_spee
( /SP d

Figure 2: Dialectical tree (Example 2.9)

pumpoil ok —< sw2, fuelok —< pumpfuelok, oilL.ok —< pumpoil_ok,
~engineok —< fuel ok, oil_ok heat }. Hence (D,engineok) is once again pro-
visionally defeated.

Since there are no more arguments to considar,engineok) turns out to be
ultimately defeated, so that we can conclude that the argui#ergngineok) is not
justified

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

A given queryQ can be associated with a particuéarswer seiccording 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 adlpP, a query Q can be clas-
sified as a positive, negative, undecided or unknown answer as follows:

1. Qs a positive answer iff there exists a justificati@n Q).

2. Qisanegative answer iff for each arguméht Q), in the dialectical tred s o),
there exists at least a proper defeater fomarked as U.

3. Qis an undecided answer iff Q is not justified, and for each arguifer®), it
is the case thaT<A7Q> has at least one blocking defeater marked as U.

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

Given adIp P, we callPositive(P ), Negative(P ), Undefined (P ) andUnknown(P) the
sets of positive, negative, undecided and unknown answers, resp.

From the previous definition we can derive a 3-valued semantics2EXP ) for
adlp P, classifying literals irfP asacceptedrejectedor undefinedhs follows:

Definition 2.31 (SEMpe.p) _
For anydip P, we define SEMk p (P) = (Pacceptedprejected pundefy '\where

12



p acce pted

. {Q|Q € Justified(P)}
prejected — {Q|Q € Unknown(P ) UNegative(P)}
pundef = fQ|Q € Undefined(P)}.

Example 2.32 Consider P as defined in Example 2.9, and consider the anal-
ysis performed in Example 2.29. Then engikec Negative(P), ~engineok €
Positive(P ), heat € Positive(P), and workingtemperaturdow € Unknown(P).
Hence{~engineok, heat} C PaccePted gnd engineok ¢ P "eiected

3 Transformations for NLP: classifying well-founded
semantics

We are now considering logic programs containing default negatean A pro-
gram transformatiorns a relation— between ground logic programs [BD97, BD99,
BDFZ01]. A semantics SEM allows a transformatien iff SEM(P1) = SEM(P>),

for all P, andP,, such thaf; — P-. In this case we also say that the transformation
— holdswrt. SEM. Well-founded semantics f&¢LP can be elegantly characterized
by a set of transformation rules [BD99], which reduce a gimgmprogramP into a
simplified versiorP’, from which the WFS can be easily read off.

Definition 3.1 (Transformation rules for WFS) Given a programP € Prog , let
HEAD(P ) be the set of all head-atoms®f i.e., HEAQP) = {H|H <~ B*,notB~ €

P }. LetP, andP, be ground programs. The following transformation rules character-
ize WFS:

RED™ (Positive Reduction): ProgramP, results from progran®, by RED™ (written
P, +—p Py) iff there is a rule H«+ B in P; and a negative literahot B € B such
that there is no rule about B iR4, i.e., B¢ HEAD(P;1), andP, = (P1\ {H +
B})U{H « (B\{notB})}.

RED~ (Negative Reduction): ProgramP, results from progran®,; by RED~ (writ-
tenP, —y P») iff there is a rule H« B in P; and a negative literahotB € B
such that B appears as a factih, andP, = P1\ {H < B}.

SUB (Deletion of non-minimal rules): ProgramP, results from progran®; by SUB
(written Py s\ P») iff there are rules H«+ B and H <~ B’ in P; such that
B cB’andP,=P;\ {H + B’}.

UNFOLD (Unfolding): ProgramP, results from prograni; by UNFOLD (written
P1+—y Po) iff there is arule H«+ B in P; and a positive literal B= B such that
P,=Pi\{H <« B}uU{H «+ ((B\{B})uB’)| B+ B’ eP4}.

TAUT (Deletion of Tautologies): Program P, results from programP; by TAUT
(written Py —1 P») iff there is H <~ B € P; such that He B and P, =
P1\{H « B}.

13



A programP’ is a normal formof a programP wrt. a transformation " iff
P —. P’, where—, denotes the reflexive-transitive closure-efandP’ is irreducible,
i.e., there is no prograrR” such thatP’ — P”.

Let “—R” be the rewriting system consisting of the above five transformations, i.e.,
R =T Uy Uy U —p U —N. Two distinctive features of this rewriting sys-
tem [BD98] are that it isveakly terminatingi.e., each ground prografhhas a normal
form P’), andconfluent(i.e., given a progran®, by applying the transformations in
any fair order, we eventually arrive at a normal fonormygs(P )). This normal form
normyes(P ) is aresidualprogram, 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 (SEMnin) We define SEMn(P) = (P'rue,p false pundef) for any njp
P, where

Pftrlue = {HH «eP}
pfalse = (H|H ¢ Lp\HEAD(P)}
pundef — {H|HELP\(ptrueUpfalse)}

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

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

P p
q < notp p
g < notp
q <« tnotp N S « notd —s S < not(Q
S « notq SuB o 9 7RED- g o
q <« r 9 r o« q
r o« q
r o« q

Red"
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Finally applyingUNFOLD to the last one, we get to nogiggP1) :
p
s

Thus, the wellfounded semanticgfis:

WFSP;1) = {p,s,notq,nott, notr}

Theorem 3.4 (Classifying WFS [BD99])
WFSP) = SEMpin(normyeg(P)).

4  Transformation Properties in DeLP

As stated in the introduction, we want to analyze whether transformationSLBr

as the ones described above also hold f@ed P program. Such an analysis is very
complicated for the whole clag3eL P, where we have not only two sorts of rulegjct
anddefeasibleules, but also two different kinds of negatien,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 program3ahP is highly nontrivial

and subject of ongoing research.

In our analysis, we will therefore focus first dielReq (i.€., 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 BeL Reg programP (thus HEAD(P) will stand for all
heads of rules iR, etc.), distinguishing strict rules from defeasible rules when needed.
In Section 4.2 we will considdbeL P, (i.e., DeLP with default negatiomot). In that
case, a similar analysis will be performed.

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

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

Proof: This is a direct consequence of the Definition 2.31, since the semanfied &
is entirely determined by relationships among arguments. [ |
The converse does not hold, as shown in the following example.

Example 4.2 LetP1 = { p—<q, p—<r,q + ,r < },andletP, = { p—<q,
q < ,r < }.Clearly, SEMbe.p(P1) = SENbeLp(P2), since{p,q,r} = P2eePted=
Pzaccepteq However ArgéP1) # Args(P,) (since({p—=<r},p) is an argument irP;

but not inP>).
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Definition 4.3 (Isomorphic dialectical trees) Given two argumentgA;,Q1) and
(A2,Q2), their associated dialectical treegp, o,y and Tia, o, Will be isomorphic
iff

1. Q. = Qo, and both(A1,Q1) and (A2, Q2) have no defeaters, or

2. Tia, 0y hasTy, ..., Ty as immediate subtrees, afda,q, hasTy, ...,
T, as immediate subtrees, and there exists a one-to-one correspondence f
{T1,...., Tk} = {T/,..., T/}, such that

(@) T; and f(T;) are isomorphic, = 1,...,k, and

(b) The root off; is a proper (resp. blocking) defeater fOA1, Q1) and the root
of f(T;) is a proper (resp. blocking) defeater f0A2, Qo), fori=1,..., k.

Proposition 4.4 LetP; andP; be twoDeL PRy, programs, such thaka, q,) is the as-
sociated dialectical tree for an argumeffi;, Q1) in P, andT<A27Q2> is the associated
dialectical tree for an argumenfAz, Qo) in Pa. If T<A1,Q1> and T<A27Q2> are isomor-

. accepted rejected pundefy . accepted rejected
phl% E‘hen Q € PP (resp. P#1°°S PN iff Qq € PSP (resp. P 1E
Pun e)

2 .

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

Corollary 4.5 Let P; and P, be two DeLP,, programs, such that HEA®®) =
HEAD(P2). Suppose that for any literal Q in HEAB:), there exists a dialectical
tree T;a gy in Py iff there exists an isomorphic dialectical trdeg o) in P2. Then

SEMpeLp(P1) = SEMberp(P1).

4.1 Transformation Properties in Del Pneg

Below we will introduce tentative extensions Bl Req of the previous transforma-

tion rules. The distinguishing features of the transformation rules are discussed next.
For each transformatioR; andP, denote groundllp programs. Some transformation
rules have special requirements which appear in boldface.

REDn+eg: ProgramP; will result from programP, by RED™ (written P1 —pnegP2)
iff there is a ruleH < B in P; and a negative literal-B € B such that there is
no rule abouB in P4, i.e.,B¢Z HEAD(P;), andP2 = (P1\ {H + B})U{H «

(B\{~B})}.

REDpeq ProgramP> will result from programP; by RED™ (written P1 +—mneg P2)
iff there is aruleH < B in P1 and a negative literal B € B such thaB appears
as afactirP;, andP, =P1\ {H « B}.
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SUBneg ProgramP» will result from programP1 by SUB (written P1 —gnegP2) iff
there arestrict rulesH < B andH « B’ in P; such thatB ¢ B’ andP, =
P1\{H + B’}. The ruleH « By is callednon-minimal rulewrt. H + Bj.

UNFOLD g Suppose prograrR; contains astrict rule H <— B such thathere is
no defeasible rule inP; with head H.

Then programP> will result from programP; by UNFOLDpneg (Written
P1 —uneg P2) iff there is a positive literaB € B? which does not appear
as head of a defeasible rule irP1, such thatP; = P1\ {H + B} U {H «
(B\{B})uB’) |B + B’ e Py}.

The clauseH «+ B is said to bdUNFOLDnegrelatedwith eachB « Bj € Py
(fori=1,...,n).

TAUT neg ProgranP, will result from progranP by TAUT peg (WrittenP1 —1negP2)
iff there isH + B € P1 such thaH € B andP, =P;\ {H « B}.

First we consideREDﬁeg. This transformation ruleoes not holdor strict nega-
tion. Note that whereaRED™ captures the idea thatt A trivially holds wheneveA
cannot be derived (and for that reasamA can be deleted), the same principle cannot
be applied tovA, which holds whenevehere is a derivation for-A.

Example 4.6 Consider the followindeL Riegprogram:I = { (p < ~s), (~s < 1),
( < ), (@ «+ ) }andA={ t—<aq1), (~t—=<0q1,0) }. Here p is not justified
fromP (since the argumer; = { t—<q; } for p is defeated by the argumehys =

{ ~t—<q1,q2 } for ~t. If we considere®’ = RED;((P) we would get p as a fact,
so p would be justified iR’.

Let us now consideRED,¢4 This transformation rule holds for both defeasible
and strict rules in @eLRegprogramP, as shown in Proposition 4.7

Proposition 4.7 Let P be a DeLR\g program. LetP’ be the resulting program of
applyingRED ¢ i.e.,P —mnegP’. Then SEMe o(P') = SEMpe p(P).

Proof: Let P be aDeLReg program, and letA <) € P. Furthermore, let = P <+

Q1,...,Qn (resp.P—< Qq,...,Q) be arule inP, such thatvA = Q;, for somei. Then

r cannot be used in any defeasible derivation corresponding to an argurRersinte

if r is used, then both-A and A follow from MU A, contradicting the definition of

argument). Then, each argument that can be built flooan also be built fronP’ =

P\ {r}. ThusArgs(P) = Args(P’), and therefore SEM: p(P) = SEMpe p(P’). =
Let us now consideBUBneg This transformation holds for strict rules, as shown

in Proposition 4.9. It does not hold IDeL Req 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 = (MM,A), wherel = {q1, 02} andA = { (p—<q1,2), (p—<q1),
(~p—<qp) }. The argumenf = { (p—<q1,0q) } for p is strictly more specific than
B = { (~p—=< ) } for ~p. However, if we considdt’ =P \ {(p—<q1,02)}, then
we get two arguments which block each oth&r< { (p—< 1) } for p andB = {

(~p—<0qp) } for ~p).

Proposition 4.9 LetP be aDeLReg program. LetP’ be the program resulting from
applyingSUBneg, i.€.,P —mnegP’. Then SEMe (P ) = SEMpe p(P’).

Proof: Clearly,P =P \ {r | r is a non-minimal rule}. Letr = P + Qq,...,Qx be
a non-minimal rule inP, and assume there is an argum@nfor some literalH in
which r is part of the defeasible derivation fét. From the definition of defeasible
derivation, for each literdD, ..., Q there is an argumerniB1, Q1), ... (Bk, Qk), such
that Uiklei C A. Sincer is a non-minimal rule, there exist§ = P < Qq,...,Q

€ N, j <k, such that for each literad; (i = 1,...,]) there are argumeni®8;,Q1)
.-{Bj,Qj). But U!_; Bi € UK, Bk. Hence by replacing by r’ we get either the
same sef as an argument fad, or a proper subsék’ c A must be an argument
for H. This means thad is not an argument according to Definition 2.10, because it
does not satisfy condition 3. In any case, the mut&n be removed frorR, without
affecting the arguments that can be obtained fidnThereforeArgs(P) = Argg(P’)
(P'=P \ {r}). Hence SEMe¢; (P ) = SEMper(P’). ]

Let us now consideNFOLD neq. 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 ruleslConsider the follow-
ing example

M A

hasfeathers<— flies—< bird

hasbeak < ~flies—< bird,wounded

wounded<— bird —< hasfeathershasbeak

In P, there is an argumentA; = { (~flies —< bird,wounded),

(bird —< hasfeathershasbeak} for ~flies which is strictly more spe-
cific than A, = { (flies —< bird), (bird —< hasfeathershasbeak}
for flies. In this case, the first argument is a justification. However,
if UNFOLDneg is applied on defeasible rules, we gef’ = (1,4,

with A'={ (flies —< hasfeathershasbeak), ¢flies —< bird,wounded),
(bird —< hasfeathershasbeak}. In P’ we have two conflicting argumentsy
= { (~flies—< bird,wounded), (bird—< hasfeathershasbeak} for ~flies and
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A, = { (flies—< hasfeathershasbeak)} for flies. In this case, neither of them is
strictly more specific than the other.

Example 4.11 LetP = (M,A) be adip, wherell = { (p <+ q,S), (q < f1), (g + f2),
(s «+ )}, andA = { g—<s}. If we could applyUNFOLDpeg 0N rule (p < q,s)
wrt. the literal g, we would get the prograR' = P\ {(p «+ q,9)} U {(p + f1,9),
(p « f2,s) }. ButA; = { g—<'s} is an argument for p if?, but it does not exist in
P

In order to simplify the analysis ofJNFOLDpeg we will define a special
transformationUNFOLDHeg corresponding tdAJNFOLD neg applied to a particular
UNFOLD negrelated ruler;.

Definition 4.12 (Transformation UNFOLDHeg) Suppose progranP; contains a
strict rule H <— B such thathere is no defeasible rule if; with headH.

Then progranP; will result from programP; by UNFOLD i, (written Py =0 neg
P,) iff there is a positive literal B B whichdoes not appear as head of a defeasible
rule in P4, such thaP2 = P1\{H «+ B} U{H « ((B\{B})UB') |ri=B « B’ ¢
P1}.

Proposition 4.13 Let P1 be aDeL Rieq program which contains atrict rule r=H <
B, suchthaty, ro, ..., 1, are all those rules irP; that areUNFOLD e telated to .
Consider the sequence of prografis= P1 —(},eqP2 = (heg - -+ Pk —Uneg P'- Then
P —unegP’ wrtruler.

Proof: Direct consequence of Definition 4.12 and the definitiod/BfFOLD g =
We present next a particular property of immediate subargumenBelrRe,
which will allow us to show that the transformatien neg Preserves semantics when

applied to a giverDeL Reg program.

Proposition 4.14 Let (A,H) be an argument ieLReg such that the last rule used
in the derivation is the strict rule H— P1,...,Px. Then all immediate subarguments
(A1,P1) ..., (A, F) are suchthaAj=A,vi=1,... k.

Proof: Since(A,H) is an argument, thel UA F H, such that there exists a defeasible
derivationS = [ry,...,ry] wherer; = H <« Pj,...,Pk Clearly, the sequencg =
[ra,...,rk] provides a defeasible derivation for every element of the sequence of goals
G=[Py,...,R], using the same s& of defeasible information as i8. In particular,
NUAFR,Vi=1,...,k such thafA is minimal and non-contradictory. Thdsis an
argument folR, vi=1,... k. [ |

Proposition 4.15 Let P; be aDeL Reg program, and leP, be the program resulting
from applying—j e, Wrt some rule f.

Let(A,H) be an argument iR, affected by the application ef | neg TheN(A H)
is also an argument iR2, and ArggP1) = Args(P2).
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Proof: Let Py = (IM,A) be aDeLReg program, and letA, Q) be an argument iRq,
such that (i) a strict rule = H < B is used in the defeasible derivation @ffrom
MUA, and (ii)r is UNFOLD negrelated to other rule. If this is not the case, then
clearlyArgs(P1) = Args(P2), and the proposition holds trivially.

Since ruler was applied in the defeasible derivation@from MUA, there exists
an argumentS,H) which is a subargument @A\, Q), such that the last rule used in
the defeasible derivation ¢§,H) isr. The strict ruler can be written as

r=H « B,Ly,...,Lg (1)

From Proposition 4.14, we get th@, B), (S,L1), ..., (S,Lk) are immediate subargu-
ments of(S,H).

Considerri=B « B, which is the last rule used in the defeasible derivation of
(S,B), such that is UNFOLD negrelated tarj. Sincer; is a strict rule, it will have the
form

=B « Pq,...,Pnm. )

From Proposition 4.14, we get the, P1), (S,P), ..., (S,Py) are immediate subar-
guments of(S,B). Thus, argumentS,H) in P1 is such thatS,Py), ..., (S,Py,) and
(S,L1), ...,(S,Ly) are also arguments Fy.

Assume we apply—>[jneg to Py, resulting in a newDeLRyeg programP». From
Definition 4.12, we have:

P>=Pi\{H «+ B}U{H « ((B\{B})UB’) |ri=B « B’ € P4}
In this case we g, = P1\ {r} U{r'}, wherer’ is the rule

'=H « Li,...,L,P1,...,Pm (3)

Clearly, (S,L;),i=1,...,kand(S,R),i=1,...,mare also arguments i, and
in particular(S,H) is also an argument iR,. Note that no new argument other than
(S,H) is generated i®», since the subarguments(,H) in P; and(S,H) in P, are
the same. ThuArgs(P1) = Args(P2). n

Corollary 4.16 LetP be aDelLRegprogram, and leP’ be the program resulting from
applyingUNFOLDpegwrt some rule r inP. Then SEMe AP ) = SEMpeA(P’).

Proof: Follows directly from Proposition 4.13 by repeated applicatiomeﬁjneg, for
eachrj which isUNFOLD negrelated withr. n
Let us now consider tautology elimination.

Proposition 4.17 Let P be a DeLReg program, andP’ the program resulting from
applyingTAUThegto P, i.e.,P +—1negP’ Then SEMe AP ) = SEMberp(P/).

20



Proof: Let (A,Q) be an argument iArgs(P ), such thaf1UA F Q using a strict rule
r=P <« P,Q,...,Qk. Then the occurrence &fin the antecedent can also be proven
from M\ {r}UA. Thus, there exists a derivation QQifrom M\ {r } UA (the same holds
the other way around). Thereford), Q) € Args(P iff (A,Q) € Argg(P \ {r}). Assume
now that(A,P) is an argument irArgs(P ), such that'l UA + P using a defeasible
ruer=P—<P,S,...,S. LetA’ = A\{r}. Clearly,MUA’ - P. But then(A,P) is
notan argument, since it is not minimal (contradiction). Therefore, no defeasible rule
P—<P,S,...,S can be used in building an argument. Therefdfe,P) € Args(P)
iff (A,P) e Args(P\{r}). u

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 consider$igBneg andUNFOLD neq. 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
SUB ot andUNFOLD o, as presented in Section 4.2.

4.2 Transformation Properties in DeLPj,;

DelL P, is the subclass of programs DeLP 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 negatidn&nd therefore no
contradictory literald® and~P can appear. The attack relationship among arguments
is defined in terms of default literals: an arguméft Q;) accounts for @&ounterar-
gumentfor an argumentB, Q) if notQ; is used as amassumptiorin the defeasible
derivation ofQ, from M UB.

Assumption literals are the only possible points for attackel P,,. In fact, we
now restrict our framework in that we allow in Definition 2.10 oabgume ~A where
Ais an atom. That is, we do not allaagsume A literals. Thus the sd’d<A,Q> denotes
in this section the set of assumption literals(f, Q) where all literals are (strictly)
negated atoms. The reason is that we want to have as msiohe ~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 assumptiaasume ~A will be attacked by any other
argument concluding. In order to capture this situation, the notion afantradictory
set of literalshas been extended after Definition 2.6 to consider assumption literals.

Strict argumentg0, R) 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 aDeLPR,, program, and le{A,Q) be an argument i’
such that Q follows frord\ usingassume~R as an assumption. {D,R), then(A,Q)
is not a justification.
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Proof: Clearly(0,R) is a counterargument f@¢A, Q), in particular (according to speci-
ficity) a defeater. Sincé), R) has no defeaters (as discussed on page 11), the dialectical
tree with root(A, Q) will have a children nodéd, R), which will turn out to be marked

asU (according to Definitions 2.27). HencA, Q) will be marked a®, so that/A, Q)

is not a justification. [ |

The precise semantics f@eLP,,; 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
not Q will not hold wheneverQ can be ultimately defeated. In particulant Q will
not hold whenever there is a strict argument@rin this respectDeLP,,; 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 aDeL PR, program does not involve strict negation, many problems consid-
ered in Subsection 4.1 do not arise. New transformatREBD;;, RED,o;, SUBnqt,
UNFOLD/,o;, UNFOLD ot and TAUT ot can be defined, with the same meaning as
the ones introduced in Subsection 4.1 [l R\ but referring taDeL P, programs.
Similarly, we will use the® —g+not P’ (respi—gr-not: —snos —Unot, —{not» —Tnot) tO
denote theDel P, programP’ resulting fromP by application of the transformation
RED}!,; (resp.REDqt, SUBot, UNFOLD pot, UNFOLDY i, TAUT not).

For each transformation, we will show that the resulting transformed program is
equivalent to the original one. In the case3B,,; and UNFOLD o, 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 aDeLP,.; program. LetP’ be theDeL P, program result-
ing fromP +—ginot P'. Then SEMe p(P) = SEMpe p(P').

Proof: Let P be aDeLP,, program, such that=P —< Qq,...,notQ,...,Qx is a
defeasible rule if?, and there is no rule abo@in P. LetP’ be theDeLP,, program
resulting from applying—r+not to P on ruler.

LetH be an arbitrary literal i, such that rule is used in building the defeasible
derivation of some argumenB,S), so thatassume~Q is an assumption literal in
(B,S).SinceP’ =, P\ {r}U{P—<Qu,...,Qk}, itis clear thaShas also a defeasible
derivation fromB \ {r} U{P—< Q,...,Qk}, which is minimal and non-contradictory.
Hence we have the argumgi\ {r} U{P—<Qq,...,Q«},S) inP".

Since there is no rule with he&lin P, there exists no argume(t,Q) in P and
hence no counterargument @, S) atassume ~Q. Therefore each defeater 8, S)
in P is also a defeater fdB’,S) in P/, whereB' =B\ {r} U{P—<Qq,...,Q«}. The
same line of reasoning appliesifs a strict ruleP «+ Qq,...,Qk.

Hence each dialectical trele in P involving (B,S) as a node is isomorphic to
T/ in P’involving (B',S) in P’. From Proposition 4.4 it follows that SEM,p(P) =
SEMDeLp(P/). |
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Proposition 4.20 LetP be aDeLP,, program. LetP’ be theDeL P, program result-
ing fromP +—g-pot P’. Then SEMe (P ) = SEMper A(P’).

Proof: Let P = (M,A) be aDeLPR,, program. Letr = P + Qq,...,notQ,...,Qn

be a strict rule, and assun@® <~ € P. Assumer is used in a defeasible derivation
for building an argumen{A,H). ClearlyMUA + Q andlMU A F assume ~Q. But

this violates condition 2 in Definition 2.10 (contradiction). Therefore each argument
(A, H) inP isalsoan argumentif \ {r}. HenceArgs(P ) = Args(P’), and therefore
SEMDeLp(P) = SEMDeLp(PI). |

Proposition 4.21 LetP be aDeLP,.; program. LetP’ be theDeL P, program result-
ing fromP +—gnotP’. Then SEMe p(P ) = SEMpero(P/).

Proof: Let P be aDeLP,, program, and let = P < B; be a non-minimal strict
rule in P (i.e., there exists a rule = P < B, such thatB, C B1). We consider
B1 =B, UnotB[, distinguishing the seB" of positive literals from the setot B,
(literals preceded byot). If B, C By, then two situations are to be considered: either
BS CB;,orB, CB;.

1. Suppos®, C B;". ThenArgs(P) = Args(P \ {r}), following the same line of
reasoning as in Proposition 4.9.

2. Suppose thaB, C B;, By = B, . Suppose there exists an arguméhtH)
such that the strict rule= P « Bj is used in the defeasible derivationdf
Clearly, there is an assumption liteeabume ~Q in A for eachnotQin B; . Let
H; be the set of assumption literalsAn It follows thatA \ H, also provides a
defeasible derivation fod usingr’ instead, wherd; is the set of assumption
literals inr’, such thatH, C H;. But then the defeasible derivation df using
r violates condition 3 in Definition 2.10. Therefore no argument usiogn be
builtin P, so thatArgs(P ) = Args(P \ {r}).

From this analysis it follows thaP +gnot P’ is such that SEMe p(P) =
SEMDeLp(PI). |

Proposition 4.22 LetP be aDeLP,.; program. LetP’ be theDeL P, program result-
ing fromP +—1not P/. Then SEMe p(P ) = SEMperA(P/).

Proof: We will consider only the case in which literals precededbyare presentin
arule of the fornt =P + P,Q,...,Qk. Otherwise the proof follows the same line of
reasoning as in Proposition 4.17.

1. Suppose there exists an argumghtH) in P such thafTUA F H using a strict
ruler=P <« P,Qq,...,notQ,...,Qk. Then the occurrence &%in the antecedent
of r can also be proven fromi \ {r} UA’, whereA’ = A \ {assume~Q}. But
then(A,H) is not an argument, since it violates condition 3 in Definition 2.10.
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Therefore, norule =P < P,Qq,...,notQ,...,Qk can be used in an argument
in P. HenceArgs(P) = Args(P’), with P’ = P \ {r} so that SEM p(P) =

2. Suppose there exists an arguméhtH) in P such thatll UA F H using a
defeasible rulee = P—< P,Q4,...,notQ,...,Qk. The same line of reason-
ing as above applies, with’ = A\ {r,assume~Q}. Therefore SEMe p(P) =
SEMperp(P').

|
We present next a property of immediate subargumenBeihP,;, similar to the
one shown in Proposition 4.14. Then we will show that the transform&ﬁi@gbt pre-
serves semantics when applied to a gl P, program.

Proposition 4.23 Let (A,H) be an argument iDeLP,, such that the last rule used
in the derivation is the strict rule H— Pq,..., Py, notLy,...,notLj, distinguishing lit-
erals from assumption literals. Then all immediate subargum@ats) .. ., (Ax, P)
are such tha#; = A\ Ul_,{assume~L;},Vi=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 aDelLP,, program. LetP’ be theDeL P, program result-
ing fromP r—>Un0t P’ wrt a strict rule rinP. Then SEMe p(P ) = SEMper A(P).

Proof: Let P; = (IM,A) be aDeLPR,,: program, and letA, Q) be an argument iR,
such that (i) a strict rule = H < B is used in the defeasible derivation @ffrom
MUA, and (ii) r is UNFOLD o-related to other rule;. If this is not the case, then
clearly Args(P1) = Args(P>), and the proposition holds trivially. We can also assume
thatd c B~ C B, i.e., there is at least one literal precedednoyin B; otherwise the
proposition follows directly from Proposition 4.15.

Since ruler was applied in the defeasible derivation@from MUA, there exists
an argumentS H) which is a subargument dfA, Q), such that the last rule used in
the defeasible derivation ¢§,H) isr.

The strict ruler can be written as

r=H « B,Ly,...,Li,notMy, ..., not M (4)

distinguishing positive literals from literals preceded hyot. Let S; =
S\ UJ_,{assume~M;}. From Proposition 4.23, we get thafS;,B), (Si,L1),
...,{(S1,Lx) are immediate subarguments(6f H). Hence we get that

k

j
H<37H> - H<51,B> U U H<317Li> U U{assumeNMi} (5)
i=1 i=1
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Considerri=B « B, which is the last rule used in the defeasible derivation of
(S1,B), such that is UNFOLD o-related torj. Sincer; is an arbitrary strict rule, it
will have the form

=B < P1,...,Pm,notRy,...,notRy. (6)
Let Sz =S1\UP_ ;{assume~R} It follows that
m p

His, g = iU1H<327pl> U jUl{assumeNRj} @)

Replacing (7) in (5), we get

m p k i
H<37H> = U H<327p|> U U {assumeNRj}U U H<317|_i> U U{assumeNMi} (8)
i=1 =1 i=1 i=1

Thus, argumentS,H) in Py is such thab = RsUH s ), whereH s 1y, is defined

as in (8). Assume we apphtunot to P1, where the rule is UNFOLD po-related tarj,
resulting in a newbeL P, programP,. From the definition oUNFOLD/;, we have:

P2=P1\{H « B} U{H « ((B\{B})UB') |[rj=B + B’ Py}

Consider the original rule in (4), and theJNFOLD qi-related rulerj in (6). Let
P, be theDeL P, program resulting from applying the UNFOLD transformatiom to
with respect ta;. In this case we get

H « {B,L1,...,Li,notMs,...,notMj}\ {B} U
{P1,...,Pm,notRy,...,notRp}

or equivalently

H <« L]_,...,Lk,Pl,...,Pm,nOtMl,...,nOth,nOtR]_,...,nOtRp (9)

LetS' =S \{Uijzl{assumeNMi} U UP_,{assume~R}}. From Proposition 4.23,
it follows that (S’,L;), i =1,...,kand(S’,R), i = 1,...,m are arguments iR. In
particular, we have

k m p i
H(S',H) = U H<3:,|_i> U U H<3/,p|> U U{assumeNRi} U{assumeNMi} (20)
i=1 i=1 j=1 i=1

HenceRsUH s 1y is an argument foH in P, since every defeasible rule is also
a defeasible rule iR,. But from (8) and (10) it follows thatls: 14y =Hs 14y, and the
setS’ =S. Hence,(S,H) is an argument in botR; andP».
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[ | NLP under wfs] DeLPheg | DeLP,y |

RED™ yes no yes
RED™ yes yes yes
SUB yes yes, for strict rules| yes, for strict rules
UNFOLD yes yes, for strict rules| yes, for strict rules
TAUT yes yes yes

Figure 3: Behavior oNLP, Del RegandDeL P, under different transformations

aSome additional conditions are required for the transformation to hold.

Therefore, we can conclude that for any arguni€nt) in P1 such that one of the
strict rulesr used in its defeasible derivationUlNFOLD nqt-related to another rule,
it follows that(S,H) is also an argument iB,. Note that no new argument other than
(S,H) is generated iy, since the subarguments(&,H) in P; and(S,H) in P, are
the same. Hencargs(P1) = Args(P2), and therefore SEML p(P1) = SEMpeLp(P2).
|

Corollary 4.25 LetP be aDeLP,, program. LetP’ be theDeL P,,; program resulting
fromP +—ynot P/ wrt a strict rule rinP . Then SEMep(P ) = SEMpero(P/).

Proof: Follows directly from Proposition 4.13 by repeated applicatiomﬁnot, for
eachr; which isUNFOLD nqt-related withr. n

4.3 RelatingNLP and DeLP,; under WFS

A natural question is how well-founded semantics WFS relat@gld>,,;. 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 DeLP,, extends WFS) LetP be a program inNLP. We can look at
P also as a theory irDeLP,.;. Then all atoms A and default atomst A that are true
in WFSP) are also contained in SEM; pnofP).

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

e The atoms true in WH®) are, by Theorem 3.4, exactly thofewhere there
is a rule of the form A < ”. But those atoms are certainly justified in

SEIVlDeLPnOI( P) .

e All default literalsnotA that are true in WF@) are, by Theorem 3.4, exactly
thoseA where there is no rule with headl But thenassume~A < can be
assumed as it can not lead to any contradiction. u
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Example 4.27 Consider the normal logic programs

P.= {(a + b), (b« a),(c+ nota,noth)}

Po= {(a + noth), (b + a)}

Ps= {(a « notb), (b < nota), (c + a), (c + b)}

P4= {(a « b,notd), (b + a,notd), (d < notd), (C < nota,noth)}
Ps= {(a «+ noth), (b + nota), (a + nota) }

We analyze the aboVeLP programs asDeLF,,; programs.

e WFS inP1 is {nota,notb, c}. The only argument that can be constructed from
P, as aDeLP,, program is the one which justifies c.

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

e WFS inP, is empty. UndeiDeLP,,, no argument can be built, since the only
possible sef assume ~b } leads to contradiction.

e WFS inP3 is empty. InDeLP,,, two sets of assumptions are possible for build-
ing argumentsA; = {assume~a } and Ay = {assume~b }. We can build the
arguments(A1,b), (Az,a), (A1,c), (A2,c). Any one of these arguments has a
blocking defeater. From Definition 2.28 it follows that no argument is justified.

e WFS inP4 is {nota,notb, c}. The only argument that can be constructed from
P4 as aDeLP,, program is the one which justifies c.

However, without the last rule ¢~ nota,notb no argument can be built iRs
underDeLPR, (there is no defeasible sequence for a nor for b).

e WFS inPs is empty. But in SEML pnorthe argument assume~b } is a justifi-
cation for a. This is becauggassume~b},a) cannot be defeated (the only way
to do this would be to find an argument involving the assumpitea, but this
would lead to a contradiction).

The last progran®s shows that SEMg; pnetis strictly stronger than WFS.

4.4 RelatingNLP and DeLP: Summary

Figure 3 summarizes the behavior®ELP, Del Reg and DeL B, under the different
transformation rules presented before. From that table we can identify some relevant
features:

e An argumentation-based semantics has been givedLt® using an abstract
argumentation framework [KT99]. From Section 4.2 it is clear tD&tLP is
a proper extension aNLP, since there are transformation properties\NbP
which do not hold inDeLP. This is basically due to the knowledge representa-
tion capabilities provided by defeasible rules.
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e Some properties df/LP under well-founded semantics are also presebiehP
(such asTAUT andRED ). It is worth noticing thaRED ™ holds inNLP be-
cause of a “consistency constraint” (it cannot be the case thatrmdtP and
P hold). The same is achieved eLP by demanding non-contradiction when
constructing arguments.

e Other transformation properties only hold for strict rules (8ldB), sometimes
with extra requirements (e.g/NFOLD). 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.

e Some properties (e.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 hekldis enough for
concluding thaH 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 f/P is computed by

using an argument-based approach, which has many similaritieeltR [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 themot L should hold too (similarly, it. thennot~L). In
DeL Pthis “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 framewbDd_P to classical logic program-

ming semantics, particularly well-founded semanticsNar. 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 betweeNLP andDeLP are to be found in the expressive power
of DeL P for encoding knowledge in comparison wittiL P. 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 capabilitib Bf
However, as already discussed, the same principle which guides the application of the
transformation rul&RED~ in NLP can be used for detecting rules that cannot be used
for constructing arguments.

It is worth noting that the original motivation fdPeLP 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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