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Abstract

In rule-based systems, goal-oriented computations correspond naturally to the pos-
sible ways that an observation may be explained. In some applications, we need to
compute explanations for a series of observations with the same domain. The question
whether previously computed answers can be recycled arises. A yes answer could result
in substantial savings of repeated computations. For systems based on classical logic,
the answer igyes For nonmonotonic systems however, one tends to believe that the
answer should bro, since recycling is a form of adding information. In this paper, we
show that computed answers can always be recycled, in a nontrivial way, for the class
of rewrite procedures proposed earlier in [22] for logic programs with negation. We
present some experimental results on an encoding of the logistics domain.

*An extended abstract of parts of this paper appeared in the proceedings of IJCAI-03, Acapulco, Mexico.



1 Introduction

The question we shall address in this paper is the following. With a sound and complete
procedure for abduction, suppose we have computed explanations (conveniently represented
as a disjunctionf's = E; V ... V E, for observation;. Suppose also that in the course

of computing explanations for another observatigrwe run intog again. Now, we may

use the proof€’s for ¢ without actually proving; again. The question is this: will the use
(recycling) of the proofd’s for ¢ in the proof forp preserve the soundness and completeness

of the procedure?

In this paper, we answer this question positively, but in a nontrivial way, for the class
of rewrite procedures proposed in [22] for abduction in logic programming under (partial)
stable model semantics ([10], [25]). The main result is a theorem (Theorem 4.7) that says
recycling preserves the soundness and completeness.

The general idea of recycling is not new. Recycling in systems based on classical logic is
always possible, since inferences in these systems can be viewed as transforming a logic
theory to a logically equivalent one. In dynamic programming, it is the use of the an-
swers for previously computed subgoals that reduces the computational complexity. In
some game playing programs, for example in the world champion checker pr&jram
nook(www.cs.ualberta.cathinook), the endgame database stores the computed results for
endgame situations which can be referenced in real-time efficiently.

However, the problem of recycling in a nonmonotonic proof system has rarely been in-
vestigated. We note that recycling is to use previous proofs. This differs from adding conse-
guences. For example, it is known that the semantics based on answer sets or (maximal) par-
tial stable models [5] do not possess taeitious nonmonotoniciyroperty. That is, adding
a consequence of a program could gain additional models thus losing some consequences.
The following example is due to Dix [4]:

P ={a<«<notb. b« ¢,nota. ¢« a.} (1)

P has only one answer sdiy, c}. Thus,c is a consequence. When augmented with the rule
¢ «, the program gains a second answer get;}, and loses as a consequence.

Abduction in the framework of logic programming has been studied extensively, and
a number of formalisms and top-down query answering procedures have been proposed
[1,5,6,7,15, 14,16, 17, 22, 27, 28]. The class of rewrite procedures for abduction proposed
in [22] is based on the idea abduction as confluent and terminating rewritinthese sys-
tems are calle@¢anonical systemi the literature of rewrite systems [3]. The confluence



and termination properties guarantee that rewriting terminates at a unique normal form inde-
pendent of the order of rewriting. Thus, each particular strategy of rewriting yields a rewrite
procedure. It has been shown in [22] that these rewrite procedures are sound and complete
under the semantics based on partial stable modelsréme reasoningi.e., a query is true

in a partial stable model if and only there is a proof by such a rewrite procedure. Brave
reasoning is particularly well suited for the task of generating explanations in abduction. In
this paper, we show that the soundness and completeness of these rewrite procedures can be
preserved when they are extended with rules that “recycle” previous results.

This paper is organized as follows. The next section defines logic program semantics.
Section 3 reviews the rewriting framework. Then in Section 4 we formulate rewrite systems
with computed rules and prove that recycling preserves soundness and completeness. Sec-
tion 5 extends this result to rewrite systems with abduction. Recycling incurs overhead and
sometimes the overhead could be substantial. A good recycling strategy makes computed
answers likely to be used in later computations. In Section 6 we propose such a strategy, and
Section 7 reports some experimental results.

2 Logic Program Semantics

A rule is of the form

a < by,...,b,,notcy,...,notc,.

wherea, b; and¢; are atoms of the underlying propositional langu#@genot ¢; are called
default negations A literal is an atomy or its negation—¢. A (normal) programis a finite
set of rules.

The completionof a programpP, denotedComp(P), is a set of equivalences: for each
atom¢ € L, if ¢ does not appear as the head of any rul®jy — F € Comp(P); other-
wise,¢ « B1 V...V B, € Comp(P) (with default negations replaced by the corresponding
negative literals) if there are exactiyrules¢ < B; € P with ¢ as the head. We writ€ for
B; if B;is empty.

The rewriting system of [22] is sound and complete w.r.t. the partial model semantics
[25]. A simple way to define partial stable models without even introducing 3-valued logic
is by the so calledlternating fixpoint§31]. Let P be a program and a set of default
negations. Define a function over sétef default negationst's(S) = {nota | PU St/ a}.

The relationt- is the standard propositional derivation relation with each default negation
not ¢ being treated as a named atant _¢.



A partial stable modelV/ is defined by a fixpoint of the function that appli&s twice,
F2(S) = S, while satisfyingS C Fp(S), in the following way: for any atong, =& € M if
not§ € S, € Mif PUS F & and¢ is undefinedtherwise. Ananswer sef (also called
stable modglis defined by a fixpoinf such thatFp(S) = SandE ={{ € L| PUS I ¢}.

3 Goal Rewrite Systems

We introduce goal rewrite systems as formulated in [22].

A goal rewrite system is a rewrite system that consists of three types of rewrite rules: (1)
Program rules fron@’omp(P) for literal rewriting; (2) Simplification rules to transform and
simplify goals; and (3) Loop rules for handling loops.

A program ruleis a completed definitiop «<» B, V...V B,, € Comp(P) used from left
to right: ¢ can be rewrittentd3; v ...V B,, and—¢ to -B; A ... A =B,. These are called
literal rewriting.

A goal, also called ayoal formulg is a formula which may involve,, v andA. A goal
resulted from a literal rewriting from another goal is callediesived goal Like a formula, a
goal may be transformed to another goal without changing its semantics. This is carried out
by simplification rules.

We assume that in all goals negation appears only in front of a literal. This can be
achieved by simple transformations using the following rules: for any formeilkasd W,

P - P
(PVVU) - DAY
(PAT) — =PV -

3.1 Simplification rules

The simplification rules constitute a nondeterministic transformation system formulated with
a mechanism of loop handling in mind, which requires keeping track of literal sequences
9o, - - -, gn Where eacly;, 0 < i < n, isin the goal formula resulted from rewritigg ;. Two
central mechanisms in formalizing goal rewrite systemgengite chainsandcontexts

e Rewrite Chain:Suppose a literalis written by its definitiony <« ® wherel = ¢ or
[ = —¢. Then, each literal in the derived goal is generated in order to prévé&his
ancestor-descendant relation is dendted!’. A sequencé; < ... < [, is then called
arewrite chain abbreviated ag <* [,.




e Context:A rewrite chaing = g9 < g1 < ... < g, = T records a set of literal§' =
{90, .-, gn_1} for proving g. We will write T'({go, ..., g»—1}) and callC' a context A
context will also be used to maintain consistency; ¢an be proved via a conjunction,
all of the conjuncts need be proved with contexts that are non-conflicting with each
other. For simplicity, we assume that whenevdr is generated, it is automatically
replaced byl'(C'), whereC' is the set of literals on the corresponding rewrite chain,
and—T' is automatically replaced b¥.

Note that for any literal in a derived goal, the rewrite chain leading to it from a literal in
the given goal is uniquely determined. As an example, suppose the completion of a program
has the definitions:z < —b A —=c andb < ¢ vV —p. Then, we get a rewrite sequence,

a— —bA—-c— —gApA-c.
For the three literals in the last goal, we have the following rewrite chains drom

a < -b=< g
a<-b=<p
a < ¢

Simplification Rules: Let ® and®; be goal formulas(’ be a context, antla literal.

SR1. FV®— @

SR’V F — &

SR2.FAN® — F

SR2 PANF — F

SR3.T(Cy) NT(Cy) — T(CLUCy) if Cy UCy is consistent

SR4.T(Cy) NT(Cy) — F if Cy U Cy is inconsistent

SR5. &1 A (P V O3) — (P A Dy) V (P A D)

SR5'. (B1 V &y) A By — (B1 A B3) V (By A Bs) O

SR3 merges two contexts if they contain no complementary literals, otherwise SR4
makes it a failure to prove. SR4 can be implemented more efficiently by

T(C)ANl — F if ~leC

For any goal formula, repeated applications of SR5 and SR5’ transform it to a disjunctive
normal form (DNF).



3.2 Looprules

After a literall is rewritten, it is possible that at some later stage eitloer-/ appears again
in a goal on the same rewrite chain. Two rewrite rules are formulated to handle loops.

Definition 3.1 LetS = [; <™ [,, be a rewrite chain.

e If =y =1, orl; = —l,, thenS is called anodd loop
e If Iy =1,, then

— S'is calleda positive loopf /; andi,, are both atoms and each literal an<* 1,
is also an atom;

— S is calleda negative loopf /; and/,, are both negative literals and each literal
onl, <* [, is also negative;

— Otherwise,S is called aneven loop

In all the cases abové, is called aloop literal

Loop Rules: Let g; <™ g, be a rewrite chain.

LR1. g, —» F
if g; <% g,, for somel < i < n, is a positive loop or an odd loop.

LR2. gn — T({gla 7gn})
if g; <% g,, for somel < i < n, is a negative loop or an even loop. a

A rewrite sequences a sequence of zero or more rewrite st€gs— ... — @, denoted
Qo —* Qr, such that), is an initial goal, and for each < i < k, Q; 1 is obtained fromY);

by
e literal rewriting at a non-loop literal i);, or
e applying a simplification rule to a subformula@f, or

e applying a loop rule to a loop literal i);.



Example 3.2 For the program given in the Introduction,
Py ={a < noth. b« ¢,nota. ¢+« a.}
a is proved bub is not. This is shown by the following rewrite sequences:

a—-b—-cVa—-aVa— FVa—a— T({a,-b})

b—cAN—-a—aAN—-a—-bN-a— FAN-a—F
Let P, = {b < notc. ¢« c.}. bis proved and-b is not.

b— —c— —c— T({—J)7 —\c})

-b—c—c— F

Note that, in general, the proof-theoretic meaning of a goal formula may not be the same
as the logical meaning of the formula. For example, the goal formwa-a (a tautology
in classical logic) could well lead to aR if neithera nor —a can be proved, e.g., for the
program{a < nota}.

Definition 3.3 A goal rewrite systenfor a programP is a triple (9., Rp, —), whereQ;,

is the set of all goalsRp is a set of rewrite rules which consists of program rules from
Comp(P), the simplification rules and the loop rules, and is the set of all rewrite se-
quences.

3.3 Previous results

Goal rewrite systems are like term rewriting systems [3] everywhere except at terminating
steps: a terminating step at a subgoal may depend on the history of rewriting.

A set of rewrite sequences defines a binary relation,/8agn the set of goal formulas:

R(Q, Q) iff @ —* Q'. Hence, a set of rewrite sequences corresponds to a binary relation.

Two desirable properties of rewrite systems are the properties of termination and conflu-
ence. Rewrite systems that possess both of these properties are called canonical systems. A
canonical system guarantees that the final result of rewriting from any given goal is unique,
independent of any order of rewriting.

Definition 3.4 A goal rewrite systemQ,, R p, —) is terminatingiff there exists no infinite
rewrite sequencé); — Qs — Q3 — ...... in —.

Definition 3.5 A goal rewrite systemiQ;,, R p, —) is confluentff for any rewrite sequences
t; —* ty andt; —* t3, there exist, € Q;, and rewrite sequences —* t, andts —* t,.
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The confluence property says that different rewrite sequences from the same goal can
always join at some later stage. If a rewrite system is also terminating then all the rewrite
sequences from the same goal will end at a unique normal form (a non-rewritable formula).

Example 3.6 Consider the following program
a <« notb. a <« c¢,note. b+« nota.
and the rewrite sequence from the geal

—a — bA(—cVe)

— —a A (—ceVe)

— T({—a,b}) N\ (—cVe)

— T({~a,b}) A(T({~a,~c}) Ve)
— T({~a,b}) AN(T({~a,c}) V F)
— T({~a,b}) AT ({—a, ~c})

— T({—a,b,—c})

We can prove the same goal by a different rewrite sequence; e.g., by a rewrite sequence where
a goal formula is always transformed to a disjunctive normal form first by applications of
simplification rules SR5 and SR5’ before any literal rewriting. The reader may want to
continue the following rewrite sequence to verify that such a sequence will yield the same
result.

—a—=bA(-cVe)— (bA-c)V(bAe) — ...

In [22], it is shown that all goal rewrite systems defined above are canonical, i.e., they are
confluent and terminating. It was also shown any goal rewrite system is sound and complete
w.r.t. the partial stable model semantics:

Theorem 3.7 Let P be a finite program andQ, R p, —) a goal rewrite system.

Soundness: For any literal g and any rewrite sequenge—* T'(C;) V ...V T(C,,), there
exists a partial stable modél/; of P, for eachi € [1..m], such thayy € C; C M.

Completeness: For any literal g true in a partial stable modelM of P, there exists a
rewrite sequence —* T(C4) V...V T(C,,) such that there existsc [1..m],g € C; C M.



3.4 Some Extensions

So far we have assumed that the given logic program is propositional, and does not contain
constraints. We discussed in [22] some possible extensions. Firstly, these rewrite procedures
can be used to compute explanations using a nonground program, under the condition that
in each rule a variable that appears in the body must also appear in the head. Under this
condition, an observation (a ground goal) is always rewritten to another ground goal, so that
a rewriting mechanism designed for ground programs works just as well. When the condition
is not satisfied, one only needs to instantiate those variables that only appear in the body of
a rule. For example, domain restricted programs [24] can be instantiated only on domain
predicates for variables that do not appear in the head. This is a significant departure from
the approaches that are based on ground computation where a function-free program is first
instantiated to a ground program with which the intended models are then computed.
Constraints of the form

1« aj,y ..., Q;, notbl, ey nOtbn.

can be handled in our rewriting procedure just like in other abductive procedures [2, 9, 17]:
namely, a goal is proved along with all the constraints. This ensures that all of the constraints
are satisfied when the goal is proved.

Example 3.8 Consider the following program and constraint:

a <+ notb. b+« nota. c+« c.

1L« b, notec.

In trying to proveb, for example, the goal formula including the constraink is —(b A —¢),
which reduces té A (—b V ¢). The following rewrite sequence shows that there is no partial
stable model that contairiswhile satisfying the given constraint.

bA(—bVc)

— (bA=b)V(bAC)— ...

— FV(bAc)—=bANc— -aNc—bAc

— T{b,—~a})Ne = T({b,~a})Ne = T{Hb,—a}) NF — F

However, computationally this is not a very effective approach when there are many
constraints. Since a rewrite chain in our system carries a context with it, we could check
the consistency of this context with the given constraints. This can be done by adding the
following simplification rule:

T(C) — F, if C violates a constraint

9



Here we say that a conte&t violates a constraint. < G if G is a subset of’'.

However, this approach may not be “sound”, for the same reason that our rewrite system
is only sound under partial stable model semantics, but not under the stable model semantics.
Consider the following program:

p. L+ pq L« pnotg.

There is a rewrite op to 7" under the contex{p}, which does not violate any of the con-
straints according to our definition. Howevgshould not be “proved” as the context cannot

be extended to one that satisfies both of the constraints. But this is the same reason why our
rewrite system is not sound under the stable model semantics: a program may not have a
stable model (for instance with«< not a the only rule whose head ig, but a goal may be
written to7T” (for instance for a goal that does not mentignSo perhaps this strategy of deal-

ing with constraints matches well with our rewrite systems, which are sound and complete
under the partial stable model semantics.

3.5 Related work

We discussed in [22] how our rewrite systems for abduction are related to other abductive
systems, e.g. [1, 2, 7, 9, 14, 15, 17, 28]. One useful way of looking at an abductive logic
programming system is the underlying semantics the system is based on. For instance, The
rewrite-like systems in [1, 9, 12] are based on Clark’s completion semantics, the systems in
[2, 18] are for well-founded models, and the procedure in [7] is sound and complete under
the finite-failure three-valued semantics in which loops causing infinite failure are modeled
by the truth valueindefined11].

Our rewrite systems were designed with the stable model semantics in mind. In [22],
we actually defined basic notions of abduction in logic programming, such as explanations,
minimal explanations, and covers of explanations in terms of the stable model semantics.
However, our rewrite systems are goal-directed, thus check for local consistency only. For
instance, unless the ataris “related to” to the query, a rewrite chain starting gtwould
never reachu, thus would never check the consistency implicitly given by the odd loop
a < nota. Thus our rewrite systems are sound and complete only under the partial stable
model semantics.

According to [13], given any normal or disjunctive progrdm there is a polynomial
time translation fromP to P’ such that a query is true in an answer sePdf and only if it
is true in a partial stable model éf (see Corollaries 3.15-16 of [13]). So, query answering

10



under the answer set semantics can be carried out by query answering under the semantics
based on partial stable models. Thus, our rewrite systems are applicable to the stable model
semantics as well.

One can also apply the technique of rewriting for the answer set semantics without car-
rying out a transformation in the following way. Given a progr&mnif a queryq is written
into False, then there cannot be any answer set contaigirichis is because answer sets for
normal programs are special cases of partial stable models. However, if the query is written
into T'rue, to see whether there is an answer set containing this query, one then only needs to
check whether theontextgenerated so far can be extended to an answer set, a task that we
expect to be easier than finding an answer set from scratch. There is a special case, however,
when the corresponding propositional program is finite and so-catlddoopfree, partial
stable models coincide with stable models. Thus the rewrite procedures are also sound and
complete for these programs. We shall have more to say about this special case in Section
5.2.

4 Goal Rewrite Systems with Computed Rules

We first use two examples to illustrate the main technical results of this paper.

Example 4.1 Given a rewrite system®’, suppose we have a rewrite sequencg — a —

a — F. The failure is due to a positive loop an We may recycle the computed answer by
replacing the rewrite rule for-g by the new rule;-g — F. We thus get a new system, say
R'. Suppose in trying to provgwe have

g—a— q— F

where the last step makes use of the computed answey fdrhe question arises as whether

this way of using previously computed results guarantees the soundness and completeness.
Theorem 4.7 to be proved later in this paper answers this question positively. To see it for
this example, assume we have the following, successful préf in

g—a——-q—a—T{g,a,~q})

where the termination is due the even loopsnHad such a sequence existed, recycling
would have produced a wrong result. However, one can see that the existence of the rewrite
stepa — —q implies the existence of a different way to preve

~q—a—-qV...—T({~qa})V...

11



D D g g g

a a a

e —b e e —b

p b p p b

F o T({p,a,~b}) a T({g,a,e,p,=b}) T({g,a,-b})
F

Figure 1: Recycling may generate extra proofs

contradicting that-q was rewritten tof" in R°. a

Before giving the next example, we introduce a different way to understand rewrite se-
guences. Since any goal formula can always be transformed to a DNF using the distributive
rules SR5 and SRY’, and the order of rewriting does not matter, we can view rewriting as
generating a sequence of DNFs. Thus, a rewrite sequence in DNF from an initigl goal

can be conveniently representedd®rivation treesor d-trees one for eachV; representing
one possible way of proving. For anyi, the d-tree forV; hasg as its root node, wherein a
branch fromy to a leaf node corresponds to a rewrite chain fipthat eventually ends with
an I’ or someT'(C). As such a disjunct is a conjunction, a successful proof requires each
branch to succeed (i.e. ends witiC') for some(C’) and the union of all resulting contexts
to be consistent.

The next example is carefully constructed to illustrate that recycling may not yield the
same answers as if no recycling were carried out. In particular, one can sometimes get
additional answers.

Example 4.2 Consider the program:

g+« a. a<noth. a+«e.

b«—b. e«—p p+—a.

In Fig. 1, each d-tree consists of a single branch. The left two d-trees are expanded from
goal p corresponding to the following rewrite sequence:

p—a—eV-b—pV-b—FV-b—-b—-b—T({pa, -b})

12



The next two d-trees are for gogl corresponding to the rewrite sequence:

g—a—eV-b—pV-b—aV-b
— FV-=b— —b— —-b— T({g,a,b})

Now, we recycle the proof far in the proof forg and compare it with the one without
recycling. Clearly, the successful d-tree fo(the fourth from the left) will still succeed as it
doesn't involve any. The focus is then on the d-tree in the middle, in particular, the node
in it; this d-tree fails when no recycling was performed.

Sincep is previously proved with contexy, a, —b}, recycling of this proof amounts to
terminatingp with a context which is the union of this context with the rewrite chain leading
to p (see the d-tree on the right). But this results in a successful proof that fails without
recycling.

Though recycling appears to have generated a wrong result, one can verify that both
generated contextsyg, a, ~b} and{g, a, e, p, ~b}, belong to the same partial stable model.
Thus, recycling in this example didn’t lead to an incorrect answer but generated a redundant
one. Theorem 4.7 shows that this is not incidental. Indeedjsftrue in a partial stable
model, by derivation (look at the d-tree in the middle), so must beandg. O

4.1 Rewrite systems with computed rules

Given a goal rewrite systetRR, we may denote a rewrite sequence from a literay ¢ —
E.

Definition 4.3 (Computed rule)

Let R be a goal rewrite system in which literalis rewritten to its normal form. Theom-
puted rule forp is defined as: Ifp —x F, the computed rule fop is the rewrite rule
p — F;if p -5 T(Cy) V..V T(C,), then the computed rule fgris the rewrite rule
p—T(C)V..VT(C,).

For the purpose of recycling, a computed rple~ E is meant to replace the existing
literal rewrite rule forp. If E is F, i.e. the goap failed, then it can be used directly as the
literal rewrite rule forp. Otherwise, we must combine the contextsFinwith the rewrite
chain leading tg, and keep only consistent ones.

Recycling Rule:
Let g; <* g, be a rewrite chain wherg, is a non-loop literal. LeG = {g¢1, ..., 9.}, and
gn — T(Dy) V ... vV T(Dy) be the computed rule fay,. Further, let{Dj,..., D}.} be the

13



subset of Dy, ..., Dy} containing anyD; such thatD; U GG is consistent. Then, threcycling
rule for g, is defined as:

RC. g, - T(GUD))Vv..vVT(GUDy) O
Example 4.4 Consider the following program:

g < a. a < p. p < nota.

a <+ notp. p<«—notb. b+« nota.

and the proof:
p——-aV-b—pV-b—T({p —a})V-b

— T({p,~a}) Vp — T({p,~a}) VT({p,~b})
We therefore have a computed rule for

p— T({p, ~a}) vV T({p, ~b})

Now, in the course of provingwe can recycle the computed rule far
g—a—pV-p—T{g,a,p -b})Vp— ..

In the sequel, a rewrite system includes the recycling rule as well as zero or more com-
puted rules. We note that the termination and confluence properties remain to hold for the
extended systems.

We are interested in the soundness and completeness of a series of rewrite systems, each
of which recycles computed answers generated on the previous one. For this purpose, given
a programP we useRY, to denote the original goal rewrite system where literal rewrite rules
are defined by the Clark completion & For alli > 0, R4 is defined in terms ofzs,
as follows: LetA; be the set of computed rules (generated)itinfor the set of literals
La, Then, RE is the rewrite system obtained froRi, by replacing the rewrite rules for
the literals inLa, by those inA;. In the rest of this sectin, we will always refer to a fixed
programP. Thus we may drop the subscriptand write i?".

Definition 4.5 A rewrite systen®’ is soundiff, for any literal g and rewrite sequencg — p:
T(Cy)V..VT(C,),and foreachC;, j € [1..n], there exists a partial stable mod&l of P
such thaty € C; C M. R'is completeiff, for any literal g such thaty € M for some partial
stable modelV/ of P, there is a rewrite sequenee—pg: 7'(Cy) V ... vV T'(C,,) such that for
someC};, j € [1.n],g € C; C M.

14



g b "

ﬁb a _|b g —\b

g _|b —\b a —|b

g b —b a —=b

Figure 2: Loop rotation

An important property of provability by rewriting is the so-calledp rotation which is
needed in order to prove the completeness of recycling; namely, a proof (a successful branch
in a d-tree) terminated by a loop rule can be captured in rotated forms.

To describe this property, we need the following notation about rewrite chains: Any
direct dependency relatidn< [’ may be denoted by- /', and we allow a segment (which
may be empty) of a rewrite chain to be denoted by a Greek letter sugtfaand¢. Thus,
we may writex - § - y to denote a rewrite chain fromto y via §, or x - § to mean a rewrite
chain that begins with followed by the segment denoted byA rewrite chain may also be
used to denote the set of the literals on it.

Lemma 4.6 (loop rotation)

Let R° be a rewrite system without computed rules. Letbe a d-tree for literalg that
succeeds with contegt. Suppose a branch @fr ends with a loopg -6 - g, for som&). Then,
for any literall € 0, there is a proof of that succeeds with the same contéxt

Proof. Aloop,m=g¢-l,-1l-... 1, g, whereg andl; are literals, can always be rotated as

Loy oo ly-g-1i,
l2'...'ln'g'l1'12,

and so on, so that it is a negative loop (or an even loop, resp.) so is its rotated loop.
Rotation over a d-tree can be performed as follows: remove the topmadel for any link

from the top nodern - ¢, attach the linkn - ¢ to any occurrence of. The assumption of

the existence of loop - 6 - g ensures that in every round of rotation there is at least one
occurrence of the top node. (See Fig 2 for an illustration where rotation proceeds from left
to right.) It can be seen that the type of a loop is always preserved and the set of literals on
the tree remains unchanged. O
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4.2 Soundness and completeness of recycling

Below, given a literal, by a proof ofl we mean a rewrite sequence frérno 7'(Cy) V...V
T(C,), where anyC; can be referred to as a proof iof

Theorem 4.7 For anyi > 0, R’ is sound and complete.

Proof. We prove the claim by induction on R°, the system without computed rules, is
sound and complete [22]. Now assume forjallith 0 < j < i, R’ are sound and complete,
and show thafz*! is also sound and complete.

We only need to consider the situations where rewritingin' differs from that of '
Let LA, be the set of literals whose computed rules are generatétl.owe can first carry
out rewriting without rewriting the literals that are ify,. In this case, rewriting frony
in both R* and R**! terminate at the same expression, which is eitheor a DNF, say
Ny V...V N,,. EachN; can be represented by a d-tree.

SoundnessSupposeg; —ri+1 T(Dy) V ... V T(Dyg). ForanyD € {D, ..., D} we need to
show that there is a partial stable modélsuch thatD C M. Consider the d-tre@'r that
generate$) and suppose is its root node. We show inductively in a bottom-up fashion that
all the literals onl'r must be in the same partial stable model. For any leaf pathat is
terminated by its computed rule

p— .. VTC)V ..

supposé’r is the one that succeeded with cont€xtBy the inductive hypothesis o/, we
know that¥/ is sound for allj < i, thus there is a partial stable modél such thatC' C
D C M. If a leaf nodey is terminated by a loop, by the loop rotation lemma (lemma 4.1),
there is a proof of; in R’ using rotated loops. Otherwise we have an obvious case where a
leaf node is rewritten t@'rue by its Clark completion.

In the inductive step, let, ..., I, be the child nodes of some nofland assume each
is proved inR" hence in some partial stable model. We first show that they belong to the
same partial stable mod#f. Then, we show thdtcan also be proved iR’ thus belonging
to M as well. Without loss of generality, assume there are only two child ndges::
T(Q1)V ..VT(Qn), ls =g T(Wy) V...V T(W,). SinceD is constructed il?"*! using
computed rules, by definitions of computed rule and the recycling rule, thetg, amedV;
such tha); U W; C D, and hence&); U W; is consistent. Then if’, the two contexts are
merged by using simplification rule SR3, i.e.,

LNl =g . VTQ)NTW)V ... =g .. VT(Q;UW;) V ...
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SinceR' is sound, there is a partial stable modélsuch that{/;, .} C Q; UW; C M. But
[ is derivable fromi; andl,. Using the definition of partial stable models, it can be shown
that! must also be in\/.

The induction allows us to conclude that for the top gpahd its proofD in R, we
must havey € D C M, for the same partial stable mod#l.

CompletenessWe show that for any context generated /i, the same context will be
generated i?*™!. Then,R**! is complete simply becaus® is complete.

Letp € L4,, and consider a proof af via p and its d-tree. Since each branch of this
d-tree can be expanded and eventually terminated independent of others, for simplicity, we
consider a proof of simply by (an extension of) a brangh¢ - p. In R+ the computed rule
for p is used while inR’ it is not. We only need to consider two cases of prookin either
g is proved vigp and a previously computed rule, or the proof is terminated due to a loop.

(i) The case of loops. In expanding the rewrite chairf - p in R?, we may form a loop, say
g-&-p-¢. Ifthe loopising’, exactly the same loop occurs in rewritipngs the top goal in
R, so it is part of the computed rule fpr Otherwise it is a loop thatrosses over jn the
general form

T=¢qg-01-1-0y-p-05-1

wherel is the loop literal. As a special case of loop rotation over a branch (cf. Lemma 4.1),
the same way of terminating a rewrite chain presents itself in provamgthe top goal i,
which is

7 =p-03-1-0-p.
If the loop on~ is a negative loop (or an even loop, resp.), s@’isThus the same context
will be generated im**!,

(ii) g is proved viap and a previously computed rule. That &, gives a rewrite chain of the
formg-£-p-5-qwhereq — E is a computed rule generated &n for some;j < i. Suppose
the context generated this wayds Because of the existence pf ¢ - ¢, exactly the same
computed ruley — E must be used in generating the computed rulepfor R. It can be
seen that the context generatedifi! by recycling the computed answers fofwhich is
computed vig) is exactly the same as the one that uses the computed answeisufanot
those forp. So, for any context generated this wayiih the same context will be generated
in R as well. O

As given in the corollary below, if we only recycle failed proofs then exactly the same
contexts will be generated.
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Corollary 4.8 Let R’ be a rewrite system where each computed rule is of the form F.
Letg be a literal andE be a normal form. Then, forany> 0, g —ro E iff g —pi FE.

Proof. Let A be the set of literals whose rewrite rules are computed rulég.irConsider
rewriting without rewriting on the literals id\. Then, rewriting fromg terminates at the
same expressiof’, which is either anF” or T(C}) V ... V T(C,,), in both R® and R*. The
claim then follows from the theorem above that for any A, ¢ —go F iff ¢ —x F. That
is, if ¢ —ro F, theng is not in any partial stable model. The soundnes&oénsures that
if ¢ —ri Q where@ # F, then there is a partial stable model containifgesulting in a
contradiction. The converse is similar. a

5 Recycling in Abductive Rewrite Systems

So far we have considered recycling in a rewrite system that does not have any abducibles.
This is just the base case. Our aim is to do recycling in rewrite systems with abducibles.
Without abducibles, the basic problem is simply that, given a progfaand a goalyg,

decide if there is a stable model that satisfie8Vhile the rewrite framework studied in this
paper may turn out to be a good way of solving this problem, currently the best approach
to answer this question is to use a stable model generator such as Smodels [29] or ASSAT
[23]. However, when there are many abducibles, and the problem is to find explanations of
a goal in terms of these abducibles, then the rewrite systems here are better than answer set
generators, as we discussed at the end of Section 7 in [22]. In the following, we first review
an abductive framework as given in [22], we then briefly describe how the rewrite systems
(without recycling) above can be extended to this abductive framework, finally we show that
recycling can also be carried out for these systems.

5.1 An abductive logic programming framework

In the following, let P be a normal logic program, andl a set of atoms calledbducibles
We also assume that abducibles do not occur as the head of a rule. All the definitions and
results below are from [22].
By a hypothesisy we mean a consistent set of literals ovkri.e. it is not the case that
p and—p are both ina for somep € A. We say that a hypothesis é®@mpletef for each
atomp € A, eitherp or —p is in «, but not both. Notice that a complete hypothesis is really
a truth-value assignment over the languagaVe say that a hypothesisis anextensiorof
another oneg’ if 5 C «, and a complete extension if it is an extension that is complete.
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Definition 5.1 A complete hypothesis is said to be an explanation of an atojw.r.t. P
and A iff there is an answer set/ of P U o such thatM containsg and for any—p € a,
p € M, wherea™ is the set of atoms in.

Definition 5.2 A hypothesis is said to be an explanatioryaff every complete extension of
itis an explanation. A hypothesisis said to be a minimal explanation if it is an explanation,
and there is no other explanatieri such that’ C a.

Consider the following logic program®

canCross < boat, notleaking.

canCross < boat, leaking, hasBucket.
aboutcanCross. The following are the complete hypotheses that explairCross:

{boat, —leaking, —hasBucket},
{boat, —leaking, hasBucket}, {boat, leaking, has Bucket}.

Now consider boat, hasBucket}. Clearly every complete extension of this set is an expla-
nation, so it is an explanation as well. Furthermore, it is a minimal explanation as none of
its element can be deleted for it continue to be an explanation. SimH{atyt, ~leaking}
is also a minimal explanation.

If we take a hypothesis to be the conjunction of its elements, then we have that in propo-

sitional logic,
\/ o= \/ o= \/ (0%

a€eSy a€eSy a€eSs3
whereS; is the set of all complete hypotheses that are explanatiops &f the set of all
explanations of, and S; the set of all minimal explanations gqf Therefore the set of
minimal explanations is a succinct representation of the set of all explanations.
Computationally, it may be hard to compute minimal explanations from scratch. It is
often easier to compute first a small “cover” of all explanations.

Definition 5.3 A setS of hypotheses is said to becaverof ¢ w.r.t. P and A iff

Va=\ a

a€eS aeSy

whereS, is the set of minimal explanations @f
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Proposition 5.4 If S is a cover ofg, then eachy € S must be an explanation gf

So a cover is a set of explanations such that any complete explanation must be an ex-
tension of one of the explanations in the cover. Once we have a cover, then we can find all
minimal explanations by propositional reasoning alone:

Proposition 5.5 LetS be a cover of;. Then a hypothesis is a minimal explanationy af it
is a prime implicant of/__g o.

Finally a remark here about the relationship between our notion of explanations and that
of abductive explanations of Kakas and Mancarella’s [15]. It can be shown that a complete
hypothesiso is an explanation of iff o™ is an abductive explanation gfaccording to
Kakas and Mancarella’s definition. So what is new here is a notion of minimal explanations.
This is important as the number of complete explanations can be significantly larger than the
number of minimal explanations. More importantly, minimal explanations capture a notion
of “relevance” that is not there in complete explanations. More discussions about this can be
found in [22]

5.2 Abductive Rewrite Systems

Again, all results in this subsection are from [22]. Firstly, as shown in [22], the rewriting
framework can be extended to abduction in a straightforward way: the only difference in
the extended framework is that we do not apply the Clark completion to abducibles. That
is, once an abducible appears in a goal, it will remain there unless it is eliminated by the
simplification ruleS k2 or SR2'. In a similar way, the goal rewrite systems with computed
rules in the previous section can be extended to abduction as well.

As an abducible may appear in a goal positively or negatively, we need a terminology to
refer to both of them: aabducible literalis either an abducible or its negative counterpart
—¢. Just like a rewrite t@" is written as7'(C'), whereC' is the underlying rewrite chain (cf.
Section 3.1), a rewrite to an abducible litetalill be written asl(C') whereC' is the rewrite
chain leading to, and including Thus when we writé(C), it is understood that' always
containg..

In the following we shall denote b{Q,, Rp, A, —) the rewrite system obtained by the
logic programP and the setd of abducibles. Recall tha®, is the set of all goals. The
following theorem from [22] shows that these rewrite systems are both sound and complete
with respect to the partial stable models semantics.
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Theorem 5.6 Let P be a finite programA a set of abducibles, anfQ,, Rp, A, —) the
goal rewrite system with respect foand A.

Soundness: For any literal g and any rewrite sequence
g—"GV [l (C)N - N(Cp)] VG,

where eacH; is either an abducible literal off’, if C; U - - - U (), is consistent, then there
exists a partial stable modéll of P U {ly, ..., 1} such thaty € Uléjgk C; C M.

Completeness: For any set of atoms C A, and any literalg in a partial stable modelM
of P U S, there exists a rewrite sequence

g—= GV [ (C)N- - ANp(Cr)] VG,
suchthayy € {J,,;, C; C M.

We want to remark here again that the reason that our rewriting system may not be sound
under the stable model semantics is that stable models check for global consistency, but our
system checks only local ones. There are several ways to make the rewriting system also
sound and complete for stable models. When a conjunction of abducibles

L(CY) A -+ A Ly(C)

is generated, one can checllif= C; U - - - U (Y is consistent and complete. If it is, then
{l1, ..., s} is an explanation. If it is consistent but not complete, then we can either call a
stable model generator to seelifcan be extended to a stable model or we can choose an
atomp such that neither it nor its negation is @ and continue the rewriting with either
p(C) or =p(C), until a complete context is obtained.

There is however an important special class of logic programs where partial stable models
and stable models coincide. We say that a program has no odd loops (odd-loop free) if there
is no odd loop starting with any literal. Since goal rewrite systems are confluent, any odd-
loop in the program’s dependency graph can replicate itself in a rewrite chain of some goal
rewrite sequence. Therefore, there is no essential difference between our notion of odd-loop
free and the notion afiegative cycle fre@ the literature [8, 26].

It has been shown in [30] that for any nonground, negative cycle free program with a
well-founded stratification, its partial stable models are all 2-valued and thus coincide with
its stable model$. A stratification in this case is a partial order of strata each of which

1The result was stated for maximal partial stable models. However, the claim can be extended to all partial
stable models by exactly the same proof.
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contains ground atoms that are involved in some loops among themselves. In a well-founded
stratification, there is no infinite descending chain in the partial order. That is, every such
chain must have a base stratémhis property allows us to construct, along the well-founded
stratification in the bottom-up fashion, a 2-valued justifiable model (which is known to be
a stable model) from any 3-valued justifiable model. In this way one can show there is
no partial stable model with undefined atoms. Since finite propositional programs all have
a well-founded stratification, for these programs our rewriting system becomes sound and
complete under the stable model semantics. We thus have the following results.

Theorem 5.7 Let P be a finite program, andQ,, R p, A, —) a goal rewrite system. Sup-
poseyq is a proposition and

q —* Ull(CH) A A llkl (Clk1)] V...V
Uml (le) AERAN lmkm (Omkm)}

is a rewrite sequence such that edghs either?” or an abducible literal, and’;; U- - -UCyy,
is consistent for each If P has no odd loops then

{{l11>"' allk1}>“' 7{lm1>"' almkm}}

is a cover ofy. In general, for arbitraryP we have

\/aD[lu/\~--/\llkl]\/---\/[lml/\---/\lmkm]
aEeS

wheresS is any cover of;.

5.3 Recycling in Abductive Rewrite Systems

We now show that recycling can be extended to abductive rewrite systems as well.

Definition 5.8 (Computed rule for abduction)
Let R be a goal rewrite system for abduction. T¢mmputed rule for a literal is defined as:
If p —r F, the computed rule fagv is the rewrite rulep — F; if

P —Rr [l11<011) VANKIRIRIVAN l1k1(01k1)] V...V
[lml (le) ARRRNA lmkm(omlcm)]

2Here is a program that has no well-founded stratificatigria). p(x) < notp(f(z)).}.
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such that eacly;; is either?” or an abducible literal, and’;; U - - - U Cy, is consistent for
eachi, then the computed rule foris the rewrite rule

p— [la(Cr) Ao Ay (Crpy )] V.oV
[lml(cml) ARERRA lmkm(ka’m)] (2)

Recycling Rule:
Letg; <™ g, < p be a rewrite chain whergis a non-loop literal. LetZ = {¢1, ..., gn, P},
and (2) be the computed rule fpr Then, therecycling rulefor p is defined as:

RC'.

P — [l11<011 UG) VAN /\llkl(Clkl UG)] V...V
Lt (Cont UG) A -+ A i, (Co U G)]

Now given an abductive rewrite systeRf = (Qr,Rp, A,—). Recursively, letR"
be the rewrite system obtained froR"~! by replacing the rewrite rules f@omeof the
literals by their corresponding recycling rules. Notice here fifais obtained fromr"!
nondeterministically by choosing some of the literals whose answers have been computed in
R"1, and replace their rewrite rules by these computed answers. Both Theorems 5.6 and
5.7 can be extended #® for anyi > 0.

Theorem 5.9 Let P be a finite programA a set of abducibles, an®° = (Q;, Rp, A, —)
the goal rewrite system with respectfoand A. For any: > 0, let R’ be defined as above.

Soundness: For any literal ¢ and any rewrite sequence
g —5i GV[L(CY) N AN(Cr)]VE,

where each; is either an abducible literal off’, if C; U --- U (), is consistent, then there
exists a partial stable modéll of P U {ly, ..., Ix }* such thaty € U1gjgk C; C M.

Completeness: For any set of atoms C A, and any literalg in a partial stable modelM
of P U S, there exists a rewrite sequence

g =5 GV[L(CY) A ANlp(Cr) VG,

suchthaly € U,.;<, C; € M.
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Proof. Similar to the proof of Theorem 4.7. a

Theorem 5.10 Let P be a finite program, and&® = (Qr, Rp, A, —) a goal rewrite system.
Let R’ be as defined above> 0. Suppose is a proposition and

q —>*Rz [lll(Cll) JANEIERIVAN llkl(Clkl)] V...V
[lml (le) ARERRA lmkm (kam)]

is a rewrite sequence such that edghs eitherT” or an abducible literal, and’;; U- - -UCyy,
is consistent for each If P has no odd loops then

{{llh'” al1k1}7”' ’{lmh'“ ’lmkm}}

is a cover ofy. In general, for arbitraryP we have

Voad A Al VeVl A Al
a€S

wheresS is any cover of;.

Proof. Just like the proof of Theorem 5.7 in [22]. a

6 A Recycling Strategy

We have shown that in theory one can reuse the previously computed answers in our rewrite
systems for abduction. To put the theory into practice, we need some effective strategies on
how to recycle these computations.

First, we shall further motivate the need for good recycling strategies. Since a set of
previously computed answers may not be actually used in answering a new goal, recycling
in general does not change the complexity of deciding whether a goal is true in a partial
stable model of a program. However, recycling sometimes can reduce the computation of a
hard goal to a trivial one simply due to the fact that the real hard part of the current goal has
already been computed and can be used directly in proving the current goal.

However, the benefit of recycling does not come free: recycling incurs overhead, some-
times substantial overhead. In the worse case, since there can be an exponential number of
(partial) stable models for a program, there can be an exponential number of explanations
for an observation. Saving all of them can be expensive. Furthermore, one needs to check
against the list of computed literals during computation. So, it is easy to construct an ex-
ample where computation becomes less efficient due to overhead. Thus, the effectiveness of
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recycling depends on a good strategy that previously computed results are likely to be used.
In this section we present such a strategy.

If we want to compute the abduction of all goals in a set, without the framework of
recycling introduced here, the only way is to compute them one by one independently. With
the idea of recycling, we can try to recycle previously computed answers. The question is
then which goals to compute first. This question arises even if we just want to compute
the abduction of a single goal: instead of computing it using the original program, it may
sometimes be better if we first compute the abduction of some other goals and recycle the
results.

Assuming that goals are literals, a simple strategy for deciding the order of goals to be
computed is to find out the dependency relations among the goals.

Definition 6.1 A literal [ is said to be depending on a liter&lif the atom in/ depends on
the atom in’. An atomp is said to be depending on an atanif either ¢ is in the body of a
rule whose head ig or inductively, there is another atomsuch thatyp depends om, andq
is in the body of a rule whose headris

Supposé’ depends o, but/ does not depend dh written! < I’ below. It is easy to see
that/ will never be sub-goaled tt during rewriting, but’ could be sub-goaled to Thus if
we need to compute the abduction of bétnd/’, we should do it foi first.

This strategy, and as we have mentioned above in general rewrite with computed rules,
is not guaranteed to be more efficient computationally:

e [ < [’ does not imply that a proof df must go through. For instance, it could be that
all rewrite chains fo¥’ terminate with failure beforéis reached.

e Even if we have a computed rule fhrusing it in the proof of’ does not always result
in computational gains. For instance, suppose the computed rulésfor

Il —=rT(C)V---VT(Cy),

and a rewrite chain fof isi —* T'(C) A L. If C'is inconsistent with alC;’s, then this
rewrite chain will terminate withF” after trying out alln different proofs of using the
computed rule fot. However, if we do not use the computed rule fat may well be
that after only one step of expandihca contradiction is detected.

However, there is one case of recycling that is almost trivial to implement, yet its effective-
ness is independent of any strategy of rewriting. This is the case of recycling only failed
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proofs. That is, if the computed rule féris | —x F, then using this computed rule for

[ in the proof of another goal is always as good as the one without. More precisely, if a
terminating rewrite chain aof goes througli but does not use the computed rule fothen

there is another terminating rewrite chaingahat uses the computed rule florand has the
same or fewer number of steps than the original rewrite chain. It is impossible to quantify
the computational gains in terms of worst-case complexity analysis. In practice, we expect
it to be very effective as our following experiment shows.

7 Experiments

We have implemented a depth-first search rewrite procedure with branch and bound. The
procedure can be used to compute explanations using a honground program, under the con-
dition that in each rule a variable that appears in the body must also appear in the head. When
this condition is not satisfied, one only needs to instantiate those variables that only appear
in the body of a rule.

To check the effectiveness of the idea of recycling, we consider an application of abduc-
tion in logic programming, the problem of computing successor state axioms from a causal
action theory [19, 21, 20].

Consider a logistics domain in which we have a truck and a package. We know that the
truck and the package can each be at only one location at any given time, and that if the
package is in the truck, then when the truck moves to a new location, so is the package.
Suppose that we have the following propositions:

e ta(x) —the truck is at locatiomn initially;

pax) — the package is at locatianinitially;

in — the package is in the truck initially;

ta(z,y, z) — the truck is at location: after the action of moving it frony to z is
performed?

pa(x,y, z) — the package is at locatianafter the action of moving the truck frognto
z Is performed; and

3Supposenove(y, z) stands for the action of driving the truck from locatianto =, and the current situ-
ation iss, then in situation calculus, this proposition can be writteth@gls(ta(x), do(move(y, z), s)). Our
representation is sufficient here since we only consider one type of actions, and two situations: the initial one,
and the one after the execution of the action.
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e in(y, z) — the package is in the truck after the action of moving the truck fydo: is
performed.

We then have the following logic prografn:

ta( X, X1, X). (3)
pa(X, X1, X2) «— ta(X, X1, X2),in(X1, X2).

ta( X, X1, X2) — X # X2 ta(X), nottaol( X, X1, X2).

taol( X, X1,X2) — Y # X ta(Y, X1, X2).

pa( X, X1, X2) « pa(X), not paol X, X1, X2).

paol X, X1, X2) — Y # X, paY, X1, X2).

in(X,Y) «in. 4)

The first rule is the effect axiom. The second rule is a causal rule which says that if a package
is in the truck, then the package should be where the truck is. The rest are frame axioms. For
instance, the third one is the frame axiom about ta, with the help of a new predicate taol: if
the truck is initially atX, and if one cannot prove that it will be elsewhere after the action is
performed, then it should still be at.

As one can see, the above program, when fully instantiated over any given finife set
of locations, has no odd loops. So our rewrite system will generate a cover for any query.
Note that in the program we have omitted domain predigateX ) for each variableX in
the body of a rule (all the variables in the program refer to locations). Thus, the program is
domain restricted, and we only need to instantiate the vartattethe fourth and sixth rules
over the domain of locations.

Now let the setA of abducibles be the following set:

{in} U{pa(x),ta(z) | x € D}.

Our job here is then to compute the abduction of successor state propositions

{ta'(m7 y? z)? pdl" y? Z>7 In(y7 Z)}

in terms of these abducibles, which are initial state propositions. For instance, given query
pa(3,2,3), our system would compute its abduction ag3pa/ in, meaning that for it to be
true, either the package was initially3or it was inside the truck.

4See [21] for how logic programs of this kind can be used to encode a class of causal action theories.
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Query 9 locations 10 locations
NR WR NR WR
pa(1,2,3)| 0.71 | 0.41 1.50 0.89
-pa(1,2,3) 75.89 | 2.28 | 342.96 | 5.65
pa(3,2,3)| 137.05| 0.89 | 630.69 | 1.98
-pa(3,2,3)] 2.97 | 1.98 7.64 5.03
pa(1,5,7)| 122.87 | 0.75 | 278.07 | 1.31
-pa(1,5,7)| 727.6 | 7.07 | 2534.09 | 19.08
pa(7,5,1)| 108.66 | 17.82| 188.50 | 30.72
-pa(7,5,1)| 74.43 | 2.26 || 340.51 | 5.64
pa(7,1,7)| 7619.72| 20.78|| 29140.69| 35.65
-pa(7,1,7)] 2.98 | 2.01 7.71 | 5.05

Table 1: Recycling in logistics domain. Legends: NR - no recycling; WR - recycling
ta( X, Y, Z) goals. All times are in CPU seconds.

According to the definition in the last section, literals that contai{Xpa’, Z) depend on
those that contain (Y, Y) and td.X, Y, Z). But literals that contain ifX, Y) and those that
contain téd.X, Y, Z) do not depend on each other. So we should compute first the abduction
ofin(X,Y)andtdX,Y, 7). Nowin(X,Y) is solved by rule (4), taX, Y, X) by rule (3), and
as it turned out, whelX # Z, ta(X,Y, Z) is always false, and its computation is relatively
easy. For instance, for the domain with 9 locations, quey, ta6) took only 2.6 seconds.

In comparison, query @&, 1, 7) took more than 7000 seconds without recycling.

Table 1 contains run time data for some representative queres. comparison pur-
pose, each query is given two entries: the one under “NR” refers to regular rewriting system
without using recycling, and the one under “WR” refers to rewriting system using computed
rules about teX, Y, 7). As one can see, especially for hard queries lik&¢ pg 7), recycling
in this case significantly speeds up the computation.

SOur implementation was written in Sicstus Prolog, and the experiments were done on a PIll 1GHz note-
book with 512 MB memory. This implementation is a significant improvement over the one in [22]. For
instance, for a domain with 7 locations query(®&, 3) took more than 20 minutes for the implementation
reported in [22], but required less than 1 second under our implementation running on a comparable machine.
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8 Concluding remarks and future work

We have considered the problem of how to reuse previously computed results for answering
other queries in the abductive rewriting system of Lin and You [22] for logic programs with
negation, and showed that this can indeed be done. We have also described a methodology
of using the recycling system in practice by analyzing the dependency relationship among
propositions in a logic programs. We applied this methodology to the problem of computing
the effect of actions in a logistics domain, the same one considered in [22], and our exper-
imental results showed that recycling in this domain can indeed result in good performance
gain.

We note that recycling in our case differs from the reuse of hypotheses in the abductive
procedures in [7, 16, 17]. In the latter case, hypotheses are saved as individuals for the
purpose of checking consistency while in our case, the computed answers are saved. It is
interesting to see that consistency check in our rewrite procedures is already captured by the
loop detection mechanism as defined in Section 3. The advantage of loop detection is that not
only the completeness is guaranteed but also the procedure is terminating for propositional
programs. For example, with the progrgm < notq.; ¢ < notp.}, none of the above
abductive procedures terminates for the goal

For future work we are looking for more domains to try our system on and to implement
a system that can automatically analyze a program and decide how best to recycle previous
computations.
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