Lecture Notes in Artificial Intelligence

Subseries of Lecture Notes in Computer Science
Edited by J. G. Carbonell and J. Siekmann

Lecture Notes in Computer Science
Edited by G.Goos, J. Hartmanis, and J. van Leeuwen

1793



Berlin
Heidelberg
New York
Barcelona
Hong Kong
London
Milan
Paris
Singapore
Tokyo



Osvaldo Cairo L. Enrique Sucar
Francisco J. Cantu (Eds.)

MICAI 2000:

Advances in
Artificial Intelligence

Mexican International Conference

on Artificial Intelligence

Acapulco, Mexico, April 11-14, 2000
Proceedings



Series Editors

Jaime G. Carbonell, Carnegie Mellon University, Pittsburgh, PA, USA
Jorg Siekmann, University of Saarland, Saarbriicken, Germany

Volume Editors

Osvaldo Cairo

Instituto Tecnologico Autonomo de Mexico (ITAM)
Department of Computer Science

Rio Hondo 1, Progreso Tizapan, 01000 Mexico D.F.
E-mail: cairo@lamport.rhon.itam.mx

L. Enrique Sucar

Monterrey Institute of Technology ITESM)

Campus Morelos, Av. Reforma 182-A, Lomas de Cuernvaca, Temixco
Morelos, 62589, Mexico

E-mail: esucar@campus.mor.itesm.mx

Francisco J. Cantu

Monterrey Institute of Technology (ITESM)

Center for Artificial Intelligence

Avenida Eugenio Garza Sada 2501, Monterrey N.L., 64849 Mexico
E-mail: fcantu@campus.mty.itesm.mx

Cataloging-in-Publication Data applied for
Die Deutsche Bibliothek - CIP-Einheitsaufnahme

Advances in artificial intelligence : proceedings / MICAI 2000,
Mexican International Conference on Artificial Intelligence, Acapulco,
Mexico, April 11 - 14, 2000. Osvaldo Cairo ... (ed.). - Berlin ;
Heidelberg ; New York ; Barcelona ; Hong Kong ; London ; Milan ;
Paris ; Singapore ; Tokyo : Springer, 2000

(Lecture notes in computer science ; Vol. 1793 : Lecture notes in

artificial intelligence)

ISBN 3-540-67354-7

CR Subject Classification (1991): 1.2

ISSN 0302-9743
ISBN 3-540-67354-7 Springer-Verlag Berlin Heidelberg New York

This work is subject to copyright. All rights are reserved, whether the whole or part of the material is
concerned, specifically the rights of translation, reprinting, re-use of illustrations, recitation, broadcasting,
reproduction on microfilms or in any other way, and storage in data banks. Duplication of this publication
or parts thereof is permitted only under the provisions of the German Copyright Law of September 9, 1965,
in its current version, and permission for use must always be obtained from Springer-Verlag. Violations are

liable for prosecution under the German Copyright Law.

Springer is a company in the BertelsmannSpringer publishing group.
(© Springer-Verlag Berlin Heidelberg 2000
Printed in Germany

Typesetting: Camera-ready by author, data conversion by PTP Berlin, Stefan Sossna
Printed on acid-free paper SPIN: 10720076 06/3142 543210



Preface

Fifty years ago, A. Turing predicted that by 2000 we would have a machine that
could pass the Turing test. Although this may not yet be true, AI has advanced
significantly in these 50 years, and at the dawn of the XXI century is still an
active and challenging field. This year is also significant for Al in Mexico, with the
merging of the two major Al conferences into the biennial Mexican International
Conference on Artificial Intelligence (MICAI) series.

MICATI is the union of the Mexican National AT Conference (RNIA) and the
International AT Symposium (ISAI), organized annually by the Mexican Society
for AT (SMIA, since 1984) and by the Monterrey Institute of Technology (ITESM,
since 1988), respectively. The first Mexican International Conference on Artificial
Intelligence, MICAT 2000, took place April 11-14, 2000, in the city of Acapulco,
Mexico. This conference seeks to promote research in Al, and cooperation among
Mexican researchers and their peers worldwide. We welcome you all.

Over 163 papers from 17 different countries were submitted for consideration
to MICAI 2000. After reviewing them thoroughly, MICAT’s program committee,
referees, and program chair accepted 60 papers for the international track. This
volume contains the written version of the papers and invited talks presented at
MICAL

We would like to acknowledge the support of the American Association for
Artificial Intelligence (AAAT), and the International Joint Conference on Artifi-
cial Intelligence (IJCATI). We are specially grateful for the warm hospitality and
generosity offered by the Acapulco Institute of Technology.

Support for MICAI was provided in part by CONACYT’s Directorate of
the Research and Development on Information Science Network, the Mexican
Society for Computer Science, and the following universities and research in-
stitutions: BUAP, CICESE, CINVESTAV, IPN-CIC, ITAM, ITESM, LANIA,
UDLA, UNAM-IIMAS, and UV.

We gladly acknowledge our invited speakers Wolfgang Wahlster, Hector Le-
vesque, Jay Liebowitz, Adolfo Guzman, Jose Luis Marroquin, and George L.
Lasken. A special word of thanks goes to the members of the advisory board,
the members of the program committee, the reviewers, our corporate sponsors,
our support staff and to Patricia Mora from JTESM for editing this volume.

Last but not least, we warmly thank all the speakers for their excellent lec-
tures.

Acapulco, Mexico, April 11, 2000 Osvaldo Cairo
L. Enrique Sucar
Francisco J. Cantu
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Searching for a Solution to
Program Verification=Equation Solving in CCS*

Rail Monroy!, Alan Bundy?, and Ian Green?

! Computer Science Department, ITESM Campus Estado de México
Apdo. Postal 50, Médulo de Servicio Postal Campus Edo. de México del ITESM,
52926 Atizapan, Edo. de México, México,
raulm@campus.cem.itesm.mx
2 Division of Informatics, The University of Edinburgh,

80 South Bridge, EH1 1HN, Scotland, U.K,

{A.Bundy, I.Green}@ed.ac.uk

Abstract. Unique Fixpoint Induction, UFI, is a chief inference rule to
prove the equivalence of recursive processes in CCS [7]. It plays a major
role in the equational approach to verification. This approach is of spe-
cial interest as it offers theoretical advantages in the analysis of systems
that communicate values, have infinite state space or show parameterised
behaviour.

The use of UFI, however, has been neglected, because automating theo-
rem proving in this context is an extremely difficult task. The key pro-
blem with guiding the use of this rule is that we need to know fully
the state space of the processes under consideration. Unfortunately, this
is not always possible, because these processes may contain recursive
symbols, parameters, and so on.

We introduce a method to automate the use of UFI. The method uses
middle-out reasoning and, so, is able to apply the rule even without ela-
borating the details of the application. The method introduces variables
to represent those bits of the processes’ state space that, at applica-
tion time, were not known, hence, changing from equation verification to
equation solving.

Adding this method to the equation plan developed by Monroy, Bundy
and Green [8], we have implemented an automated verification planner.
This planner increases the number of verification problems that can be
dealt with fully automatically, thus improving upon the current degree
of automation in the field.

1 Introduction

The Calculus of Communicating Systems [7] (CCS) is an algebra suitable for
modelling and analysing processes. CCS is well-established in both industry and
academia and has strongly influenced the design of LOTOS [5].

* The authors are supported in part by grants CONACyT-REDII w/n and EPSRC
GR/L/11724.

0. Cairo, L.E. Sucar, and F.J. Cantu (Eds.): MICAI 2000, LNAI 1793, pp. 1-{12 2000.
© Springer-Verlag Berlin Heidelberg 2000



2 R. Monroy, A. Bundy, and I. Green

Unique Fixpoint Induction (UFI) is an inference rule for reasoning about
recursive processes in CCS and other process algebras [7]. UFI plays a major role
in the equational approach to verification. This approach is of special interest
as it offers theoretical advantages in the analysis of systems that communicate
values, have infinite state space or show parameterised behaviour.

The use of UFI has been neglected. This is because automating theorem
proving in this context is an extremely difficult task. The key problem with
guiding the use of this rule is that we need to know fully the state space of the
agents under consideration. Unfortunately, this is not always possible, for these
agents may contain recursive symbols, parameters, and so on. We suggest that
a proof planning approach can provide significant automation in this context.

Proof planning [1] is a meta-level reasoning technique. A proof plan captures
general knowledge about the commonality between the members of a proof fa-
mily, and is used to guide the search for more proofs in that family. We introduce
a proof plan to automate the use of UFI, based on middle-out reasoning.

Middle-out reasoning (MOR) is the use of meta-variables to represent un-
known, ‘eureka’ values. These meta-variables are gradually refined as further
proof steps take place. Control of this refinement is the key in the success of this
approach and proof planning provides the necessary means to guide the selection
of instantiations and proof steps.

Using MOR, we can apply UFI even without elaborating the details of the
application. We approach a verification problem by generalising the input con-
jecture in a way that the use of UFI becomes immediate. If successful, the proof
of the generalised goal is then used to justify the initial one. To generalise the
input conjecture, we create a new process family and replace it for the process
under verification. The new process family and the specification have similar size
and structure, hence facilitating the use of UFI. The new process familiy is under
specified, because — via MOR — it contains meta-variables representing those
bits of the process’s state space that, at introduction time, were not known. We
therefore change from equation verification to equation solving.

The proof plan presented here is an extension of the equational verification
plan developed by Monroy, Bundy and Green [8]. The proof plan contains three
additional strategies, with which it fully automatically decides when and how to
apply UFI, as well as driving the solution of equations. The proof plan increases
the number of verification problems that can be dealt with fully automatically,
thus improving upon the current degree of automation in the field.

Overview of Paper In §2 we describe CCS and UFI. In §8] we characterise the
kinds of proofs we shall automate, highlighting search control issues. In §4 we
describe proof planning and the verification plan. In §5, §6l and §7] we introduce
a method for guiding the use of UFI, the generalisation of the input goal and
equation solving. We illustrate aspects of this method with a running example
in §8 Finally, we summarise experimental results, discuss related work, as well
as drawing conclusions in §9.
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2 CCS

Terms of CCS represent agents. Agents are circumscribed by their entire capa-
bilities of interaction. Interactions occur either between two agents, or between
an agent and its environment. These communicating activities are referred to as
actions. An action is said to be observable, if it denotes an interaction between
an agent and its environment, otherwise it is said to be unobservable. This inter-
pretation of observation underlies a precise and amenable theory of behaviour:
whatever is observable is regarded as the behaviour of a system. Two agents
are held to be equivalent if their behaviour is indistinguishable to an external
observer.

2.1 Syntax and Semantics

The set of Actions, Act = {a, f3,...}, contains the set of names, A, the set of
co-names, A, and the unobservable action 7, which denotes process intercommu-
nication. A and A are both assumed to be countable and infinite. Let a,b,c, ...
range over A, and @, b,¢, ... over A. The set of labels, £, is defined to be AU A;
hence, Act = L U {r}. Let £,¢',... range over L. Let K, K, L, L, ...denote
subsets of L.

K is the set of agent constants, which refer to unique behaviour and are
assumed to be declared by means of the definition facility, < Let A,B,C,...
range over K. Constants may take parameters. Each parameterised constant A
with arity n is assumed to be given by a set of defining equations, each of which

is of the form: b — A, 20 & E. E does not contain free parameter variables

other than x1,...,x,. — denotes logical implication.
We assume parameter expressions, e, built from parameter variables x,y, .. .,
parameter constants vy, vg, ... and any operators we may require, X, -, even, . . ..

We also assume boolean expressions, b, with similar properties except that they
are closed under the logical connectives. Parameter constants might be of any

type.
The set of agent expressions, £, is defined by the following abstract syntax:

E:= AlaEB|Y E|E|E] E\L|E[f)
el

where f stands for a relabelling function. Informally, the meaning of the com-
binators is as follows: Prefiz, (), is used to convey discrete actions. Summation,
(3>2), disjoins the capabilities of the agents E;, (i € I); as soon as one performs
any action, the others are dismissed. Summation takes an arbitrary, possibly in-
finite, number of process summands. Here, Summation takes one of the following
forms: i) The deadlock agent, 0, capable of no actions whatever; 0 is defined to
be ),y Ei; ii) Binary Summation, which takes two summands only, Fy 4 E» is
Y ieq1,2y Fii i) Indexed Summation over sets, 3 ey Ei = E(€) + X iep Eis
and iv) Infinite Summation over natural numbers.
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Parallel Composition, (|), is used to express concurrency: F | F' denotes an
agent in which E and F' may proceed independently, but may also interact with
each other. The Relabelling combinator, ([]), is used to rename port labels: E|[f]
behaves as F, except that its actions are renamed as indicated by f. Restriction,
(\), is used for internalising ports: F \ L behaves like E, except that it cannot
execute any action ¢ € L U L.

Processes are given a meaning via the labelled transition system (&, Act, =),
where % is the smallest transition relation closed under the following transition
rules (the symmetric rule for | has been omitted:)

@

EJ'&E/ (]GI) EiEl (Ad_efE) E;E‘/
ora.E S E ory . B 5 FE orA S E' B orE[f] 9 E'[f]
ESE ESE FLF ESE

(Oé, a /GL)
oE|F % E'|F  orE|F 5 E'|F oE\L % E'\L
The interpretation of these rules should be straightforward and is not discussed
here further.
Process (states) are related to each other: E’ is a derivative of E, whenever
E % F’. Similarly, F’ is a descendant of E, whenever E = E’, where = is given

x O

as (5)* 5 (D)~

2.2 Unique Fixpoint Induction

Unique Fixpoint Induction (UFI) is a rule for reasoning about recursive proces-
ses [7]. UFT states that two processes are equivalent, if they satisfy the same set
of (recursive) equations, so long as the set of equations has one, and only one,
solution.

Uniqueness of solution of equations is guaranteed by two syntactic properties:
guardedness and sequentiality. X is guarded in F if each occurrence of X is within
some subexpression £.F' of E, for £ € L. X is sequential in E if it occurs in F
only within the scope of Prefix or Summation.

The notions of guardedness and sequentially are extended to sets of equa-
tions in the obvious way: the set of equations X = FE is guarded (respectively
sequential) if F;(i € I) contains at most the variables X;(i € I) free, and these
variables are all guarded (respectively sequential) in F;.

Let the expressions E; (i € I) contain at most the variables X; (i € I) free,
and let these variables be all guarded and sequential in each F;. Then, the UFI
inference rule is as follows:

If P=E{P/X} and Q = E{Q/X}, then P = Q

There is one aspect to the UFI rule that is worth mentioning: it reasons
about process families. We cannot prove that some individuals satisfy a property
without proving that such a property is satisfied by all. This is because the
equations of each individual are incomplete and, by definition, to apply UFI the
system of equations, X; = F;(i € I), must be such that each E; contains at most
the variables X;(i € I) free.
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3 Program Verification

We use CCS both as a programming language and as a specification language.
Specifications are assumed to be explicitly given by means of C-declarations.

Definition 1 (C-declaration). A set of definitions C — S 2 E{S/X} is
called a C-declaration if it satisfies the following conditions:

1. the expressions E; (i € I) contain at most the variables X; (i € I) free, and
these variables are all guarded and sequential in each E;;

2. S; =85 implies i = j; and

3. the conditions C; (i € I) are all fundamental, in that they cannot be given as
the disjunction of two or more relations. For example, > is not fundamental
since x >y means that x >y or x = y.

For example, to specify the behaviour of a buffer of size n, we write:

n 7é 0— Buf<n70> d:ef ZnBuf(n,s(O))
ef . —_—
n > S(I{?) — Buf<n’s(k)> d: ZnBuf(n,s(s(k))) =+ 0Ut.BUf<n7k>
def ——
n = 8(k) — Buf<n,s(k_)> = 0Ut.BUf<n7k>

where s stands for the successor function on natural numbers.

The systems under verification are arbitrary CCS terms. They reflect at the
required level of detail all concurrency issues. What is more, they may contain
recursive functions, which are used to capture the structure of one or more
process subcomponents. We call these kinds of expressions concurrent forms.
For example, we can implement a buffer of size n by linking n buffers of size 1:

n=0 — ™ =¢C where C¥inD DE¥out.C
n#0 — ¢ =cocm P=Q = (Plefout] | Qle/in]) \ {c}

Let P be a concurrent form and let S be a C-declaration. Then we call P = S
an instance of the verification problem. This is an example verification problem:

Vn:nat.n # 0 — C™ = Bufi,, oy (1)

it states that a chain of n copies of a buffer of size one behaves as a buffer of
size n.

We conclude this section noting that, since specifications are given, we need
not use the general form of UFI. Instead we use the following, stronger rule:

P=FE{P/X} zut= =<
EAP/X} S= E{S/X} (2)
P=S
We call P = E{P/X} the output equation set and {P/X} the process substitu-
tion.
Having given the verification problem, we now attempt to give the reader a
flavour as to the difficulties of automating the search for a verification.
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3.1 Search Control Problems within Program Verification

How should one proceed to verify (@)? Clearly, Buf,, ;, and C™ are both recur-

sive and, so, they suggest the use of induction. However, C'™ suggests the use
of a sort of induction other than UFI, namely: structural induction, or induction
for short.

Induction and UFT play different roles; a proof may resort to both. The use
of these rules has be coordinated. Induction prior to UFI is not a good rule of
thumb and vice versa. For our example, the use of UFI is a bad starting point,
as it is difficult to compute the process substitution. The root of the problem
is that the recursive symbol C'(™ is not given in terms of the indexing scheme,
k€ {1,...,n}, used to define Buf. Fortunately, induction, if successfully applied,
eliminates recursive symbols. Thus, heuristics are required in order to coordinate
the use of UFI and induction.

The process substitution is the key for building the output equation set in an
application of UFI. However, experience indicates that computing process sub-
stitutions is an extremely difficult task. Whenever the use of UFI is suggested
but the process substitution is partially solved, we let an application of the UFI
method introduce a new process family to replace the process under verifica-
tion. The new process family and the specification are similar in both size and
structure. So the use of UFI is immediate. The proof of the new goal is used
to justify the initial one. The process of replacing the program to be verified
for a new process family is called a generalisation. Generalisation increases the
search branching rate and, hence, heuristics are required in order to control its
application.

The new process family is in a way incomplete. In place of some P; (i € I)
we put meta-variables. We use the term meta-variable to denote a first-order (or
higher-order) unknown entity in the object-level theory. We call M the set of
meta-variables, and let My, My, ... range over M. Introducing meta-variables,
we can use UFT still, but at the expense of solving each equation at verification
time. Thus, heuristics are required in order to control equation solving.

Summarising, automating the use of UFI prompts three major challenges:
i) when and how to use UFT; ii) when and how to use generalisation; and iii)
guide equation solving. These issues explain why radical measures are called for.
Fortunately, as discussed below, proof planning is, at least partially, an answer
to these problems.

4 Proof Planning

Proof planning [1] is a meta-level reasoning technique, developed especially as
a search control engine to automate theorem proving. Proof planning works in
the context of a tactical style of reasoning. It uses Al planning techniques to
build large complex tactics from simpler ones, hence outlining the proof while
emphasising key steps and structure.

Methods are the building-blocks of proof planning. A method is a high-level
description of a tactic. It specifies the preconditions under which the tactic is
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applicable, without actually running it, and the effects of its application. The
application of a method to a given goal consists in checking the preconditions
against the goal and then determining the output new goals by computing the
effects.

Proof planning returns a proof plan (i.e., a tactic), whose execution, in the
normal case of success, guarantees correctness of the final proof. Proof planning is
cheaper than searching for a proof in the underlying object theory. This is both
because each plan step covers a lot of ground steps, and because the method
preconditions dramatically restrict the search space.

Inductive proof planning [3] is the application of proof planning to inductive
theorem proving. It has been successfully applied to various domains, including
software and hardware development. Inductive proof planning is characterised
by the following methods: The induction method selects the most promising in-
duction scheme via a process called rippling analysis. The base case(s) of proofs
by induction are dealt with by the elementary and sym_eval methods. Elemen-
tary is a tautology checker for propositional logic and has limited knowledge of
intuitionistic propositional sequents, type structures and properties of equality.
Sym_eval simplifies the goal by means of exhaustive symbolic evaluation and
other routine reasoning.

Similarly, the step case(s) of proofs by induction are dealt with by the wave
and fertilise methods. Wave applies rippling [2], a heuristic that guides transfor-
mations in the induction conclusion to enable the use of an induction hypothesis.
This use of an induction hypothesis, called fertilisation — hence the name of
the method — is a crucial part of inductive theorem proving and it is handled
by fertilise.

Rippling exploits the observation that an initial induction conclusion is a
copy of one of the hypotheses, except for extra terms, e.g., the successor func-
tion, wrapping the induction variables. By marking such differences explicitly,
rippling can attempt to place them at positions where they no longer prevent
the conclusion and hypothesis from matching. Rippling is therefore an annot-
ated term-rewriting system. It applies a special kind of rewrite rule, called a
wave-rule, which manipulates the differences between two terms while keeping
their common structure intact.

Monroy, Bundy and Green have extended inductive proof planning with a
special CCS proof plan [8]. The CCS proof plan is circumscribed by the follo-
wing methods: The ezpansion method transforms a concurrent form into a sum
of prefixed processes. The absorption method gets rid of CCS terms that are
redundant with respect to behaviour. The goalsplit method equates each process
summand on one side of the equation with one on the other side, returning a
collection of subgoals, each of the form a.P = «.Q. Finally, the action method
solves equations of the form a.P = «.S using Hennessy’s theorem [7].

Monroy, Bundy and Green did not allow specifications to be recursive. In
what follows, we shall show how to extend the verification plan to deal with
recursion.
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5 The UFI Method

The UFI method is concerned with when to apply the UFI rule. An application
of the UFI method is successful if it introduces a minimum number of meta-
variables, ideally zero. With this, it avoids unnecessary equation solving steps.
The moral is that the more derivatives we associate, the more chances we have
of finding a verification proof.

Concurrent forms often contain a lot of recursive symbols. Recursive symbols
get in the way of an application of UFI, especially when they are not given in
terms of the indexing scheme used by the specification. Then it is necessary to
use induction prior to UFI in order to remove them. However induction prior to
UFI is not generally a good rule of thumb.

Induction before UFI may yield a waste of effort if applied upon an index
variable. This is because it would yield new goals involving Py, for some k € I, an
individual of the process family. However, recall that we cannot prove that some
individual satisfies a property without proving that such a property is satisfied
by all. So, each goal returned by induction will need to be dealt with using UFI.

Summarising, the strategy to coordinate the use of induction and UFTI is as
follows. Use induction prior to UFI both if the verification problem contains
recursive function symbols not given in terms of the indexing scheme, and if the
selected induction variable is other than an index variable in the specification.
If these conditions do not hold, UFT is applied first.

6 The Generalise Method

We now introduce a method, called generalise, which deals with the problem of
using UFT under incomplete information. The rationale behind generalise is that
we can apply UFT still, even without elaborating the details of the application.
The computation of the process substitution is therefore postponed, leaving it
partially defined. Subsequent planning steps are then used in order to elabo-
rate upon the output plan, which will hopefully yield an object-level proof. The
use of meta-variables to represent unknown, ‘eureka’ values is called middle-out
reasoning.

Upon application, generalise builds a conditional, non-recursive process fun-
ction, say Fp, which is put in place of the process family under verification. Fp
has one exceptional feature: not only does it embrace the original process, but it
is also given by the same number of equations that define the specification. Thus,
each equation in Fp is pairwise related to one, and only one, equation in S: the
application of UFI becomes immediate. Fp is of course initially under-specified
(and so will the output equation set). This is because all of the missing process
derivatives are substituted with meta-variables, each of which it is hoped will
be fixed at later planning steps. We hence change from equation verification to
equation solving, which we shall discuss in §{l

Consider a verification problem, P = S, where the use of UFI is suggested,
but where the process substitution is only partially solved. Then, to generalise
the verification problem, proceed as follows:
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1. Introduce a new process symbol, say Fp.
2. Define the new process family, so that it matches the size of S as well as its
structure:

Ci — H{Fp/S} & M;(P~) only if C; —» H; € B; € S E{5/X)}

where P~ denotes some P-derivative.

3. Refine the definition of Fp, using P = S in order to fix at least one of the
equation bodies, M;. If this process fails, so will generalise.

4. Simplify the equation system, getting rid of any redundant terms.

5. Finally, replace the original conjecture for Fp = S.

7 Verification = Equation Solving in CCS

Now we present a search control strategy to automatically solve the output
equation set. The strategy has been designed to solve equations of the form
P = E, where E may contain meta-variables, but P may not. Each equation in
the output set is, thus, considered independently, one at a time. However, the
result of any equation solving step is spread throughout the entire plan. The
strategy’s guiding factor is the expected behaviour that each meta-variable in F
should satisfy. We call this (behavioural) constraint the context.

The context is nothing but a description of the process’ intended behaviour,
i.e., it is related to the specification. If the definition of the specification involves
mutual recursion, we add the context to every subgoal so that the equation sol-
ving strategy can use it. Accordingly, we let each subgoal in the output equation
set take the following schematic form:

{Py=E{P/X} : heI\{i}}...r P,=E{P/X} (i€l

The context is a decoration. So, it is marked with a dashed box in order to make
it distinguishable from the actual hypotheses.

Equation solving is applied only when the current equation subgoal is balan-
ced. An equation is balanced iff it has the same number of process summands
on each side of the equality. Equation solving involves both a process, and a
meta-variable. The process and the meta-variable must be prefixed by the same
action, and must appear at a different side of the equality.

The equation solving strategy is specified as follows: Solve M = P, only if
M and P have identical local behaviour, in symbols:

VYae Act. M 5 if and only if P 5

While the intended behaviour of M is extracted from the context, the actual
behaviour of P is computed using process expansion.
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8 A Worked Example

We illustrate the strength of our approach by showing that full automation is
achieved in proving (). We have chosen this example because it is a challenge
case study for state-of-the-art automated verification systems.

When input (), the planner applied induction prior to UFI. This is as expec-
ted since n in C'™) is not an index variable in the definition of Buf. Afterwards,
the planner solved both the base case and the step case, also fully automatically.
In the step case, the planner made use of generalise when induction returned the
goal below:

Vn:nat.n # 0 — CABUfm,o) = BUf(s(n)ﬁ) (3)

Generalise then automatically tackled the new problem outputting the formula
Vn :nat. n # 0 = Fp(sn),0) = Bufis(n),0y, Where Fp was initially given by:

s(n) # 0 = Fpsny.0) = C7 Bufy, g
s(n) > j = Fpismyg) = Mi(Mu(C, D), Bufiy aa(s)
s(n) :] — fp(ﬁ‘(n),j) d:Cf MQ(MQl(C, D), Buf<n’M22(j)>)

Note that the Ms are all meta-variables. Also note that M;j;(C, D) sufficed
to represent the state space of C: {C, D}, and similarly for Mas;(C, D) and

Buf(ny/\/lzz(j))'
With the revised conjecture, the use of UFI was immediate, yielding:

F S(Tl) 7é 0 — PF(s(n),O) - ZnPF<S(”)xS(O)>
Fs(n) >k — PFym)sk)) = in-PFsm)s(sk)) + 0ul.PEsmyry  (4)
Fs(n) =k = PFym)sm) = 0ut-PFm)n

5

Each goal in the output equation was tackled successfully. For example,
when the equation solving strategy had been already used to successfully fix
M (M11(C, D), Bufm’Mw(j))) to C’“Bufwj), the current definition of Fp was
as above except for the second case: s(n) > j = Fps(n).5) S C™ Buf,,, ;- The
working subgoal then was ({):

s() #0 = Fpismy.0) = -FP(sm)s©)

5(n) >k = Fp(sn),s(k)) = iN-TP(s(n),s(s(k))) T OUL-FP (s(n) k)

5(n) =k = Fp(s(n),s(k)) = OUL-FP (5(n) k)

n :nat, n # 0

'_

s(n) > s(k) = C7 Bufiy o)) = in-FP (s(n),s5(s(k))) + OUE-FP (s(n) k)

With this goal, a further application of equation solving was required. It occurred
after the application of casesplit upon the partition: [n > s(k),n = s(k)]. The
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interesting case is n = s(k), where the planner applied expansion, together with
sym_eval, leaving;:

in.Maz(Ma1(C, D), Bufiy, pos(sry)y) + 0ut-(C7 Buf, 1)
Then, second-order matching suggested the following substitution:
M2 '—5\7 M21 '—>inr(C,D), M22 Y

The solution met the constraint imposed by the context, because, by expansion,
D™ Bufy,, o1y equals out.(D™ Bufy, 1y). So, it was accepted, yielding a refine-
ment on the third defining equation of Fp: s(n) = j = Fp (s(n),j) =D~ Buf,
which is just as required.

n.j)°

9 Results, Related Work, and Conclusions

Table [Tl gives some of the example systems with which we tested our proof plan.
PT stands for the total elapsed planning time, given in seconds. Space constraints
do not allow us to provide a full description of each verification problem. These
example verification problems are all taken from [7]. They all involve the use
of generalise, UFI and equation solving. The success rate of the proof plan was

Table 1. Some example verification conjectures

Conjecture Description PT (sec)

n-bit counter A chain of n cells, each acting as a 1-bit counter, 57
implements a counter of size n

n-bit sorter A chain of n cells, each acting as a filter implements a 614
bubble-sort algorithm for a string of elements

semaphore array A set containing n 1-bit semaphores implements a 992
semaphore of size n

cycler array A collection of cyclers computes the sequence 411
ai.---.ap.a1 - - - indefinitely

83%, with an average total elapsed planning time of 750 seconds, and standard
deviation of 345. The test was run on a Solbourne 6/702, dual processor, 50MHz,
SuperSPARC machine with 128 Mb of RAM. The operating system, Solbourne
OS/MP, is an optimised symmetric multi-processing clone of SunOS 4.1. The full
test set, including the planner, are available upon request, by sending electronic-
mail to the first author.

CCS has been mechanised in several proof checkers. For example, Cleaveland
and Panangaden describe an implementation of CCS in Nuprl [4]. Cleaveland
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and Panangaden did not strive for automation; instead, they were interested in
showing the suitability of type theory for reasoning about concurrency in general.
Also Nesi implemented CCS in HOL [9]. But Nesi’s motivation was somewhat
different: to show the suitability of (induction oriented) proof checkers for rea-
soning about parameterised systems. The tool was the first to accommodate the
analysis of parameterised systems, but did not improve upon the degree of au-
tomation. Lin reported an implementation of a CCS like value-passing process
algebra in VPAM [6], a generic proof checker. These verification frameworks are
highly interactive, requiring at each step the user to select the tactic to be ap-
plied. By contrast, our verification planner is fully automatic, accommodating
parameterised, infinite-state systems. However, unlike Lin, we do not accommo-
date truly value-passing systems, relying upon infinite Summation to simulate
it.

Concluding, the Verification planner handles the search control problems
prompted by the use of UFI more than satisfactorily. We have planned proofs
of conjectures that previously required human interaction. Full automation is
an unattainable ideal, but we should nevertheless strive towards it. We intend
to apply the verification planner to the verification of larger, industrial strength
examples, and see what extensions are required.
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Abstract. We introduce the new paradigm of High-Level Non-Monotonic
reasoning (HLNM). This paradigm is the consolidation of our recent re-
sults on disjunctions, sets, explicit and implicit negation, and partial-
order clauses. We show how these concepts are integrated in a natural
way into the standard logic programming framework. For this purpose,
we present several well known examples from the literature that motivate
the need of this new paradigm. Finally, we define a declarative semantics
for HLNM reasoning.

1 Introduction

Knowledge based systems can be modeled adequately using non-monotonic logic,
because it provides formal methods that enable intelligent systems to operate
properly when they are faced with incomplete or changing information. There
exist close interconnections between logic programming and non-monotonic rea-
soning. Actually, negation as failure, the interpretation of negation in logic pro-
grams as the failure to prove a ground atomic formula is a prothotypical example
of non-monotonic behavior.

In this paper, we introduce the new paradigm High-Level Non-Monotonic
reasoning, which supports the well-known formalism of definite logic programs
by allowing for disjunctions in rule heads, general formulas in rule bodies, ex-
plicit and implicit negation, set notation {H|T'} like Prolog’s list notation, and
function atoms f(t) = e or f(t) > e for formulating conditions on functions
like intersect({X|-}, {X]-}) > {X}. Thus, High-Level Non-Monotonic reasoning
integrates functional programming aspects, since functions may be defined by

0. Cairo, L.E. Sucar, and F.J. Cantu (Eds.): MICAI 2000, LNAI 1793, pp. 13-24] 2000.
© Springer-Verlag Berlin Heidelberg 2000
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logical rules. One main contribution of our paper is the definition of a semantics
integrating all the above mentioned concepts.

The interest in allowing two kinds of negations (default negation and explicit
negation) is considered elsewhere in the literature, see [ABITIT8]. It has been
shown in [3] how they can be used to represent defeasible reasoning. In [28] we
discuss an application to the Botanic filed. Based on the work in [I8] we also
claim that HLNM reasoning is better suited for legal knowledge representation
than normal logic programming, due to the presence, in HLNM, of both explicit
and default negation.

With respect to default negation, it is well known that the stable semantics
and the well founded semantics (WFS) are the two most acceptable definitions
of this form of negation in Logic Programming. Our use of default negation is
different than in previous approaches. We allow the combination of the idea of
negation as failure with reasoning by cases to obtain a powerful use of negation.
Preliminary research on this direction is presented in [T6/T0].

Disjunctive logic programming is one of the most expressive declarative lo-
gic programming language [§]. It is more natural to use since it permits direct
translation of disjunctive statements from natural language and from informal
specifications. The additional expressive power of disjunctive logic programs sig-
nificantly simplifies the problem of translation of non-monotonic formalisms into
logic programs, and, consequently, facilitates using logic programming as an in-
ference engine for non-monotonic reasoning. A novel contribution of our paper
is a translation T from HLNM programs P to disjunctive logic programs (with
default negation) P’.

Let us motivate the need for partial-order clauses. In a recent meeting orga-
nized by Krzystztof Apt (president of the Association of Logic Programming),
whose aim was to get a clear picture of the current activities in Logic Pro-
gramming and its role in the coming years, Gelfond pointed out: “We need to
find elegant ways for accomplishing simple tasks, e.g. counting the numbers of
elements in the database satisfying some property P. At the moment we have
neither clear semantics nor efficient implementation of setof of other aggregates
used for this type of problems” [0]. We propose partial-order clauses as an an-
swer to this issue. The evolution of partial-order clauses is shown in the papers
[25l126/23I2215/[29]. Related work on this topic is found in the following papers:
[2120/T3IT2I3T/TT9I30]. A central concept in most of the works that include sets
is one which we call collect-all. The idea is that a program needs only to define
explicitly what are the members of the set and, by assuming a closed world,
the set becomes totally defined. Moreover, all the just mentioned works, have
defined a precise semantics for restricted classes of programs and they agree on
the common subclasses. Also, a common assumption is to consider only finite
sets. According to our knowledge, our approach generalizes all the work done so
far about this topic.

HLNM programs also allow general formulas as the body of a clause. In
[I'4/Z1] it is found motivation on this issue.
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A preliminary research on this topic is presented in [29]. The current paper
presents the full language and a more refined semantics.

Our paper is structured as follows: In section [2, we introduce our new pa-
radigm High-Level Non-Monotonic reasoning, giving its grammatical definition
and motivation. In section B] we define the declarative semantics of our language.
Finally, in our section we present our conclusions.

2 High-Level Non-monotonic Programs

We will now give a brief informal introduction to HLNM programs to give an
intuition of the style of programming in this language and also to provide some
context for discussing the semantic issues it raises. HLL clauses have the following
form:

rule ::= head < body. | head.

head ::= literals | literals ; head

literal ::=literal, | POC

POC i 1= Fu(list_terms) > Fu(argumenty)| Fu(list_terms)>term
body ::=literaly | (body Ob body) | (Q Var body) | (—body)
literaly ::=atomy | literal,

literal, ::= —atom | atom

atom ::= Pr(list_terms)

atom ::= Fu(list_terms) = term

argumentsy ::= argumenty | argumenty, arguments
argumenty ::= f(argumentsy) | terms

list terms  ::=term | term, list_terms

term ::=Const | Var | CT (list_terms)

where Ob, Q, Pr, Fu, C'T', and Cons are nonterminal symbols defined as follows:
0Ob € {A,;,—}, Q € {3,V}, Pr is a user-defined predicate symbol, Fu is any
functional symbol, C'T" is any contructor symbol, and Cons is any constant
symbol (i.e. a constructor of arity 0). We use ”;” to denote the disjunctive logical
connective. We also use ”,” to denote the conjunctive logical connective A. We
use — and — to denote explicit and default negation respectively. A HLNM
program is a set of program rules (also called clauses).

We adopt four constructors: cons (of arity 2), nil (of arity 0), scons (of
arity 2), and empty (of arity 0). The two constructors cons and nil are used to
represent lists as usual in logic programming. Moreover, we prefer the notation
[X]Y] instead of cons(X,Y) and [| instead of nil. To represent finite sets, we
use the two constructors scons and empty. Again, we prefer to use the more
suggestible notation {z\t} and ¢. The notation {z\t} refers to a set in which z is
one element and ¢ is the remainder of the set. We permit as syntactic sugar { expr}
to stand for {expr \¢}, and {e1, es, ..., ex}, where all e; are distinct, to stand for
{e1\{e2\ ... {ex\@}}}. To illustrate the set constructor, matching {X\T} against
a ground set {a, b, c} yields three different substitutions, {X < a, T < {b,c}},
{X+b,T+ {a,c}}, and {X < ¢, T < {a,b}}. One should contrast {X\T} from
{X}UT.
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The ‘logical’ view of logic programming is that a program is a theory and com-
putation is logical inference. In the classical approach to logical programming,
the inference mechanism is faithful to logical consequence in classical first-order
logic. This paper adopted the canonical model approach, where the inference
mechanism is faithful to truth in the “intended” model of the program.

2.1 Negation in Logic Programming.

Default negation has proved to be quite useful in many domains and applicati-
ons, however, this in not the unique form of negation which is needed for non-
monotonic formalisms. Explicit negation has many characteristics which makes
it a good candidate to represent non-monotonic reasoning. It can occur in the
head of a clause and so it allows us to conclude negatively. Explicit Negation
treats negative information and positive information in a simetric form, that is
to say, it does not give any kind of preference. However, it allows the representa-
tion of exceptions and preference rules. We show how can we represent defeasible
reasoning with default and explicit negation. In particular, we discuss the repre-
sentation of exceptions and preference rules. These ideas are not ours, but taken
from [3]. The notion of exception may be expressed in three different ways:

Exceptions to predicates. We express that the rule angiosperm(X) «—
tree(X) applies whenever possible but can be defeated by exceptions using the
rule:

angiosperm(X) <— tree(X), — ab(X)

If there is a tree a which is known that is not an angiosperm we may express
it by —angiosperm(a). In this case —angiosperm(a) establishes an exception
to the conclusion predicate of the defeasible rule.

Exceptions to rules. A different way to express that a given element is
some exception is to say that a given rule must not be applicable to the element.
If, for instance, element a is an exception to the rule trees are angiosperms,
we express it as ab(a). In general, we may want to express that a given X is
abnormal under certain conditions. This is the case where we want to express
Pines are abnormal to the rule about angiosperms given above. We write this
as follows:

ab(X) <— pine(X)

Exceptions to exceptions. In general we may extend the notion of excep-
tioned rules to exception rules themselves, i.e. exception rules may be defeasibles.
This will allow us to express an exception to an exception rule.

Preference rules. We may express now preference between two rules, sta-
ting that if one rule may be used, that constitutes an exception to the use of the
other rule:

angiosperm(X)<+— tree(X), — ab;(X)

- angiosperm(X)<— pine(X), — aby(X)

tree(X) +— pine(X)
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In some cases we want to apply the most specific information; above, there
should be (since a pine is a specific kind of tree) an explicit preference of the
rule about non-angiosperm pines over the rule about angiosperm trees.

ab; (X)¢— pino(X), — abs(X)

Botanic Field. We have studied a small fragment part of the Botanic field (the
Mycota Kingdom), where we found that is natural to use exceptions and prefe-
rence rules. Our information was taken from the Britanic Encyclopedia OnLine
and our results are presented in [28].

2.2 Disjunctions

Disjunctive reasoning is more expressive and natural to use since it permits direct
translation of disjunctive statements from natural language and from informal
specifications. The additional expressive power of disjunctive logic programs sig-
nificantly simplifies the problem of it translation of non-monotonic formalisms
into logic programs, and consequently, facilitates using logic programming as an
inference engine for non-monotonic reasoning.

The following is a well known example that can not be handled adequately by
Circumscription.

Ezample 1 (Poole’s Broken arm, [7]).

left-use(X) <« — ab(left,X).

ab(left,X) <« left-brok(X).

right-use(X) ¢ - ab(right,X).

ab(right,X) < right-brok(X).

left-brok(fred) ; right-brok(fred) <.

make-cheque(X) <+ left-use(X).

make-cheque(X) ¢ right-use(X).

disabled(X) < left-brok(X), right-brok(X).
The well known semantics D-WFS and DSTABLE derive that Fred is not dis-
abled (see [7]). We get the same answer in our approach. Moreover, DSTABLE
(but not D-WFS) derives that Fred can make out a cheque. We get also this
result in our approach.

2.3 Partial-Order Clauses

As we have said, Gelfond pointed out: “We need to find elegant ways for ac-
complishing simple tasks, e.g. counting the numbers of elements in the database
satisfying some property P. At the moment we have neither clear semantics
nor efficient implementation of setof of other aggregates used for this type of
problems” [9]. We propose to use partial-order clauses to solve this problem.
The first author of this paper has done an extensive research on this topic in
[25l/26/23l22IT5/29] and we have strong evidence to make us think that our results
in this paper will help to obtain a final answer.
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Modeling Setof. The original motivation of partial-order clauses was to include
a kind of setof operator. There are two mayor problems with the setof operator
in PROLOG. First, it has no formal definition and second, it is very weak. See
23].

Ezample 2. Consider that we want to obtain the set of all students that are
taking both the cs101 class and cs202 class. We write a clause in Prolog that do
the given function as follow:

both(X) : — setof(W, (cs101(W), cs202(W)), X)
while in our paragigm this represented by:

both(X) > {X} <« cs101(W), cs202(W)

We note that our paradigm is not only a change of notation, but we define a
more powerful notion of ’setof’ than PROLOG. The reader is invited to see an
example of this nature in [29].

General Domains. We generalize our approach of partial-orders to different
domains and not just sets. The following example illustrates this idea.

Ezample 3 (Min-Maz Programl1 [15]).
p(X) <X1 <« final(X,X1).
pX) <X2 <+ edge2(X,Y), q(Y)=X2.
q(X) > X3 <« final(X,X3).
q(X) > X4 < edgel(X,Y), p(Y)=X4.

This program models a two-player game defined on a bipartite graph represented
by predicates edgel and edge2. The function p obtains the minimum value, while
q obtains the maximum value. The program is considered non-monotonic due to
the interaction of > with <. Consider the following extensional database:

final(d,0). edgel(a,b). edge2(b,d).

final(e,1). edgel(a,c). edge2(b,e).

final(f,-1). edge2(c,f).

final(g,0). edge2(c,g) .
In our approach we obtain the intended model, where p(a)=0. Our operatio-
nal semantics with pruning (introduced in [27]) behaves very much as the well
known alpha-beta procedure. Other interesting examples about partial-order are
presented in [23].

It is important to observe, as will see in the following section, that we have
a formal definition of the semantics of partial-order clauses.

3 Declarative Semantics

We first present our definition of the declarative semantics for propositional
disjunctive programs. Then we explain how we generalize our results to the
general framework of HLNM programs.
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3.1 Declarative Semantics of Propositional Disjunctive Programs

A signature is any finite set. An atom is any element of a signature. A positive
literal is an atom. A mnegative literal is a formula of the form —a, where a is an
atom. A literal is a positive literal or a negative literal. Two literals are of the
same sign if both are positive or both are negative. Propositional disjunctive
clauses are of the form:

Al,,An (*Ll,...Lm
where n > 1,m > 0, every A; is an atom and every L; is a literal. When m = 0,
we say that the clause is a fact. When n = 1 the clause is called normal. A normal
program consists of just normal clauses. Traditional logic programming is based
on this kind of programs. When m = 0 and n = 1 the clause is called a normal
fact. We also would like to denote a disjunctive clause by C:= A < B*,-B~,
where A denotes the set of atoms in the head of the clause (namely {Aq, ... 4, };),
BT denotes the set of positive atoms in the body, and B~ denotes the set of
negative atoms in the body. A pure disjunction a disjunction of literals of the
same sign.

The stable semantics and the well founded semantics are the two most well
known definitions of semantics for Logic Programs. Our proposed semantics is
different than in previous aproaches and more powerful even for normal pro-
grams. We allow the combination of the idea of negation as failure with reasoning
by cases to obtain a powerful use of negation.

We now provide our formal definition of our declarative semantics.

We start with some definitions. Given a program P, we define HEAD(P) :=
UA<—B+,ﬁB*€P A. Tt will be useful to map a disjunctive program to a normal
program. Given a clause C:= A + BT, ~B~, we write dis-nor(C) to denote the
set of normal clauses:

{a + B, ~(B~U(A\ {a})la € A)}.

We extend this definition to programs as follows. If P is a program, let dis-nor(P)
denotes the normal program: | J p dis — nor(C).

We first discuss the notion of a supported model for a disjunctive program.
It generalizes the notion of a supported model for normal programs (which in
turns is equivalent to a model of the Clark’s completion of a program).

Definition 1 (Supported model).

Let P be a program. A supported model M of P is model of dis — nor(P) such
that for every atom a that occurs in P and is true in M, there exists a clause C
in dis — nor(P) such that a is the head of C and the body of C is true in M.

We now discuss the notion of a D-WFS partial model. The key concept of
this approach is the idea of a transformation rule. We adopt the transformation
rules introduced in [5lf7], which are: REDT, RED~, GPPE, TAUT, SUB. We
define CS; to be the rewriting system which contains the just mentioned rules.
It is known that this system is confluent and terminating, see [6].

Definition 2 (D-WFS partial model). Let P be a program and P’ its nor-
mal form, i.e. P’ is the program obtained after reducing P by CS1. The D-WFS
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partial model of P is defined as: {a| a is a normal fact of P' } U {—al| a is an
atom in the language of P that does not occurs in P’ }.

We can now present the main definition of this section:

Definition 3. Let P be a program. We define a DWFS-DCOMP model as a two-
valued minimal supported model that extends D-WFS(P). Any such extension
is a model that agrees with the true/false assigments given by D-WFS(P). The
scenario DWFS-DCOMP semantics of P is the set of DWFS-DCOMP models of
P. The sceptical DWFS-DCOMP semantics for P is the set of pure disjunctions
that are true in every DWFES-DCOMP model of P. If no such model exists then
we say that the program s inconsistent.

In the above definition we stress the importance of considering minimal models
([210), since they are critical in logic programming. In this paper our concern is
only in the sceptical semantics.

3.2 Moving to Predicates and Adding the Set Constructor

We will work with Herbrand interpretations, where the Herbrand Universe of a
program P consists only of ground terms, and is referred to as Up. The Herbrand
Base Bp of a program P consists of ground atoms as usual.

The generalization of the function dis — nor to predicate logic is straightfor-
ward. Given this , we need a definition of supported model for predicate normal
programs. This has been done in [21]. D-WF'S for predicate programs is presen-
ted in full detail in [11]. We can therefore define DWFS-DCOMP models with
no problem.

With respect to the set constructor we proceed as follows. We continue wor-
king with Herbrand interpretations. But due to the equational theories for con-
structors, the predicate = defines an equivalence relation over the Herbrand Uni-
verse. But, we can always contract a model to a so-called normal model where
= defines only an identity relation [24] as follows: Take the domain D’ of I to
be the set of equivalence classes determined by = in the domain Up of I. Then
use Herbrand =-interpretations, where = denotes that the domain is a quotient
structure. We then should refer to elements in D’ by [t], i.e. the equivalence class
of the element ¢, but in order to make the text more readable, we will refer to
the [t] elements just as ¢, keeping in mind that formally we are working with the
equivalence classes of ¢. These details are explained in [T4].

3.3 Adding Partial-Order Clauses

The first step is to obtain the flattened form [I4] of every partial-order clause.
Consider the following example:

£X) > gX) ; £(2) > {m(2)} + 1(X).
then its flattened form is:

(£(X) > X1 « h(X)=X2, g(X2)=X1 ; £(2) > {21} + m(Z)= Z1)
1(X).
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The second step is to transform this formula to a disjunctive clause. With this
same example, we get:

£(X) > X1; £(2) > {21 } « h(X)=X2, g(X2)=X1, m(Z)=z1, 1(X).
As the third step we translate the clause to its relational form. Again, using this
example, we get:

> (X,X1); £5(Z,{Z1}) « h_(X,X2), g—(X2,X1), m_(Z,Z1), 1(X).
These steps can easily be defined for the general case. We suggest the reader to
see [26] to check the details.

The fourth step is to add axioms that related the predicate symbols f— with
f> for each functional symbol f. Let us consider again our example. The axioms
for f in this case are as follows:

(1)  £-(z, 8) « f> (Z,8), —f-(zZ, 9

(2)  £-(z, 8) « f-(Z,81), S1>S

(3) £x(z, 8) « £5(Z,81), S1 > 8

(4) > (2, L)

(5)  £(2,C) « £ >(Z,C1), £5(2,C2), 1ub(Cy,Cy,C).
We understand that S1 > S means that S1 > S and S1 # S. L is a constant
symbol used to represent the bottom element of the lattice and 1ub(C1, Cs, C)
interprets that C' is the least upper bound of C; and Cs. The first two clauses
are the same (modulo notation) as in definition 4.2 in [32]. Clause (5) is not
useful for total-order domains. It is easy to see that symmetric definitions can
be provided for f< symbols.

3.4 Allowing a General Formula as the Body Clause

Here, we adopt the approach suggested by Lloyd in his well known book [21]. The
idea is to apply an algorithm that transform a clause (with a general formula
as the body) into one or more clauses with simple bodies (i.e. conjunction of
literals). Space limitations disallow us to explain the algorithm, instead, we work
out an example and let the interested reader to check the details in the above
mentioned reference.

rp({X\-}) > {X} «+ VY(d(X,Y) — ontime(X,Y))
If we use the rules of [21] the translation becomes:

rp({X\-}) = {X} = =c(X)

c(X)«d(X,Y), montime(X,Y).
where c is new predicate symbol.

3.5 Explicit Negation

We show how to reduce programs with explicit negation to programs without it.
The idea is originally considered in [4] but we have also explored it in [28]. Let
T be the program that includes explicit negation. Let P be the program T plus
the following set of clauses:

7p(X1a ) Xn) — _‘p(Xla s Xn)
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for all predicate symbols p from the language of T'. For any predicate symbol
p ocurring in P, let p’ be a new predicate symbol of the same arity. The atom
p'(t1,...pn) will be called the positive form of the negative literal, —p(t1, ... pn).
Every positive literal, is, by definition its own form. Let P’ the program that
we obtain form P by replacing every literal. by its positive form.

There is a simple way of evaluating queries in 7. To obtain an answer for p
run queries p and p’ on P’. If the answer to p is yes then we say that T derives
p. If the answer to p’ is yes then we say that T' does not derives p.

4 Conclusions

We presented our notion of HLNM program. It includes standard logic program-
ming plus disjunctions, partial-order clauses, two kinds of negation and general
body formulas. For this purpose, we had to define a new declarative seman-
tics (an hybrid of D-WFS and supported models) that is suitable to express
the above mentioned notions. To our knowledge, this is the first proposal that
extends Logic Programming that far. We presented several and different inte-
resting problems considered in the literature. HLNN programming defines the
intended meaning of each of them. Our paradigm combines several ideas from
several authors and our own earlier work and it seems promising.

The bad news is that the operational semantics of the full language is not
computable. However we can identify large and interesting fragments of the
language that are computable. Our main research on this direction is presented
in [2322].
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Abstract. This paper presents a demonstration of a Theory for Episodic
Learning applied to Information Retrieval. The theory is compatible with Case-
Based Reasoning and is used to model how contextual information about users,
their aims and search-sessions experience may be represented in case bases,
and automatically tuned up. The proposed model shows how query processing
may be extended by deriving information from the case bases, taking advantage
of user profiles and a history of queries derived from search-sessions. The
paper includes a demonstration of the program IRBOC, presenting a fully
worked example.

1 Introduction

Document representation and retrieval strategies have been the centre of attention in
information retrieval research for many years. There has been concern in the
representation of the users’ information needs, as well as in the way users interact
with information retrieval systems (Belkin et al., 1993a, 1993b, 1993c; Ingwersen,
1986; Croft, 1987; Croft and Thompson, 1987); but there is still plenty of room for
investigation of these very important issues, the user representation needs and their
interpretation. In this paper, it is suggested that a comprehensive and integrated view
of the problem is needed. A novel architecture is proposed based on a Theory of the
Acquisition of Episodic Memory (Ramirez and Cooley, 1997), compatible with Case-
Based Reasoning (CBR), particularly concerned with the representation and
interpretation of the users' information needs, which makes use of information about
the context of information requests. The rationale for this architecture is not new,
Belkin (1977, 1980), De Mey (1980), and Watters (1989), amongst others have been
concerned with the need to support semantic and contextual information in the
retrieval process; but CBR had not been used before for this purpose. It is maintained
here, that CBR is a promising technology for tackling problems in information
retrieval.

2 The Retrieval of Information and the User

The goals, projects, research interests, and other background information about users
are relevant pieces of information that should not be disregarded. They can be
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combined with query information and used in a framework in which documents can
be retrieved with increased accuracy. Hence, an important goal of this work is to
show that the users’ background knowledge and the context of search-sessions are
central to the effectiveness of an information retrieval system, and that CBR has the
potential to handle them.

2.1 The User’s Integrated Information Request

In order to represent effectively an information request, all available information, in
addition to the query, that may affect the retrieval process should be taken into
account. Some of this information can be provided by the user (in addition of the
query) at the time of the request, but not all of it, since it would be too unpractical—
providing it was found a way to represent and deal with the information. However,
most of this context information, that originates in the background of the user, does
not usually change in the short term, so it is feasible to enter it into the system
beforehand, store it in individual profiles, and use it when required. Also, additional
context information can be obtained from records of interactions. In this paper, it is
emphasised the use of context in addition of the query, in the formation of the user’s
integrated information request.

IRBOC, an information retrieval system, was designed having in mind
specialised libraries and document centres. Users of IRBOC are expected to be
working in specific projects, or at least have clear lines of work or research. This is
not a restriction imposed by the model, but a constrain for effectiveness. In order to
use past search-session cases, and particularly, in order to define and organise a useful
context, the topics of this context have to be constrained. IRBOC performs better and
improves quicker when working with context related to specific domains. Although,
there is no restriction in the number of user-profiles that a user can have, which means
that a specific user can work on different domains and simply have different user_ids
for each domain.

2.1.1 The Query

Query (Q) is the users’ explicit description of their immediate information needs. A
query can be expressed in several ways, for example, as a Boolean expression, as a
natural language sentence, or as a simple list of keywords. The specification of the
query is intended to express the content and type of the information needed. Each
form of representation has its advantages and disadvantages, ample research has been
carried out comparing different representations (Salton and McGill, 1983; Forsyth
and Rada, 1986); but it is impossible to generalise such results for every retrieval
system, since conditions are simply different on each situation.

Nevertheless, the specification and representation of queries has been a
controversial topic in Information Retrieval (IR), due to the fact that formulating
requests is an ambiguous task. It is ambiguous because of the following factors,
amongst other of a less intangible nature:

e Users perception and description of their information need may change in the
course of their interaction with the system (i.e., Belkin’s [1980, 1993]
“anomalous states of knowledge”).
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e Users may not be certain of their information needs; they are typically looking
for an idea, rather than for specific documents.

e Users typically want ‘to see what has been said about something’ rather than
request ‘what X has to do with Y’ which is significantly more precise (see Sparck
Jones, 1990).

2.1.2 Context

The context (C) of a request is all the information that plays a roll in the retrieval
process (i.e., it is related to the target documents), but is not expressed in the query.
Context allows a better and more complete understanding of the information need.
Context is the information that a user usually has in mind during the interaction with
the retrieval system, but that is not allowed to express in the query, because
conventional systems do not have the capabilities to do it; such as research interests,
information intentions, goals, etc. In general, the user’s background can not be stated
in the query, although it may play an important roll in the retrieval process. Those
non-explicit elements of the information need are relevant pieces of information that
should not be disregarded because they allow a better understanding of the users’
information needs. The context combined with the query give a more complete
framework, in which searches of documents can be carried out with increased
accuracy. It is the thesis of this work, that CBR has the potential to handle them, to
improve the effectiveness of IR systems.

If a search-session (i.e., a user interacting with an IE] system) could be
viewed as a communication event, then context is the background™of the receptor of a
communicate. A background shared with the receptor (constituted with similar
knowledge), such that the receptor is capable to recognise and process the intentions
of the transmitter. Without any common background, the receptor could be unable to
agree about the intentions of the communicate. For instance, without a context, the
sentence: “How can I get free ranch eggs?” may be understood quite differently by a
farmer, by a foreigner, and by the owner of a grocery store. The reason is that
everyone tries to understand the phrase according to his or her background.

Human intermediaries between an IR system and its users, routinely use
context information to carry out ‘searches’, but they do not explicitly incorporate the
context into the system, they use it implicitly to make inferences that later result in the
formulation of a specific query. For example, if the user happens to be a child
interested in literature, then the intermediary will assume that the user is interested in
children’s literature, and not in James Joyce or Borges’ novels.

3 Architecture of the Model

The conceptual model is based in Ramirez and Cooley’s (1997) theory of the
acquisition of episodic memory. The Information Retrieval System Based On Cases
(IRBOC) is organised around a case base of user-profiles, a case base of search-

"Maturana (1978) calls it a concensual domain. Tt is assumed that the domain is co-operatively
constituted by all the active members of a particular domain.
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sessions, a CBR module, an IR module, and a database of documents. The IR Module
is based on standard Boolean logic (AND, OR, and NOT operators), plus the
truncation or wild card (*) and adjacent (ADJ) operators, parenthesis are also allowed.
The CBR module functions are: the creation and maintenance of user-profile cases
(UPC) and generalised user-profiles (GUPC), based on information stored in a group
of containers called user’s context components; the creation and maintenance of the
search-session cases (SSC) and the generalised search-session cases (GSSC), which
are automatically developed during the normal use of the system; and finally, CBR
methods are used to exploit the case bases, in order to modify the initial query and
also suggest alternative queries. The database of documents (i.e., the set of target
documents) contains surrogate documents on a specific domain of knowledge. The
architecture is shown in Figure 1.
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IR SYSTEM

T
v

Users’
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. —

A
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CBR
Module
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Fig. 1. Architecture of IRBOC

4 Design Issues

4.1 Context Organisation

Context information has been organised in the following context components: User’s
Background, Documents’ Profile, Research Projects, Research Interests, and a
Search-Sessions component. They represent the most relevant information concerning
the information needs of the users related to specific domains, besides their queries.
Each component is organised by attributes, which contain groups of terms. Not all the
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attributes have the same relevance, so there is an independent weight associated with
each of them (a real number between 0 and 1) defined in the general parameters of the
system. Also, each term has an individual score associated to each term (an integer
number between 1 and 5) assigned by the user. The components are organised as
follows:

4.1.1 User’s Background Component

This component is formed with the profile of every user. A profile is formed with the
following attributes:

e Occupation or activities of the user
Current areas of work
Related areas
Areas of specialisation
Other areas of experience
The attributes of this component are used to complement the other context
components. Notice that there is no need to update this component with every request,
but only when the user’s main activities change.

4.1.2 Projects

This context component is used to represent the aims of the information requested,
and should respond to the question: What is the information going to be used for? The
following attributes form this component:

e Current project

e Project objectives

e Goals related to the project

e  Past projects

Notice that as the previous component, there is no need to update this

component with every request.

4.1.3 Research Interests

This component contains information about the personal goals of the users,
concerning the current request:
e Topics of interest related to the current query
e Other topics of interest related to the current query
This is the most temporal of the components, and should be updated with
every request. The attributes of this component have the highest weight when used to
modify or expand the query.

4.1.4 Documents’ Profiles Component

This is an optional component, whose information is helpful to evaluate the relevance
of retrieved candidate documents by filtering those documents that do not satisfy the
constrains of style, type, and level of technical complexity requested by the user;
however, the creation of this component involves additional cataloguing work. A
document profile contains information about the style or approach of a document,
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e.g., descriptive, narrative, academic, scientific, or informal, about the type of
document, e.g., theoretical, experimental, field notes, etc., and about the level of
technical complexity of the document. These attributes are useful to filter documents
during the process of been retrieved. For example, an experienced user knows that
papers from Proceedings of Scientific Conferences may suit certain needs of
researchers, but it is less likely to suit the needs of technicians, or the needs of an
undergraduate student preparing a subject-examination. A list of attributes for this
component follows:
e The approach or style (e.g., academic, scientific, descriptive, narration,
informal, etc.).
e The type of document (e.g., theoretical, experimental, field notes, technical
report, bibliographic research, etc.).
e Level of technical complexity (e.g., low, medium, high).

4.1.5 Query History Component

As part of the context components, this component is used to keep track of all
successful search-sessions. Records are created during the normal use of the system
and stored for future usage, including pointers to specific documents, to specific
users, and to a particular profile (generalisation of users). Each search-session is
formed with the following attributes:

e Initial query

e Intermediate queries

e Final query

e Results (indices to documents)

4.2 The Organisation of Case Bases

4.2.1 User-Profiles Case Base

The user-profile case base is created with attributes from three of the context
components: Background, Research Interests, and Projects. Similarities between the
attributes of the components of different users are the basis for the formation of
UPCs. A special similarity function for IRBOC was devised after Tverky’s “Contrast
Model of Similarity” (Tversky, 1977). The function was modified in such a way that
contextual information influences—but not controls—the similarity metric (see also
Cain, et al., 1991), and the necessary adjustments to fit IRBOC architecture. The
metric function is shown below.

4.2.2 Generalised User-Profiles Case Base

The generalised user-profile case base is created with clusters of user-profiles cases,
as presented in Figure 2. Similarity between the attributes of clusters of user-profiles
cases is the basis for this process; similarity is computed using (2), shown in section
4.5.
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4.2.3 Search-Sessions Case Base

A case base of search-session cases is created with the successful queries carried out
during search-sessions, plus a link to the corresponding user-profile, which allows
access to the context component associated to the posed queries.

4.2.4 Generalised Search-Sessions Case Base

Two case bases of generalised search-session cases are created with common
attributes obtained from clusters of similar search-session cases. One of the case bases
is based on the Projects component, and the other case base is based on user-profile
user-profiles, as shown in Figure 2. The GSSCs are used to identify useful queries
based only on the topic, and based on the general context of the request, respectively.

4.3 The Information Retrieval Module

Queries are posed to the IR system using keywords and standard Boolean logic (NOT,
AND, OR). The operators adjacent (ADJ) and like or truncation (*) are also
implemented. Parenthesis can be used to alter the default precedence of the Boolean
operators, as usual. A conventional default stemming process (Frakes and Baeza-
Yates, 1992) is applied to each of the keywords not displaying the truncation
operator. Also, a standard list of stop-words is used to discard irrelevant words from
the query. The system has various programs that allow the user to easily enter and
update the context components when required. The main program has an interface
that guides the user all the way through the search-session; details of the user-profile
can be displayed; previous queries can also be displayed. During the search-session,
queries are sequentially displayed and the corresponding expanded queries can also
be seen if required. Once documents are retrieved and inspected, the relevant ones can
be marked to indicate that the query and terms were successful, so IRBOC can take
actions reinforcing the relevance of the corresponding terms.

4.5 The Case-Based Reasoning Module

The goal of this research is to enhance a conventional Boolean retrieval system by
using a novel architecture based on CBR. In IRBOC, CBR methods are used in two
ways: firstly, by using contextual information about the user to modify and expand
the query; and secondly, by taking advantage of previous search-sessions. CBR
methods are used to create and maintain user-profile cases and generalised user-
profile cases, which are used to expand the query with new keywords. Search-session
cases and generalised search-session cases are used to suggest alternative queries to
specific requests.

UPCs are formed by associating the terms related to a specific user-id from
the various context components. Term weights are the product of multiplying the term
scores by the attribute scores (score values are integers between 1 and 5) and then
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Fig. 2. Configuration of Case Bases

dividing by 25 to normalise the result (to a real number between 0 and 1), as shown in
(2.2). GUPCs are created or modified depending on their similarity distance to new
UPCs. The distance of all existing GUPCs against a new UPC is computed using (2)
and then compared against a threshold. The GUPC with the lowest value (Dist values
are real numbers between 0 and 1) is chosen, provided the threshold is greater than
the value. The similarity distance metric function (2) was specially designed for
IRBOC (as explained above), where A represents the a UPC and B represents a
GUPC, A and B are attribute-sets of cases a and b. Parameters 6, o, and [ represent
the relative importance of the common and distinctive attribute-sets, so for instance,
more weight can be given to common attributes. The values of these parameters can
be easily reset depending on the performance of the system. The effects of these
parameters also make a positive effect in the asymmetries that appear in similarity
judgements. Tversky indicates that in similarity statements there is a subject and a
referent, we say that “a [subject] is like b [referent]”, where the most prominent
object usually been the referent (see Tversky, 1977, and also Tversky and Gati, 1978).
In general IRBOC’s formula predicts that as the number of common attributes
increases and the number of distinctive attributes decreases, the two objects a and b
become more similar.

The first part of the formula computes the similarity between common terms
(2.1). If there are no common terms at all (k=0), then dis(a,b) = 1, which is the
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maximum possible distance between a and b, otherwise only those terms that are
common to A and B are considered, since f{a,b) becomes 0 when a#b. The second
part and third parts of the formula compute the distinctiveness of a and b respectively,
by considering only non-common terms (2.3).

A particularity of this metric is that is not sensitive to the dimensions of the
attribute-sets A and B, in opposition to other widely used functions, such as the
similarity function in the CBL1-4 algorithms, which assume maximum difference
from the value present when attribute values are missed (Aha et al., 1991, Aha, 1991).
Or nearest neighbour functions such as Remind’s (Cognitive Systems 1992, presented
in Kolodner, 1993), which does not even make provision for dealing with this
situation. For a comparative study of similarity functions see Ramirez (1998),
Wettschereck and Aha (1995) and Willet (1988).

Other function of the CBR processor is the maintenance of the case bases
(i.e., modification and deletion of cases, and the optimum re-organisation of their
structures); this task involves analysing the effectiveness of cases, which is carried
out based on their success and frequency of use. A usage counter is used for this
purpose, which is attached to each term.

XX distaib) XY diff (aiby) Y diff (bi.a)
Dist(A,B) =9 =/~ +o 7 +p = 2)
k nxm mxn
where
dis(a.b) d(a,b) k>0 2.1
is(a,b) = .
1 k=0
d(a,b)=|w(a)-w(b) - f(ab)
Fla.b) 1 a=b
a,n) = .
0  otherwise
W((l) ) WTerm((l) ) Wattribute ((1) : W(b) ) WTerm(b) ) Wattribute (b) (2.2)
10 10 10 10
1 a#b
diff (a,b) =w(a)xg(a,b); g(a,b)= 0 b (2.3)
a=
where 0,0, feR,and 0<0<1,0<a<1,0< <1, and O+a+p=1.
0 represents the relative importance of common terms.
o represents the relative importance of distinctive terms in B.
P represents the relative importance of distinctive terms in A.
ac A, be B.
k =Number of common terms, where aij =bij; k=1 iff k=0.
n=Number of terms in set A.
m = Number of terms in set B.
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Queries are expanded by selecting the best terms from the corresponding
user-profile case, and from the corresponding generalised user-profile case, and even
from other cases related to that specific GUPC, if necessary. And finally, IRBOC is
also capable of proposing alternative new queries. Those new queries are obtained
from previous similar ones stored in the search-session case base, by comparing the
UPC and the Projects component with the GUPCs.

5 IRBOC in Action: An Example

A postgraduate student with id ‘PG-015" is looking for research documents about
work carried out in Al applied to information retrieval. The user needs the
information to find out what has been done in that area of research, and is particularly
interested in working systems. The user has used the system before and the context
components have been already defined as shown below. The pairs following each
term are the weight of the term and a counter of usage (the number of times that the
term has been successfully used):

User-Profile Component:

User Id: PG-015

Occupation or activities: postgraduate(3,0) student(1,0); research(4,0)

Current areas of work: ‘computer science’(2,0); ‘artificial intelligence’(4,0);
‘information science’(2,0); ‘cognitive science’(2,0)

Related areas: ‘machine learning’(4,0); ‘expert systems’(4,0); databases(2,0);
‘cognitive psychology’(2,0)

Areas of specialisation: ‘case-based reasoning’(5,0); learning(2,0); ‘information
retrieval’(5,0); databases(3,0)

Other areas of experience: librarianship(3,0); linguistics(3,0)

Projects Component:

User Id: PG-015

Current project: case-based reasoning(5,0); information retrieval(5,0)

Project objectives: exploration(3,0); intelligent(5,0); information retrieval
systems(5,0); improve(4,0); enhance(4,0); effectiveness(3,0)

Goals related to the project: case-based-reasoning research(4,0); information-
retrieval exploration(3,0)

Past projects: conceptual(2,0); model(4,0); learning(4,0); episodic memory(5,0)
memory structures(5,0); CBR foundations(5,0)

Research Interests component:

User 1d: PG-015

Topics of interest related to the request: case-based reasoning(5,0); information
retrieval(5,0); expert systems(4,0); automatic document processing(3,0);
artificial intelligence(4,0); context models(4,0)

Other topic of interest: natural language processing(2,0); language ontology(4,0);
cognitive science(5,0); cognitive psychology(4,0); memory(2,0);
perception(2,0); learning(4,0); understanding(3,0); explanation(3,0);
reasoning(3,0); analogy(4,0); similarity measure(4,0); concept theories(3,0);
categorisation(3,0); knowledge acquisition(4,0); knowledge
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representation(4,0); dynamic memory theory(5,0); automatic text
processing(4,0); automatic document indexing(3,0); document
transformations(3,0); matching(4,0); term weighting(4,0); relevance
feedback(3,0); search strategies(4,0); clustering(3,0); automatic
classification(4,0)

Document Profile:
The approach or style: scientific
The type of document: any
Level of technical complexity: medium-high

Query:
(Automatic OR Intelligent) AND information ADJ retrieval AND systems

Procedure:

1. Using the information of the context components and the query, the CBR processor
matches two similar queries stored in the search-session case base. Those two queries
were posed to IRBOC by another user whose Project component contained several
terms in common with the current user’s query. The obtained queries, which are
suggested to the user are:

1. “Automatic ADJ Document ADJ Processing”
2. “Expert ADJ Systems AND Information ADJ Retrieval”

2. The user decides not to pursue the suggested queries, then the CBR processor tries
to re-formulate the initial query as follows:

a) First, the terms with the best scores are retrieved from the corresponding UPC,
providing the normalised scores satisfy a threshold.

b) The query is expanded with the retrieved terms [1] and documents are retrieved.

c¢) If the user is satisfied with the documents the search session ends here, otherwise
the search-session continues, and the associated GUPC to the current UPC is used to
retrieve all of the other associated UPCs.

d) The best UPC is selected.

e) The associated terms with the best scores are used to expand the initial query [2]
and new documents are retrieved.

f) The user marks those documents that consider relevant and the search-session
finishes here, although it could continue if the user wants to modify the initial query.

Initial Queryﬂ. (automatic | intelligent)*information-+retrieval+systems
Expanded Queries:
[1] (automatic | intelligent) » information-+retrieval+systems |
(artificial+intelligence | expert+systems | machine+learning | )
[2] (automatic | intelligent) ~ information+retrieval+systems |
(case-based+reasoning | explore | enhance | improve | document-
processing)

2Where +stands for ADJACENT, * stands for AND, | stands for OR, and - stands for the NOT
operator.
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Documents retrieved in [1]: B30650, B89899, B5897, B32001, B56564, B25668.
[2]: B14683, B6784, B25668, B15688.

The titles of the documents (books) retrieved and marked as relevant are:

B30650: “Expert Systems for Reference and Information Retrieval”

B5897: “Automatic Text Processing”

B32001: “Commercial Information Retrieval Systems: An information
managers guide”

B14683: “The SMART retrieval system: Experiments in automatic
document processing”

B6784: “Information Retrieval Experiment”

B25668: “Machine Learning: Applications in expert systems and
information retrieval”

3. The above two queries constitute a new search-session case and are added to the
Query History component, links to documents and SSC indices are also updated.

4. Since the example presented here actually corresponds to a new user, the system
creates a new user-profile case, and a new search-session case.

5. The UPC is added to the corresponding Generalised-UPC . That is, new terms from
the UPC are added to the GUPC.

6. The corresponding generalised search-session case is modified with the term “case-
based reasoning” only, originated from the Projects component.

7. Finally, the weights and usage-counter of the terms used to modify the query are
updated (reinforced).

Summarising the changes to memory: IRBOC learned a new user-profile, a
new search-session case, and tuned up two generalisations.

6 Evaluating IRBOC’s Retrieval Module

Evaluation measures used in IRBOC are based on the well-known concepts in
Information Retrieval of recall and precision (Salton and McGill, 1983). A set of
experiments was carried out using a data set of 20 User Profile Cases. The first set of
tests was carried out using the Boolean Retrieval System alone, a second set was
carried out using the "Query Expansion Method" of the CBR front-end, and a third set
of tests using the "Substitution Method". The tests conditions used in all the
experiments reported here were the same, including the CBR system parameters. The
configuration of the CBR front-end was as follows: there were 20 user-profile cases
stored, 11 generalisations of user-profiles, and 26 search-session cases. Runs were
carried out for users “AC-001,” “AC-003,” “AC-004,” “AC-005,” “AC-009,” and
“AC-014,” because those were the only users associated with proper generalisations.
The results are shown in Table 1, including the results of the 3 sets of tests, which are
shown separated by ‘/’. For example, Query No. 1 retrieved 6 documents using the
Boolean retrieval system without the CBR front-end, and 19 documents after applying
the “query expansion” method of the CBR front-end, and 21 using the "query
substitution" with expansion. The results clearly indicate an important increase in the
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recall variable. From the 25 queries, 21 retrieved more relevant documents than using
stand-alone queries, 1 retrieved less documents, and 3 the same number. From the 21
queries that increased their recall, 4 had not recalled any documents in their stand-
alone form. The recall average indicates an important increase in most queries.

Que| User [GUPC| No.of | No.of No. of
ry Id Cluster | Docums. | Relev. | Relevant
Id |Retrieved| Docum. | Docums. Recall Precision
In the | Retrieved
Collec-
tion
1 | AC-001 1 6/19/21 12 5/11/11 42/.92/.92 | .83/.58/.52
2 | AC-001 1 0/20/21 12 0/6/5 0/.50/.42 0/.30/.24
3 | AC-001 1 4/21/24 12 3/6/7 .25/.50/.58 | .75/.29/.29
4 | AC-003 1 5/19/21 8 4/5/4 .50/.62/.50 | .80/.26/.19
5 | AC-003 1 2/21/24 8 2/2/2 .25/.25/.25 | 1.0/.10/.08
6 | AC-003 1 5/19/21 8 4/5/4 .50/.62/.50 | .80/.26/.19
7 | AC-003 1 9/20/20 8 6/6/6 .75/.75/.75 | .67/.30/.30
8 | AC-004 3 11/30/32 93 8/12/17 | .09/.13/.18 | .73/.40/.53
9 | AC-004 3 4/28/32 93 2/9/11 .02/.10/.12 | .50/.32/.34
10 | AC-005 3 61/30/32 112 14/12/9 .12/.11/.08 | .23/.40/.28
11 | AC-005 3 4/30/32 112 3/5/7 .03/.04/.06 | .75/.17/.22
12 | AC-005 3 1/30/32 112 1/1/3 .01/.01/.03 | 1.0/.03/.09
13 | AC-005 3 2/34/36 112 1/4/5 .01/.04/.05 | .50/.12/.14
19 | AC-009 7 4/30/33 29 3/6/7 .10/.21/.24 | .75/.20/.21
20 | AC-009 7 9/30/33 29 8/9/9 .28/.31/.31 | .89/.30/.27
21 | AC-009 7 0/28/30 29 0/9/7 0/.31/.24 0/.32/.23
22 | AC-009 7 11/30/33 29 7/15/17 | .24/.52/.59 | .64/.50/.52
23 | AC-014 7 11/33/34 29 3/7/8 .10/.24/.28 | .27/.21].24
24 | AC-014 7 4/31/32 29 2/5/6 .07/.17/.21 | .50/.16/.19
25 | AC-014 7 1/33/34 29 0/6/6 0/.21/.21 0/.18/.18
26 | AC-014 7 0/28/28 29 0/3/3 0/.10/.10 0/.11/.11

Table 1. Comparing the results of three methods of retrieval in IRBOC: stand-alone Boolean
queries, “Query Expansion,” and “Query Substitution” with expansion.
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7 Conclusions

A computational implementation of Ramirez’s Theory for Episodic Learning proved
to be feasible. This is an important advancement for the foundations of CBR, since
previous theories, such as Schank’s Theory of Dynamic Memory and particularly
other theories for learning proposed in Psycology, such as Medin and Smith (1984)
and Pazzani and Silverstein (1990) do not have enough detail in their
conceptualisation as to demonstrate them in computer programs.

On the other hand, the experiments reported in this paper shown that CBR is
usefull to tackle problems in Information Retrieval, an area were information goals
are frequently underspecified or even unclear for the user.

IRBOC’s results were very representative, specially when compared to a
plain Boolean Information Retrieval. It is expected that the effectiveness of the
system will improve further in time, with the acquisition of additional, accurate
experience through new search-sessions.

To conclude this paper, is worth mentioning that although further
experimentation is required to tune up the system (by finding out the optimum values
of weights for the context components, the best values for the tuning parameters of
the similarity and generalisation functions, and determining the most effective
thresholds), current results are promising.
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Abstract. An exemplar-based model with foundations in Bayesian net-
works is described. The proposed model utilises two Bayesian networks:
one for indexing of categories, and another for identifying exemplars wit-
hin categories. Learning is incrementally conducted each time a new case
is classified. The representation structure dynamically changes each time
a new case is classified and a prototypicality function is used as a basis
for selecting suitable exemplars. The results of evaluating the model on
three datasets are presented.

1 Introduction

Organizing and indexing cases in memory is a fundamental part of case-based
reasoning (CBR) that involves learning and reasoning processes. This problem
can be divided into two parts. The first is the selection of the features of the cases
that can be used to index and retrieve the cases. The second is the organisation
of the case memory so that the case retrieval process is efficient and accurate.

One approach that has been used to address this problem has been to store
all the cases and develop algorithms to partition the search space for retrieving
similar cases. So for example, systems like REMIND provide a tree induction
algorithm that can be used to avoid examining all the cases. This kind of ap-
proach is particularly useful when large databases of cases are already available.
However, when cases are not available in advance, and the domain is not well
defined this approach is more difficult to apply.

An alternative approach, that is perhaps more applicable to such situations,
is to store only prototypical cases. This approach, known as the ezemplar-based
model has its basis in cognitive theories, which postulate that concepts can
be represented by exemplars [13[14]. However, previous implementations of the
exemplar-based models have struggled to produce systems that can be justified
in a rational manner. For example, the Protos system [3] uses many heuristics

0. Cairo, L.E. Sucar, and F.J. Cantu (Eds.): MICAI 2000, LNAI 1793, pp. 40-[51] 2000.
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and mechanisms for combining evidence that are hard to justify independently
of its original application.

Hence, this paper attempts to develop an exemplar-based model with foun-
dations that utilise Bayesian models.

2 Exemplar-Based Models: The Problem

An exemplar-based model is thought to be particularly appropriate for weak
domains [11], where it is difficult to define categories by explicitly using classical
membership constraints. For such situations, which can be common in real ap-
plications, an exemplar-based model may provide a better representation of the
categories. Figure [T] illustrates the idea of a weak domain together with cases,
exemplars, and categories. It shows two categories, A, B (the solid lines), that
each have exemplars that represent regions (the dashed lines) that contain cases
(the dots).

exemplar

A
category

case

Fig. 1. Cases, exemplars and categories in a weak domain.

To illustrate the problem, suppose that the category A is represented by the
exemplars e, es, and e3 and the category B is represented by the exemplars eg
and e4. Also suppose that the exemplars ey, es, €3, and e4 currently represent
4, 2, 3, and 2 cases respectively. Now suppose that a new case is given. The
following two functions must be provided by an exemplar-based model:

1. Determine the exemplar that best classifies the new case given the available
information.

2. Determine how knowing the new instance and its classification it can be used
to improve the accuracy of the model.

The first of these functions is a classification task, while the second can be
viewed as a supervised learning task [1].
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3 Representation

In the proposed model, the case memory (CB) is represented by a set of cate-
gories {C1,---,Cy} which are not necessarily disjoint. A category C; is repre-
sented by a set of exemplars {eqj, -, em;}. An exemplar e;;, which depicts a
set of “similar” cases, is represented by a set of features {f,,---, fg}. A case
Ckij is represented by a set of features {fi,---, f,} and a feature is a term that
represents a binary variable.

The model uses two Bayesian networks [7] as shown Fig.

for
indexing

for
classification

Fig. 2. Bayesian networks for indexing and classification.

The first Bayesian network (BN) is used as an index structure to categories.
The second BN defines the relationships between the features and the exemplars.
These networks are used in two stages as follows:

1. Given the features of a new case, the first network is used to determine the
probability of each category P(Cj|nc). This information ranks the order in
which the categories can be searched for a similar exemplar.

2. Each category can then be investigated, in order of rank, to find an exemplar
that is “similar” to a new case. That is, within a selected category, the
second network is used to calculate the probability of each exemplar given the
features of the new case. Thus, “similarity” is interpreted as the probability
that an exemplar represents a case.

The decision of when to stop investigating is normally application dependent.
A user may want to stop as soon as an exemplar with a high probability (e.g.,
above 0.9) is found, or the user may prefer to obtain all the exemplars with a
probability above a threshold value.
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To illustrate the representation, suppose we continue with the example of
Fig. [l Suppose each category is defined as shown below. The numbers in the
exemplars indicate the actual cases that have been classified (or are represented)
by the exemplar and the numbers in the features indicate the frequency of the
feature in the exemplar. So, for example, e; is known to represent four actual
cases and the feature f; occurs three times. Notice that the exemplar ez is in
both categories.

category exemplars features
A er (4) f1(3), f2(4), and f5 (2)
ez (2) f2(2), fa(2), and f5 (1)
€3 (3) f2 (1)? f4 (2)7 fG (3)’ and f7 (2)

B e3 (3) fa (1), fa(2), f6 (3), and f7 (2)
es4 (2) f2 (2), f7(2), and fs (1)

Figure Bl shows the two Bayesian networks for this situation, where the num-
bers labelling the arcs represent the number of times the features are true in
a category (top network) or exemplar (bottom network). These frequencies are
used to compute the conditional probability of each feature given its categories
or exemplars. The number of cases within each category or exemplar are used
to obtain the prior probabilities of the categories or exemplars in the Bayesian
networks.

Fig. 3. The organisation structure.
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4 Classification

This section presents the classification algorithm, figure . For simplicity and
conciseness, we present a version that stops as soon as an exemplar is found
whose conditional probability is above a user defined threshold.

Classify(nc)

Input: A new case described by a set of features nc = {fq, -, fi}
Results: the exemplar e. that best classifies the new case and
the category list C'L that classify e.

The following local variables are used:
H is a list sorted of categories
E is a list sorted of exemplars
C. is the current category
done is a boolean variable

Step 1. Rank the Categories
Compute conditional probabilities in the category-features Bayesian network

for each C; € casebase do
compute P(Cj|nc)
set H to the list of categories ranked in descending order of P(Cj|nc)

Step 2. Determination of an Exemplar

e. = nil
C. = first(H) The list H returns () at the end
done = false

while (not done) and (C. # 0) do begin
In the exemplar-features Bayesian network

for each e; € C. do
compute P(e;|nc)
set E to the list of exemplars in C. ranked in descending order of P(e;|nc)

ec. = first(E)
if P(ec|nc) > threshold then
done = true
else
C. = next(H)
end(if)
end(while)

if done then
CL = all categories that contain (e.)

else
e. = nil
CL=10
end(if)

output (e., CL)

Fig. 4. Classification algorithm
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The first step of the algorithm computes the conditional probabilities of the
categories given the features. This computation is carried out by propagation
techniques developed by Lauritzen and Spiegelhalter [8]. These probabilities are
then used to rank the categories. The second step then searches through the
ranked list of categories for the first exemplar whose conditional probability is
above the threshold. Then the exemplar confirms the hypothesis and the search
process finishes.

5 Learning

Figure Blshows the learning algorithm. It uses a training case and its categorie
in an attempt to improve the accuracy of the model.

Input: A training case described by a set of features nc = {fq, -+, fi} and
a set of categories L = (C,, -+, C)p) to which it jointly belongs.
Results: Updating model for CBR.

1. Classify(nc)

The classification output are stored in the following local variables:
C'L is a list of categories that classify the nc
e. is the exemplar that best classifies the nc

2. if (CL = 0) then
e. =nc
for each category Cy € L do
add_exemplar(e., Ck)
return
end(if)

/* Learning */
3.if L = CL then
for joint category jC € L do
pe. = prototypicality(e., jC)
pnc = prototypicality(nc, jC)
if (pnc > pe.) then
nc replaces e, in the definition of jC
else
ec =nc
for each category Cy € L do
add_exemplar(e., Ck)
end(if)

Fig. 5. Learning algorithm

The learning procedure works as follows. First it obtains the behaviour of
the current model by using the classification algorithm to return the categories
which would jointly classify the training example. If no categories are found (i.e.
CL = (), then the training case is added as an exemplar to all its categoriesﬂ.

! An exemplar can be in several categories.
2 This may also involve creating categories.
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If classifying does return a list of categories, there are two situations. First, if
the returned list is not the same as the training case’s categories, then the case
is added as an exemplar to each of its categories. Notice, that the test is for
equivalence since the training case’s categories are viewed as a joint category.
Alternatively, if the predicted list of categories corresponds to the actual joint
categories, then we have to consider whether to retain the training instance as an
exemplar, and whether it should replace the exemplar that was used to classify
it. In order to decide if the new case is a better exemplar than the exemplar that
classifies it, the definition of a prototype is used. A prototype is a representative
case that denotes a set of cases bound together by family resemblance [13]. So,
the family resemblance between two cases depends on the number of features
that they have in common. In other words, it is a similarity measure between
them.

In the situation under consideration, a prototypical exemplar will be one that
(i) best represents its similar cases in the category, and (ii) has least similarity
with the cases represented by other exemplars.

The first of these considerations is known as focality and the second is known
as peripherality [4]. Before describing the measures used for focality and peri-
pherality, the concept of a summary representation of an exemplar is defined

In the proposed model, the cases represented by an exemplar are not stored.
Instead, only a summary representation [14] (SR) of the similar cases is stored.
This summary representation is an extension of the Bayesian network that re-
presents the exemplars of the category. It includes additional nodes and arcs to
describe features that are not present in the exemplar, but present in some cases
it represents.

For example, supose the exemplar e3 represents the cases cg and c7; as shown
in Table [[I Then, the summary representation of ez will include all the features
of the cases cg and c¢7 as shown in Figure[6l

Table 1. Similar cases with es

case | features| prototype

c3 |fafafefr €3
Ceé fafsfo
C7 fef7

Given such summary representations, the focality and peripherality measures
can now be defined. The focality measure of an exemplar e; in a category C' is
defined as follows.

Focality(e;, C) = P(SR.,|e;)

Where, P(SR,,

e;) measures how well the exemplar e; represents its cases.
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summary
representation e3

Fig. 6. Summary representation of es

The peripherality measure of an exemplar e; in a category C' is defined as
follows.

??'M—‘

k
Peripherality(e;, C Z (SR, le;) Vj #ieC

Where, P(SR,,|e;) determines the similarity of e; with respect to other exem-
plars e;. Thus, if this peripherality measure is large than the exemplar e; will
be similar to other exemplars and therefore not peripheral. If it is small, it can
be expected to represent cases that are not covered by the other exemplars.

In general, an examplar is considered good if it represents a set of cases
that are not already represented by other exemplars. Hence the prototypicality
measure of an exemplar e; in a category C' is defined as the diference between
its focality and its peripherality:

Protypicality(e;, C) = Focality(e;, C') — Peripherality(e;, C)

Now, returning to the earlier example, suppose that we have the following new
training cases: c12 = {f4, f6, f7, fo} and it is correctly classified by exemplar e3.
Then, since c12 gives greater prototypicality, the model changes and c;2 becomes
the exemplar e;5 instead of es.

6 Experimental Results

A simplified version of the model [T2] has been implemented and evaluated ex-
perimientally on three datasets, votes zoo, and audiology, available from the
Univeristy of California repository of datasets. Due to the lack of space, this
section presents only a very brief summary of the results which are presented
more fully in [I2]. Table Bl summarises the characteristics of each dataset.

Each experiment randomly partitioned the data into a 70% training set and
a 30% testing set. and was repeated 20 times to obtain an average accuracy and
compression ratio (defined as the proportion of cases not retained) for each class.
Tables Bland Al give the results for the votes and the zoo datasets. As the results
show, the model performs well both in terms of accuracy and the number of
exemplars retained. The overall compression ratio for the votes dataset is 97%
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Table 2. A summary of the datasets.

Dataset | Number of| Number of| Values in| Number of| Missing
name cases features features | concepts | values
Votes 435 16 2 2 Y
Zoo 101 16 2 7 N
Audiology 226 69 2 24 Y
Table 3. Averages results for the votes dataset.
No. | Category | Training| Testing| Exemplars| Accuracy
cases cases +95%

conf. int.
1|Republicans| 119.20 47.8 2.1 96%+1.9%
2|Democrats | 185.05 81.95 4 84%+2.0%

with an accuracy of 89%. The overall compression ratio for the zoo dataset is
87% with an accuracy of 92%.

For the audiology dataset, the accuracies obtained are good for some of the
categories and poor for some categories where there are few training cases. This
behaviour is to be expected since the model is not expected to learn exem-
plars from a few cases. The motivation for testing the model proposed with
audiology dataset was to enable some comparison with a closely related system,
PROTOS [3] that utilised that data. Although it would be incorrect to draw
comparative conclusions from the results of the single trial presented in [3], it
is encouraging that the results obtained in terms of accuracy and compression
ratio, are similar to those obtained when PROTOS was trained with the aid of
an audiology expert (see [12] for details).

Table 4. Averages results for the zoo dataset.

No. | Category| Training| Testing| Exemplars| Accuracy
cases cases +95%
conf. int.
1|class-1 28.4 12.6 1.35 98%£1.7%
2|class-2 14.16 5.35 1 99%+1.4%
3|class-3 3.45 1.55 1.65 16%+12.3%
4|class-4 9.3 3.7 1 100%+0%
5|class-5 2.9 1.1 1 77%+19.3%
6|class-6 5.35 2.65 1 100%+9.8%
7|class-7 7.3 2.7 1.75 80%+9.6%
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7 Model Extensions

The proposed model, as explained in section 3, uses two Bayesian networks,
one for indexing categories and the other for representing exemplars. The struc-
ture of both Bayesian networks considers two important simplifications: (i) all
the features are binary, and (ii) all the features are independent given the
class/exemplar. In this section we outline how these assumptions can be relaxed.

7.1 Multilevel Features

Although a N-valued attribute can be represented by N + 1 binary features, this
approach produces two unwanted consequences: (a) the complexity of the model
increases, (b) the binary features that represent a multivalued attribute are not
conditionally independent.

A solution is to simply incorporate multivalued features in both Bayesian
networks, for indexing and classification. However, there are some considerations
from the CBR viewpoint that need to be considered. If there are multivalued
attributes, two situations can arise:

1. A feature that corresponds to a value of the attribute is present, and this
value is instantiated in the BN.

2. None of the values in the attribute is present. In this situation there are
two alternatives: (i) leave the attribute unspecified (unknown) or (ii) add an
additional value, “unknown”, to each attribute, and instantiate this value.

Which of the previous two alternatives is better depends on the domain; in
particular if it is important to distinguish ignorance (the attribute is not known
for the case) and irrelevance (the attribute can be obtained but is not relevant
for the case).

7.2 Dependent Features

The initial model assumes that all the feature variables are conditionally inde-
pendent given the category or exemplar. Although this assumption simplifies
the model and it is true in some cases, it is not generally satisfied in reality.
Dependencies between features that are not taken into account can degrade the
performance of the model.

Determining if two features are dependent can be done by measuring the mu-
tual information or correlation between each pair of features given the class/exem-
plar. If these are above certain threshold, then, it can be considered that the
features are dependent; otherwise they are conditionally independent.

8 Related Work

The proposed model uses Bayesian networks for incremental exemplar-based
classification. The related work can therefore be classified in terms of: (i) in-
ductive models with supervised and unsupervised learning, (ii) case-based and
exemplar-based models, and (iii) use of Bayesian models in CBR.
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Each of these areas has been extensively covered in the literature. The work
on inductive models includes instance-based learning (IBL) algorithms [1], and
explanation based learning [9]. The work on exemplar-based models includes
that of Biberman, who examined the role of prototypicality [4], and the work
on Protos [3]. The use of Bayesian networks in CBR is increasing rapidly and
includes the work of Aha and Chang [2], Myllymaki and Tirri [10], Breese and
Heckerman [5], Chang and Harrison [6]. A detailed analysis of the main differen-
ces between the proposed model and the above models is presented in [12].

Protos is perhaps the best known exemplar-based system [3]. It is available
freely for experimental purposes and has therefore been well studied. In terms
of the stages, Protos is quite similar to the proposed model. However, there are
three significant differences. First, in Protos, an exemplar is represented by a
prototypical case while in the proposed model, an exemplar is represented by a
Bayesian network, where the random variables of the network are determined
by the prototypical case. Second, the proposed model uses Bayesian networks in
the retrieval process instead of heuristics for setting up and using indices (e.g.,
remindings, difference links, censors) thereby providing a better foundation for
the proposed model. Thirdly, in the learning phase, Protos learns the importance
of its indices by explanation, while the proposed model learns directly from
the data. Also, Protos retains those cases that are not correctly classified as
new exemplars. Cases that are correctly classified result in an increase of an
exemplar’s prototypicality but are discarded. In contrast, the proposed model
attempts to use the notion of prototypicality to determine if a new case, that is
correctly classified, would make a better exemplar.

9 Conclusion

This paper proposes an exemplar-based model with foundations in Bayesian net-
works. The model utilises two networks: one for ranking categories, and another
for identifying exemplars within categories. This view of exemplar-based models
leads to the notion of assessing similarity by conditional probabilities. Thus in
classification, one can obtain the probability of an exemplar given the features
of the new case.

Learning is incrementally conducted each time a new case is classified. When
a new training case is well classified the model determines whether the new case
will make a better exemplar than the one used to classify it. This is achieved by
utilising the notions of prototypicality, focality, and peripherality. When a new
case is not properly classified, it is simply added to all the categories to which it
belongs. As future work we plan to implement and test the proposed extensions
for modelling multivalued and dependent features.
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Abstract. This article investigates several intensification and diversifi-
cation strategies for the one machine problem with weighted tardiness
objective. The aim of this study was to achieve a balance between in-
tensification and diversification strategies. The use of intensification by
decomposition, path relinking, frequency-based memory and large step
optimization in intensification and diversification process, are combined
in several procedures. We perform several computational experiments to
study the effect of several combination of these strategies. Our result
indicates that combined “large step optimization” with “intensification-
diversification approach” and adicional intensification with “path relin-
king” achieve the betters performance.

Keywords: Adaptive approach, Tabu Search, scheduling problems,
weighted tardiness

1 Introduction

Tabu Search is a meta-heuristic that makes use of historical information. The
historical information is kept in three kinds of memory functions: the short-
term,the intermediate and long term memory function. Short term memory fun-
ction has the task to memorize certain complete solutions or attributes of the se-
arch process of the recent past and it is incorporated in the search via one or more
tabu list (recency-based memory). Frequency-based memory is fundamental to
longer term considerations. Frequency-based memory provides a type of infor-
mation that complements the information provided by recency-based memory.

Two highly important components of tabu search are intensification and
diversification strategies. Intensification strategies are based on modifying choice
rules to encourage move combinations and solution features historically found
good.

Intensification strategies generate “neighbors” by either grafting together
components of good solutions or by using modified evaluations strategies that
favor the introduction of such components into the current (evolving) solution.

0. Cairo, L.E. Sucar, and F.J. Cantu (Eds.): MICAI 2000, LNAI 1793, pp. 52-[62, 2000.
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The diversification strategies leads the search process to examine unvisited re-
gions. The objective of a diversification is to produce a new starting point,
wherefore the local search continue.

In the approach to obtain a new starting point, two kind of diversifying
strategies can be distinguished, strategies using a restart method and strategies
using a method which lead the search to a new regions in an iterative fashion,
this kinds of diversification methods usually provide advantages over restart
methods, [§].

In our study we have implemented a diversification as an iterative method,
using frequency counts, and a large-step procedure. Large step optimization
consist of three main routines, a large-step phase, a small-step phase and an
accept/reject test, which all three are consecutively executed for certain number
of large step iterations. This procedure should make a large modification in the
current solution to drive the search to a new region and, at the same time, to
perform some kind of optimization to obtain a solution not too far away from a
local ( or global) optimal schedule.

Additional search intensification using path relinking, a strategy proposed in
connection with tabu search, which has been rarely used in actual implementa-
tion.One of the few path relinking implementations appears in Laguna and Mart{
[1]. Path Relinking offers a useful integration of intensification and diversification
strategies. This approach generates new solutions by exploring trajectories that
connect elite solutions — by starting from one of these solutions, called an initia-
ting solution, and generating a path in neighborhood space that leads toward
the other solutions, called guiding solutions.

2 A Case of Study

The problem to be discussed in this paper is the scheduling of n jobs on a single
machine where the goal is to minimize the total weighted tardiness. One-Machine
is a productive capability able to handle exactly one job or operation, the only
decisions to be made are sequencing and release timing of jobs or operations
from the input queue ( we have a single input queue ) to the resource.

We consider the machine processes jobs one at a time serially, the resource is
available over the scheduling interval ¢, to t., n-single operations jobs arrive over
the interval, the job i has a processing time p;, a ready time r;, a due date d;,
preemption model: nonpreemtive, objective function: total weighted tardiness.

The lateness of the job i is the amount of time (positive or negative) by which
the completion of activity i exceeds its due date, L; = C; — d;. Tardiness is de-
fined as rectified lateness, i.e; the lateness of job i if it is positive; if the lateness
of job i is not positive, the tardiness is zero: T; = max{0, L;}, tardiness, reflects
the fact, in many situations, distinct penalties and other costs will be associated
with positive lateness, but no penalties or benefits will be associated with ne-
gative lateness. Minimum weighted tardiness ), wr, T is a good objective, but
problems using this objective are very difficult to solve exactly.The static form
of this problems was first presented by McNaughton [2].In this problem we need
only consider permutations of the n jobs to find the optimal schedule.However,
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even for modest-size problem, complete enumeration is not computationally fea-
sible since it requires the evaluation of n! sequences.

A number of approaches have been suggested for solving this problem without
performing an explicit enumeration.Held and Karp [3] and Lawler [4] present dy-
namic programming formulations which require the consideration of 2" possible
subsets of the n jobs. Although much more efficient than complete enumeration,
this method is still computationally infeasible for modest-sized problems (e.g. a
20-job problem requires the storage of more than a million numbers).More re-
cently several techniques were developed, OPT-like rules came in the late 1970s
and early 1980s,while bottleneck dynamics started in the early 1980s.Similarly
developed a number of newer mathematical methods: beam search, simulated an-
nealing, genetic algorithms, tabu search and others. In this paper presents three
heuristics, based in TS methodology to solve the weighted tardiness problem for
one-machine scheduling.

3 Adaptive Approach Heuristics

3.1 Neighborhoods

Two methods of generating neighborhoods are presented in this paper, an ad-
jacent pairwise interchange operations where two adjacent jobs are interchange
and a general pairwise interchange operation that considers the neighborhood
generated by every possible pairwise interchange. A general three-move to the
left or right is used in order to incorporate a perturbation move.

3.2 A Tabu Search Framework

TS was proposed in its present form by Glover[5]. The basic idea of TS have
also been sketched by Hansen [9]. Tabu Search can be described as an intelligent
search that uses adaptive memory and responsive exploration. The adaptive me-
mory feature of TS allows the implementation of procedures that are capable
of searching the solution space economically and effectively. Responsive explo-
ration is based from the supposition that a bad strategic choice can yield more
information than a good random choice.

The memory structures in tabu search operate by reference to four principal
dimensions, consisting of recency, frequency, quality, and influence. In our im-
plementation we use recency-based memory, frequency-based memory and the
quality to differentiate the merit of the solution visited during the search.

Tabu Search (TS) can be viewed as an iterative technique which explores a
set of problem solutions, denoted by X, by repeatedly making moves from one
solution s to another solution s located in the neighborhood N (s) of s Glover|[1],
then in order to derive a TS, it is necessary to define a neighborhood structure,
that is, a function that associates a set of solutions N (s) with each solution s.

Here, we present the general framework of ours tabu search method imple-
mented, while details will be discussed below.
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Procedure TS-LS;
{ repeat
repeat
generate an initial solution s in EDD order;
set tabulist empty;
generate N* : N*(s) = {s'|s’ € N(s)|satisfies the global aspiration
or not tabu and N(s) is generated via adjacent pairwise interchange};
until achieve the threshold for the amount of non-improving move;
execute a perturbation move via general three-way interchange ;
until iter = numiter;

}

Procedure TS-ID;
{ repeat
repeat
generate an initial solution s in EDD order;
set tabulist empty;
generate N*:N*(s) = {s'|s" € N(s):satisfies the global aspiration
or not tabu and N(s) is generated via adjacent pairwise interchange};
update the frequency-based memorys;
until achieve the threshold for the amount of non-improving move;
update the residence measure for each one
of the attributes of elite solutions;
update the penalty in order to implement an
intensification strategy for elite solution
repeat;
generate N* : N*(s) = {s : s € N(s)| satisfies the global aspiration
or not (tabu or penalizing move) and N(s) is generated via
general pairwise interchange};
until achieve the threshold for the amount of non-improving move;
diver=true(*diver is an indicator of diversification*);
until iter=numiter;

}

3.3 Memory Structures

The main components of tabu search algorithms are memory structures, in order
to have a trace of the evolution of the search. TS maintains a selective history
of the states encountered during the search, and replaces N(s) by a modified
neighborhood N*(s). In our implementation we use recency and frequency based
memories. Associate with these memories exist a fundamental memory structure
so called tabu list, in our case based in an attribute memory, that is, we take
account the identity of the pair of elements that change positions. In order to
maintain the tabu list, we use one array tabuend(e), where e ranges our attributes
( see Glover and Laguna,[7]), in our case position of jobs.
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Our implementation uses a complementary tabu memory structure, that is,
associated with the array tabuend we have the array frequencycount, it show
the distribution of the move attributes, i.e, the numbers of times each positions
of jobs has been exchanged. We use these counts to diversify the search. Our
algorithm uses the frequency information to penalize non-improving move by
assigning a penalty to swaps of position pairs with greater frequency.

This implementation uses a tabu restriction that forbids swaps based in one
array that records a tabu tenure for each position of jobs separately, making
the move tabu inactive, if one of the selected attribute is tabu inactive. This
implementation increase the percentage of available move that receive the tabu
classification, permitting to have an small tabu tenure, the length of tabutenure
= 3, and can be implemented with much less memory.

3.4 Aspiration Criteria

Aspiration criteria are introduced in tabu search to determine when tabu re-
striction can be overridden, thus removing a tabu classification. In our tabu
search implementation we use a global form of aspiration by objective, that is,
a move aspiration is satisfied, permitting s"%* to be a candidate for selection,
if c(striel) < bestcost.

3.5 Diversification and Intensification

The diversification stage encourages the search process examine unvisited regions
and to generate solutions that differ in various significant ways from those seen
before. Intensification strategies are based on modifying rules to encourage move
combinations and solution features historically found good.

In order to implement these strategies in ours TS procedures, we conceive
frequency mesure that consist of the numbers of times that the jobs occupies
every one of the positions in a goods schedules, this is a so called recency fre-
quency. In a case of an intensification strategy a high residence frequency, may
indicate that one attribute is highly attractive if we obtain the frequency of the
sequence of high quality solutions, and in the diversification we can use this as
certain tabu status to lead the process to new regions of the solutions space.

We implement two approaches, the first approach uses two sequence phases,
one to diversification and the second phase to intensification, in this phase the
tabulist and frequencycount are initialized, in the second approach the intensi-
fication phase is included within the diversification phase and the tabulist and
frequencycount are not initialized and the value of tabu tenure, for the intensi-
fication, is equal 2. The diversification phase termites, when an improving move
is reached.

Our intensification approach is an intensification by decomposition, where
restriction are imposed on part of the solution structure in order to allow a more
concentrated focus on the other parts of the structure. In our case, the jobs
pertaining to intersection of elite sequence are highly penalized and a general
pairwise interchange is applied.
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3.6 Large-Step Optimization

In the procedure TS-LS we combine the large-step optimization with a tabu
search approach, that was applied to a job shop scheduling problem by H.Ramal-
hinho [10]. The large-step optimization consists of tree main routines: a large-
step phase, a small-step phase, and an accept/reject test, which all tree are
consecutively executed for a certain number of large iterations.

An important part of the large-step optimization methods is the large-step
phase, that make a large modification in the current solution to drive the search
to a new region.

Here we use a general 3-way interchange to left or right as the large step
phase and, as small step a simple tabu search approach.

3.7 TS Pseudo Code

Here formally we describe two of ours tabu search approaches, the TS-DI is
identically to TS-ID, the difference is that, the phase of intensification is after
the diversification.

Tabu Search approach with Large step.

procedure TS-LS;

{ iter = 0;
generate starting solution in EDD order;
repeat;

tabulist empty;
freqcount = 0;
bestcost = best c(s™%);
repeat;
iter = iter + 1;
counter = 0;
repeat;
counter = counter + 1;
generate a move via adjacent pairwise interchange;
select(1,j| tabuend[i] < iter or tabuend[j] < iter
or c(s'rl) < bestcost);
if non-improving move penalize c(st"*);
choice the best stmet:
until counter =n — 1;
S"OW — hest Strial;
C(snow) — c(best Strial);
if improving move
bestcost = c(s™W);
sbest — Snow;
movei = i; movej = j;
freqecount[movei] = freqcount|movei] + 1;
freqecount[movej] = freqcount[movej| + 1;
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tabutenure[movei] = tabutenure[movei| + iter;
tabutenure[movej| = tabutenure[movej| + iter;
until nonimprove = 20;
generate a perturbation move via general 3-way
interchange to left or right;
until iter = 30;

Tabu Search approach with Intensification-diversification.

procedure TS-ID;{
iter = 0;
tabulist empty;
freqgcount = 0;
generate starting solution in EDD order;
repeat;
iter = iter + 1;
bestcost = best c(s™");
repeat;
counter = 0; nonimprove = 0
repeat;
counter = counter + 1;
generate a move via adjacent pairwise interchange;
select(i,j| if diver then (tabuend[i] < iter or tabuend[j] < iter)
and s [i] # s — to[i] and s*"*[j] # s — to[j];
or ¢(strel) < bestcost)
otherwise tabuend|i] < iter or tabuend[j] < iter
or ¢(s'rel) < bestcost));
if non-improving move penalize c(st"%);
choice the best st"!;
until counter =n — 1;
s"OW — hest strial;
c(s™") = c(best s
if improving move
then {
diver=false;
Intensification(s™°%);

update bestcost and sb°5t;

}
movel = i; movej = j;
fregecountmovei] = freqcount[movei] + 1;
freqeount[movej) = freqcount[movej] + 1;
tabutenure[movei] = tabutenure[movei| + iter;
tabutenure[movej| = tabutenure[movej| + iter;
until nonimprove = 20;
S"OW — pest strial;
c(s™%) = c(best strial);

)

trial )
)
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if improving move then fregconfg[s**!] = freqconfg[s®*] + 1;
record in s-to[i] the job that more has occupied the

position i in the elite solutions found during the search;
diver=true;(***Diversification phase***)

until iter = 30;

4 Computational Experiment

The first experiment was to explore the effect over the neighborhoods of changing
tabutenure from 3 to 5 and 7. The experiment revealed that the greater number
of neighbor without repetition was reached when tabutenure is set to 3.

The second experiment has the goal of finding an appropriate value for the
number of non improving move nonimprove in the phase of diversification and
intensification, and the value of the parameter iter. For this purpose, was per-
formed the experiments with random instances of size 20, 50, 100 jobs.

The results in the tables 1, 2, and 3 shows in the first column the numbers of
jobs in each instance. The second column show the maximum tardiness reached
in ten runs for each instance. The third column indicates the best Tardiness in
these ten runs. The fourth column shows the average iter where occurred the
last improving move. The fifth column indicates the average solution time.

We use a random generater with uniform distribution for the problems.

Ours experiments shows that the approach with Intensification within Diver-
sification have betters solutions, otherwise the approach Large Step have bet-
ters times, this suggest the idea of integrate the Large step approach with the
Intensification-Diversification approach. The tables 4 and 5 shows experiments
with TS-ID and Tabu with Large Step, Intensification-Diversification phases
called TS-LSID.

In this approach the Large Step Optimization is used to get a good solution
very quickly and then improve this solution with Intensification Diversification
strategy.

Table 1. Summary of results TS-LS. Table 2. Summary of results T'S-DI.
N | MaxTard | MinTard | Iter | Seconds N | MaxTard | MinTard | Iter | Seconds
1258 1220 11 1 1255 1217 13 1
993 970 9 1 1977 1966 12 1
20 993 970 11 1 20 981 964 9 1
698 685 10 1 698 685 10 1
11164 10941 3 17 11087 10858 16 20
10664 10344 3 17 10398 10319 15 20
50| 10153 9995 3 16 50 9985 9957 16 19
10077 9938 2 18 10004 9864 19 20
44283 44246 1 181 44210 44139 19 211
42598 42593 1 165 42516 42459 18 231
100 44910 44610 4 203 100| 44594 44518 19 227
44523 43463 1 195 43507 43372 | 20 227
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Table 3. Summary of results T'S-ID. Table 4. Summary of results T'S-ID.
N | MaxTard | MinTard | Iter | Seconds N | MaxTard | MinTard | Iter | Seconds
1244 1215 13 1 953 921 14 1
1975 1964 7 1 515 477 14 1
20 975 965 5 1 20 998 974 8 1
699 685 8 1 1103 1085 13 1
10936 10835 12 20 8853 8675 13 23
10559 10306 11 22 10313 10276 15 19
50 9980 9947 12 19 50 8483 8418 14 22
9957 9866 17 21 9384 9190 16 21
44283 44122 | 20 190 39677 39527 | 20 203
42498 42459 | 22 229 44117 44011 15 231
100 44813 44493 16 209 100| 44687 44625 | 20 212
43572 43383 18 227 33163 32975 18 234

Table 5. Summary of results TS-LSID.

N | MaxTard | MinTard | Iter | Seconds

928 921 9 1
506 476 14 2
20 1015 973 12 2

1102 1083 14 1
8841 8672 15 21
10440 10274 | 15 20
50 8476 8420 11 22
9219 9188 14 23
39628 39500 | 22 204
44224 44016 | 18 225
100| 44649 44613 | 20 240
33070 32989 | 20 240

5 Intensification with Path Relinking

Path Relinking has been suggested as an approach to integrate intensification
and diversification strategies [8]. This approach generates new solutions by ex-
ploring trajectories that “connect” high-quality solutions — by starting from one
of the solutions, called an initiating solutions, and generating a path in neigh-
borhood space that leads toward the others solutions, called guiding solutions.
In our implementation, the path relinking strategy is used with the goal of
strengthening the intensification phase. During path relinking, the main goal is
to incorporate attributes of guiding solution while at the same time recording
the objective function values. In the current development, the procedure stores
a small set of the elite solutions to be used as reference point ( the best three so-
lutions found during the search ). The relinking process implement in our search
may be summarized as follows:

The set of elite solutions is constructed during the intensification and diver-
sification phases ( the best three solutions).
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Designate a subset of the best solutions to be reference solutions ( three
different subsets are generated, all combinations of two solutions ) taking as
guide solutions the best in terms of the objective function and generating two
trajectories to the best solutions.

Incorporate attributes of guiding solutions by inserting and exchanging mo-
ves. In our implementation s is a permutation of numbers of jobs, that is,
s = (81,82, ..,Sy,) then, we define Insert(s;,%) to consist of deleting s; from its
current position j to be inserted in position i.

s = (81,. e 3 8i—1585ySiy oy Sj—1,Sj+1,- - .,Sn) for i < 7
= (81,. e 85—15 8415584585, ity - ~»3n) for ¢ > ]

and Exchange(s;, s;) as was described in pairwise interchange, that is:

’

s = (Sla"'asi—1a3j78i+1a"'78j—1a78ia3j+17"'78n)'

Neighborhood to Path Relinking: two neighborhood were considered to our
path relinking, if i is the position that s; occupies in the guide solution, then

Ny ={s : Insert(sj,i),4,5 € {1,2,...,n}}
Ny ={s : Exchange(s;, s;),4,j € {1,2,...,n}}.

In conjunction with these neighborhood, one strategy is defined to select the
best move as follow:

S* = bestmove(E, I, zbest) in terms of our objective function

where FE is the exchange operation and I is the insertion operation and xbest is
the last best solution.

The table 6 shows the results of tabu search with large-step, intensification-
diversification (TS-LSID) versus TS-LSID with additional path relinking (TS-
PR).

Table 6. Summary of results T'S-LSID versus TS-PR.

jobs TS-LSID TS-PR CPU
N |MaxTard | MinTard | MaxTard | MinTard | Seconds
502 494 499 492 1
1125 1113 1122 1113 1
20 671 654 666 654 1
1062 1061 1062 1061 1
10801 10681 10801 10680 20
9983 9879 9979 9879 20
50 9303 9260 9303 9259 19
7798 7722 7796 7722 20
44658 44627 44655 44626 241
38666 38613 38665 38607 233
100| 43632 43465 43630 43465 230
37639 37487 37639 37476 239
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6 Conclusions

In this paper we have develop several tabu search procedures for the one machine
dynamic problem with weighted tardiness objective. The performance of these
problems have been proved using 36 random problems instance of several types
every one ran ten times.

An important goal in our research is to prove that the strategies of inten-
sification diversification play an important role to obtain a good and quickly
solution. The Large step optimization seem a good strategy to obtain in this
case a good initial solution.

Our additional intensification path relinking prove, that can be improved the
solution without significative additional time.
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Abstract. Simulated Annealing (SA) is usually implemented in a sequential
way. We propose a Methodology to Parallel the Simulated Annealing Algorithm
(MPSA). This methodology carries out the parallelization of the cycle that
controls the temperature in the algorithm. This approach lets a massive
parallelization. The initial solution for each internal cycle may be set through a
Monte Carlo random sampling to adjust the Boltzmann distribution at the cycle
beginning. In MPSA the communication scheme and its implementation must
be in an asynchronous way. Through a theoretical analysis we establish that any
implementation of MPSA leads to a Simulated Annealing Parallel Algorithm
(SAPA) that is in general more efficient than its sequential implementation
version.

Keywords: Simulated Annealing, Combinatorial Optimization, Parallel
Algorithms

1. Introduction

The Simulated Annealing Algorithm (SA) is a simple an effective optimization
method to solve NP-hard problems [1, 2]. One of the principal SA features is its
asymptotic convergence, but it spends a lot of computer time to find a near-optimal
solution. Until nowadays, this situation has established an important investigation line
where the major question is how does SA become more efficient? In a review of the
state of the art [3, 4] we found that most of the works in SA area can be clustered in
the following groups: Cooling schemes, Hybrid methods, Perturbation schemes and
Parallel methods. The most intensive work has been done in cooling scheme and
hybrid methods. That is logical because the cooling scheme establishes a good
balance between efficacy and efficiency through the cooling parameters imposed. The
hybrids combine SA with others combinatorial methods to ameliorate the individual
algorithms. Perturbation schemes methods usually depend of particular applications.
Parallelization is recognized like a powerful strategy to increase the algorithm
efficiency; however SA is essentially a sequential algorithm and its parallelization
becomes a hard task. Due the importance of parallelization area we developed a
Methodology to Parallel the Simulated Annealing Algorithm (MPSA). Through MPSA
it is possible to get an implementation of a Simulated Annealing Parallel Algorithm (SAPA) as
will be defined in this paper.

0. Cairo, L.E. Sucar, and F.J. Cantu (Eds.): MICAI 2000, LNAI 1793, pp. 63—74, 2000.
© Springer-Verlag Berlin Heidelberg 2000
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2. Parallel Simulated Annealing Algorithms

2.1 Principal Tendencies

The works trying to do a parallel design of SA algorithm can be clustering in two
approaches [for general references see 3, 4, 5, 6, 7, 8]:

e Pseudo-parallelization of SA. Sequential SA algorithms are running on different
processors at the same time or the data domain is assigned to different processors
where a sequential SA is running. The principal methods are: Data Configuration
Partition (DCP), Parallel Independent Annealing (PIA) and Parallel Markov
Chains (PMC).

e Simulated Annealing Parallel Algorithms (SAPA). SA algorithm is divided in
tasks, which are distributed among several processors. Some SAPA methods are:
Parallel Markov Chains (PMC), Parallel Markov Trials (PMT), Adaptive Parallel
Simulated Annealing (APSA), Speculative Trees and Systolic.

Data Configuration Partition (DCP). In DCP, data are divided in n subsets and
distributed among the processors, each of them executing a sequential SA algorithm
[6,7,8,9, 10, 11, 12, 13]. DCP has a big communication overhead because it requires
checking the border condition compatibility among data subsets.

Parallel Independent Annealing (PIA). PIA is made running independent SA on
the processors [5, 7, 9, 12, 14]. The best solution is selected as the final one. PIA has
the same efficiency that the sequential SA algorithm.

Parallel Markov Chains (PMC). Several sequential SA are running on different
processors but with a periodical interaction [5, 7, 8, 12, 13, 15]. PMC divides SA in
Metropolis search’s [16], which are modeled through Markov chains [17]. For each
new Markov chain an initial solution is established as the best solution among
processors. This periodical interaction lets a better performance than PIA if the
communication overhead can be balanced with the Markov chain lengths. This
approach has a good performance for high temperature values just.

Parallel Markov Trials (PMT). Markov trials are executed on different processors in
an independent way [5, 6, 7, 8, 12, 14]. At the moment that a new solution is accepted
it is transferred to a master processor which chooses one from all the accepted
solutions. Here all the processors contribute to generate only one Markov Chain. This
approach is a SAPA type and has a good performance only for low temperature
values.

Adaptive Parallel Simulated Annealing (APSA). APSA combines PMC and PMT.
PMC technique is used at high temperatures and PMT when low temperatures are
gotten [5, 8]. There are also some kinds of APSA methods that adjust the number of
processors in a dynamic way [18]. In general APSA methods are considered like an
SAPA type because the use of PMT.
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Speculative Trees. This method generates a decision tree over processors where the
root has the actual solution and it can generate a proposed new solution in the
branches. This tree is named speculative because the new solution can be accepted o
rejected [6, 19, 20]. These kinds of algorithm considered like a SAPA method, usually
has a huge communication overhead.

Systolic. This is a SAPA method where each processor is running with different
temperature using the Markov chain information [6, 11, 21]. This method has some
similarities with the methodology proposed here and will be explained in next section.

There are also some algorithms (SAPAs or not) that combine SA with Genetics
algorithms and neuronal networks and use the intrinsic parallelism of these methods
[5, 13,22, 23, 24].

2.2 The Systolic Algorithm

Let be P the number of processors and L the length of the Markov chain. Each
Markov chain is divided in P sub-chains of length N = P/L. The way in which the SA
Algorithm is executed is as follow: the processor number one builds the first sub-
chain at temperature c;. As soon as it finishes, the processor number two still building
the Markov chain at temperature c; through the execution of the second sub-chain.
The processor one decrements the temperature to ¢, and starts the first sub-chain at
this new temperature taking like actual solution the solution that it has. When the
processors one and two have finished theirs sub-chain, the processor three begins its
work retaking the Markov chain at ¢; temperature, then the processor two retakes its
work with the Markov chain at the ¢, temperature. Then the processor one will enter
decreasing the temperature below of c,, getting c; and starting the Markov chain at
this new temperature. This process continues until convergence.

The systolic algorithm takes worse solutions than the sequential SA algorithm [11,
21]. This occurs because each Markov chain starts before the equilibrium is gotten in
the previous Markov Chain. When the number of processor is increased, the sub-chain
length N decrease and the efficacy decrease even more.

3. Sequential Simulated Annealing Algorithm

The SA algorithm as [1] and [2] proposed it is implemented as follow:

Procedure SIMULATED ANNEALING

Begin
INITIALIZE(S,=initial_state, c=initial_ temperature)
k=0
Repeat
Repeat
Sj = PERTURBATION(S,)
If COST(Sj) < COST(S,) Then

s, = s,

i
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Else
If exp(-Acost/c) > random[0,1) Then
S, = S,
Until thermal equilibrium
k=%k +1

c = COOLING (c)
Until stopcriterio
End

Analyzing the pseudo-code, we can note that two nested cycles forms the SA
algorithm. The external cycle establishes a descent sequence of the control parameter
(c) from the initial temperature. The internal cycle does a random walk on the solution
space until the equilibrium is gotten at a fixed temperature (Metropolis algorithm)
[16], i.e., a Markov chain is built until the stationary distribution is reached. The
stationary distribution is established by the Boltzmann distribution. SA algorithm
schematization is shown in the Fig. 1.

4. MPSA Methodology to Parallel the Simulated Annealing
Algorithm

4.1 Observations
From the SA algorithm’s state of the art [3, 4] we can do the next observations:

e Two nested cycles forms the SA algorithm. The external one establishes a
cooling scheme and the internal one does a random walk on the solution space.

e In general, the implementation of the SA algorithm is done through homogeneous
Markov chains. Individual Markov chains are built through a set of trials where
an actual solution is transformed to a new one through a perturbation device and
an acceptance criteria.

e The cooling scheme parameters set establishes a balance between efficacy and
efficiency. Nowadays, we know cooling schemes that guarantee asymptotic
convergence in a theoretical way.

e There doesn’t exist a precise form to determine the Markov chain length (L). In
general, L is determined in the literature through experimental techniques.

e The SA algorithm based on the physical analogy of Solid Annealing is essentially
a sequential process. This fact has provoked that the design of an efficient
parallel algorithm becomes a difficult task.

e The parallel SA design methods have been focused in order to make a distributed
work of the internal cycle (distributed work of the Metropolis procedure).

e The systolic algorithm could be seen like a parallel design that generates Markov
chain at different temperatures in a parallel way, but it takes worse solutions than
the sequential SA algorithm.
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Fig. 1. Schematization of the sequential SA algorithm.
4.2 Boltzmann Distribution Function and the Simulated Annealing Algorithm

From the Statistics Mechanics we know that the distribution function in the
equilibrium for a thermal system and for the SA algorithm, because the analogy
between the physics system and the combinatorial optimization problem (COP), is
given by the Boltzmann distribution function (BDF).

The BDF, ¢(c), is really a family curve. Each curve is defined by the parameter c,
which determines the system temperature, and establishes the states’ probability
density for that temperature.

When we are solving a COP. It can be shown that when the temperature is high, ¢ —
oo, we have an homogeneous distribution over all the states. But if the temperature is
very low, ¢ — 0, then we have a homogeneous distribution over the set of optimal
solutions. BDF behavior for different values of parameter ¢, taking a quadratic
function like energy function is shown in Fig. 2.

Through BDF family curves we can know the probability distribution function (pdf)
at the beginning and at the end of each internal cycle of the SA algorithm. The pdf at
the beginning of the internal cycle at temperature c;,; is given by the pdf at the end of
the internal cycle for the previous temperature ¢, in the descendent sequence {c}.
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Fig. 2. Boltzmann distribution function.

A schematization of the SA algorithm through the BDF is shown in Fig. 3. It can be
seen as a sequence of Markov chains in which the pdf will pass from an homogeneous
distribution over all the solution space to a distribution in which the states with
minimum cost value are the only ones that have an existing probability.

eq

Fig. 3. Schematization of the SA algorithm through the Boltzmann distribution.
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The SA algorithm schematization given at Fig. 3 shows clearly that for each internal
cycle of temperature we always know the pdf, at the beginning and also at the end of
it. Where the distribution function establishes the existing likely of each state into the
system with respect to its cost value. This is a consequence of the Metropolis
algorithm, which is given by the internal cycle of the SA algorithm. The Metropolis
algorithm guarantee that the equilibrium given by the stationary distribution in a
Markov process is going to be reach when the number of iterations is huge.

The pdf behavior changes with respect to the temperature (see Fig. 2) and it will be
function of the problem complexity. The distribution function is smooth and has a
good behavior at high temperatures. It is going to change to multi-modal function at
the time that the algorithm reaches intermediate temperatures. Finally, it is going to
change to a smooth function, again, until it become an impulse function (when we
have just one global minimum) or an impulse train (when we have more than one
global minimum) at zero temperature.

4.3 Methodology to Parallel the Simulated Annealing External Cycle
Taking into account the observation given at Sect. 4.1 and SA algorithm

schematization through the BDF (see Fig. 3), a new Methodology to Parallel the
Simulated Annealing Algorithm (MPSA) is developed.
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Fig. 4. Schematization for the external cycle parallelization in the SA algorithm.

The MPSA’s kernel is to do an external SA algorithm cycle parallelization. The
external cycle parallelization implies that several processors build their own Markov
chain, each one at different temperature. That is, instead of a new Markov chain at
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temperature c;,; be started at the end of the Markov chain at temperature ¢, all the
Markov chains in the SA algorithm are started at the same time (see Fig. 4). Ideally, it
lets a massive parallelization because we have a processor for each temperature in the
annealing process and based in the asymptotic convergence we need an infinite
temperature sequence {c}.

Any implementation that follows the steps that will be established in this MPSA
methodology, will led a SAPA method, because it will build the SA algorithm’s
Markov chains in a parallel way.

The determination of the initial configuration for each Markov chain is a strong
problem, since it must be the final solution of the Markov chain generated in the
previous temperature (see Fig. 1). However, the knowledge of the initial and final
distribution function for each homogeneous Markov chain can be used to infer the
initial solution at each temperature.

MPSA does the inferring process for each temperature taking a Monte Carlo random
sampling to adjust the pdf through a population of points. So the initial solution for
each temperature is established like the best one through two criteria. The first one
establishes that the solution with the highest Boltzmann probability will be taken as
the initial solution, and the second criteria sets the initial solution like the
configuration with minimum cost for homogeneous or quasi-homogeneous pdf (at
high temperatures).
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Fig. 5. Random samplings to initialize each Markov chain.
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The Monte Carlo random sampling for each temperature must be taken in an
independent and parallel way to reduce the sampling time. The sample size must be
representative of the solution space. It must be set through the sampling theory. In this
way, we have a population that adjusts the pdf at the beginning of each Markov chain.
This adjustment can be better through the random samplings union generated for
higher temperatures. With this unions we have a population each time bigger when
the temperature is downing and the pdf is more complex (see Fig. 5). The sampling
will be done off line and is part of the tuning process to set the initial solution for each
temperature.

The cooling scheme parameters must be known to carry out the external cycle
parallelization. They can be taken from literature works. However, we have to have
care with the homogeneous Markov chain length for each internal cycle. They must
be set in a way that the thermal equilibrium or quasi-equilibrium is reach at each
temperature. MPSA establishes that any SAPA implementation has the same cooling
scheme than the sequential SA algorithm.

Analyzing the curves in Fig. 2 and the cooling functions reported at literature, we note
that the changes in the pdf form at the beginning of two consecutive Markov chains
are an exponential function. As a consequence, although we will try to keep the quasi-
equilibrium among different Markov chains or processors through a cooling function,
the Markov chain length will grow when the temperature is descending.
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Fig. 6. Asynchronous communication scheme

The Markov chain length growing implies that any processor working at higher
temperature will finish before another one. This establishes a sequence in the work
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ending of the processors. MPSA use this sequence to establish the communication
scheme among processors. To MPSA each processor broadcasts its final solution to
all the processors that are working at lower temperature than it does. When a
processor receives a solution, it checks if it is better than its actual solution; if it is the
case, the processor will restart the Markov chain with this new solution, else it
continues in a normal way (see Fig. 6). The first criterion to check a better solution is
the biggest Boltzmann distribution probability and the second one is the cost value.

In MPSA the communications have to be asynchronous. So the processors are kept
workings without spent time waiting by retro-feed; they simply take it at the moment
that it arrives. An exception is when a processor has finished and any processor is
even working at a higher temperature. In this case the former processor broadcasts its
actual solution and wait to receive another solution from any of those processors.
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Fig. 7. Virtual parallelization into a LAN
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Through this communication scheme the worst case is established when all the
processors (except the first in the sequence) should re-start at the output solution of a
previous one. Because we will not have a significant communication overhead the
execution time of any SAPA implementation with MPSA should be close to the
sequential SA algorithm version. The best case for a SAPA implementation with our
methodology is when the re-starts are not required for any processor. Then, the
execution time is the last cycle of temperature and a little communication overhead.

4.4 Virtual Parallelization

The MPSA parallelization needs that each processor executes a Markov chain
building task that generates the homogeneous Markov chain at the temperature
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assigned to the task. Like, MPSA methodology lets a massive parallelization, based in
the asymptotic convergence of the algorithm, it can be implemented in a virtual way.

A virtual parallelization is established through a parallel machine or a LAN with just a
few processors in which each processor execute more than one Markov chain building
task. For example, Fig. 7 shows a LAN where each processor is running three tasks
and each one is building a Markov chain.

The virtual parallelization reduces the total process efficiency because all the tasks
running in one processor are competing by the same resources (processor time,
memory, etc.). Besides, a virtual parallelization into a LAN has an overhead in the
communication time because the network loads. Although this overhead may be
balanced by the asynchronous communication.

5. Conclusions

We have proposed a new Methodology to Parallel Simulated Annealing (MPSA). It is
based in the supposition that during the annealing process, the system reaches the
thermal equilibrium at each temperature. It is based also in the fact than the
parallelization of the temperature cycle ideally lets a massive parallelization of the
implemented SAPA algorithm.

It has been shown that the initial solution for each internal cycle may be set through a
Monte Carlo random sampling, adjusting by the Boltzmann distribution at the
beginning of each cycle. MPSA imposes that sampling overhead be avoided by an off
line sampling. So it is considered like a part of the tuning process of the SAPA
algorithm.

The communication overhead is negligible because the communication scheme
established for this methodology is asynchronous. As was shown in the paper, any
SAPA implementation derived through MPSA is in general more efficient than the
sequential version.
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Abstract. This paper presents an extension of the DFAR mathematical
optimization model, which unifies the fragmentation, allocation and dynamical
migration of data in distributed database systems. The extension consists of the
addition of a constraint that models the storage capacity of network sites. This
aspect is particularly important in large databases, which exceed the capacity of
one or more sites. The Threshold Accepting Algorithm is a variation of the
heuristic method known as Simulated Annealing, and it is used for solving the
DFAR model. The paper includes experimental results obtained for large test
cases.

Keywords: Heuristic optimization, distributed database design.

1 Introduction

The generalized use of computer communication networks, including Internet, facilitates
the implementation of distributed database systems (DDBS). However, the lack of
methodologies and tools to support their design [1] hinders their development.

Traditionally, the distribution design (DD) has been considered to consist of two
separate phases: fragmentation and fragment allocation [2]. An innovative model that
integrates both phases is presented in [3]. In this paper the model is extended to deal
with complex conditions that limit the normal operation of distributed database
systems.
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2 Mathematical Model

In this section, a (binary) integer-programming model for the dynamic fragmentation,
allocation and reallocation of data is described. We refer to this model as the DFAR
model. In this model, the decision about storing an attribute m in site j is represented
by a binary variable x, . Thus x, . = 1if m is stored in j, and x,, = 0 otherwise.

2.1 Objective Function

The objective function below models the data transmission and access costs using
four terms: transmission, access to fragments, fragment storage, and fragment
migration.

minz=% ,kai% ?qkmlkmc X _+IZ % %cl Ji ykj+§ Csz+Z lz %a c.d x (1)

ij- mj m mi ij Mmoo mj

where

fk = emission frequency of query k from site i;

g = usage parameter, gy, = 1 if query k uses attribute m, otherwise g, = 0;

km

[,,=  number of communication packets needed to transport attribute m required by

query k
= (p s JPA

where

p,, = size in bytes of attribute m;

= selectivity of query k (number of tuples returned when query k is
executed);

PA = communication packet size in bytes;

Sy

c = communication cost between site i and site j;

c,l = cost for accessing several fragments to satisfy a query; e.g., the processing cost
of a join in a query that accesses two or more fragments;

y,=  decision variable, y,, = 1 if query k accesses one or more attributes located at site
Jj,and Yy = 0 otherwise;

c,=  cost for allocating a fragment to a site; e.g., the cost incurred for having a copy of
the key in each fragment;

w, = decision variable, w, = 1 if there exist one or more attributes at site j, and w, =0
otherwise;

.= indicator of previous allocation, a,, = 1 if attribute m is currently located at site 7,

otherwise a,, = 0;

d,= number of communication packets required to move attribute m to another
site if necessary;

= (p,*CA)/PA

where

CA = cardinality of the relation.
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2.2 Intrinsic Constraints of the Problem

Since replication of attributes is not considered, these constraints specify that each
attribute is going to be allocated to only one site. Additionally, each attribute must be
allocated to a site that executes at least one query involving the attribute. These
constraints are as follows:

1) Z v =1 each attribute must be stored in only one site;
mj
J
Vm
2 where
) Xomi < Z 9 in Pri .
T I, if fui >0
Pu = . )
Vi ' 0, if fu =0 .
each attribute m must be allocated to a site i that executes
at least one query involving the attribute;
3) w; - Z X 20 this constraint forces the Valqe of w;to 1 when any x,, equals
L& 1, and induces w, to 0 otherwise;
where
Vj ¢ = number of attributes;
4 yk»_z G 20 this constraint forces y, to 1 when any ¢, x, equals 1, and
; .
m

induces y, to 0 otherwise.

Yk, j
5) mej p.CA<csj

m

the space occupied by all attributes stored in site j must
not exceed the site capacity;

where

Vj cs,= capacity of site j.

3 Solution Method

This section presents the implemented algorithm, and the experimental results. Since
the DFAR problem is NP-hard [4], a heuristic method is explored.

3.1 Threshold Accepting Algorithm

A variation of the simulated annealing algorithm (known as Threshold Accepting)
was implemented. This is a simplified version of simulated annealing, and consumes
less computing time than the original simulation annealing method [5].

In this algorithm, to each x € X (where X represents the set of all feasible
solutions) we associate a neighborhood H(x) c X. Thus, given a current solution x, a
neighboring solution y € H(x) is generated; if Az = z(y) - z(x) < T (where T is a
properly chosen parameter), then y is accepted becoming the new current solution,
otherwise the current solution remains unchanged.
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The value of T is decreased each time a situation of thermal equilibrium is reached.
The value of T is reduced, by repeatedly multiplying it by a cooling factor y < 1 until
the system is frozen.

Algorithm

Begin
real 7, u
integer i, S
x = best of a set of S feasible solutions
T = high initial value of temperature
repeat
repeat
fori=1toS
y = neighboring solution
if z(y) - z(x) < T then
x=y
else
the new solution is not accepted
end_if
i=i+1
end_for
until thermal equilibrium is reached
T=urT
until freezing is reached
End

3.2 Experimental Results

A set of exploratory experiments were conducted, in order to determine the best
strategy to generate large test cases, feasible solutions, and the algorithm regulation
parameters.

Large Test Cases. Large size problems were generated using the following
mathematical trick: each new problem is generated combining several small problems
with known optimal solution, in such a way that the restrictions of each problem are
uncoupled from those of the other problems. Therefore, the optimal solution of the
new problem can be easily obtained adding the optimal solutions of its sub-problems.

Feasible Solutions. When using the Threshold Accepting Algorithm on the DFAR
model, sometimes the capacity limitation of sites prevents attributes to interchange
positions when looking for a neighboring feasible solution. This difficulty is
overcome modifying the original problem as follows:

a) Artificial site. An artificial site % is included with enough capacity to temporarily
accommodate the attributes that can not be stored elsewhere.
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b) Objective function. A penalization term is included in the objective function. This
term penalizes those solutions in which the artificial site stores one or more attributes.
Therefore the new objective function becomes

min z= Z Zf Y 2 qkmlkmc x . +Y % %‘,cl S Vi

ki m lj m] 1

2)

+2 csz+ZZZa .c.d x, +p(XYW)

mi ij m

c) Penalization function. An adequate penalization function permits the transition
from unfeasible to feasible solutions [6,7]. The penalty is determined relaxing the
objective function for the attributes stored in the artificial site 4. To this end, the
maximum values of the transmission C7, migration CM and access cost CJ
coefficients are used.

p(X,Y, W)= %max{Cij ,‘v’j}xmh +
S max{CJ . ,Vj} min(¥ x
k kj m

h,jéh(l-ykj))-‘r (3)

czmin(%x 3 (1- Wj) )+rzn,max{CM mj ,Vj}xmh

mh’ jZh

Algorithm Parameters. Except for the initial temperature 7, the other problem
parameters were obtained using the best strategies described in [3]. A better method
was found for determining 7 first a set of 100 neighboring feasible solutions is
generated, then the objective function differences of each pair of consecutive
solutions are stored in a list, and finally 7 is assigned the sixth largest value in the list.
When reducing the initial temperature, smaller processing times are achieved.

Table 1. Exact Solution

Problem Sites Optimal Time

Value (sec.)
P1 2) 302 0.05
P2 18] 2719 1.15
P3 20 3022 3.29
P4 64 9670 *
P5 128 19340 *
P6 256 38681 *
P7 512 77363 *

*Problem size exceeds Lindo capacity
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Test Results. The algorithm for the DFAR model was written in Borland C, and it
was run on a PC with a 120 MHz Pentium processor and Windows 95 operating
system.

The second column of Table 1 shows problem sizes for the test cases. The last two
columns show the results obtained using the Lindo package, which is based on a
mathematical programming method known as Branch&Bound method.

Table 2 presents the results obtained using the Threshold Accepting Algorithm.
Forty runs were made for each problem. The percentage difference with respect to the
optimal solution is shown on columns 2 through 4. The last column shows the
execution time of the algorithm.

Table 2. Approximate Solution

Problem % Difference Time

Best | Worst Average (sec.)
P1 0 0 0 0.03
P2 0 141 10 0.3
P3 0 0 0 0.4
P4 0 100 20 6.1
P5 0 140 36 43.6
P6 0 405 88 381.2
P7 66 383 215 3063.4

4 Final Remarks

This paper shows the possibility of expanding the DFAR model for incorporating site
capacity constraints. This aspect is particularly important in large databases, which
must be distributed among several sites as a result of their size.

The initial experiments revealed that when site capacity is used almost to its limit,
attribute deadlocks might occur (i.e., interchange of attribute positions might be
blocked), preventing the Threshold Accepting Algorithm to converge. The paper
shows that the inclusion of an artificial site and the addition of a penalization term to
the objective function, prevents attribute deadlocks and permits the algorithm
convergence.

The proposed mechanism for the generation of large test cases, produced larger test
cases than those reported by other authors, and allowed us to compare the results
obtained using the Threshold Accepting Algorithm with the optimal results of the test
problems. A contribution of this work is to provide a framework for evaluating
approximate solution methods for the distribution design problem; specially, for
heuristic methods for which there exists no frameworks.
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Fig. 1. Results Using the Threshold Accepting Algorithm

This paper shows the feasibility of using the Threshold Accepting algorithm, which
showed good performance for small problems and demonstrated its ability to solve
large problems. However, the solution tends to grow farther as the problem size
increases (Table 2 and Fig. 1).
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Abstract. In this work we define a schematic language to concisely de-
scribe classes of logic programs. We show how our proposed formalism
can be profitably employed to represent opportunities for program opti-
misation: we schematically specify commonly occurring inefficient porti-
ons of code and how these can be altered to improve the performance of
programs. We have defined a fully automated approach to exploit these
opportunities for the analysis and transformation of logic programs.
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mata.

1 Introduction

Research on program analysis [6] and transformation [7] aims at providing soft-
ware practitioners with tools and methods for the development of correct and
efficient computer systems. Within logic programming a wealth of theoretical
results [8] have been accumulated over the years but they have not had the
practical impact one would have wished. The work described here remedies this:
we propose a practical approach for logic program analysis and transformation
providing fully automated support to handle actual programs.

Given a logic program IT we want to find an equivalent program I1" (that is,
which provides the same solutions as IT) but whose computational performance
is better. A program outperforms another when it uses less memory and/or
computes solutions in less time. For instance, let us consider the following Prolog

program sum/2
sum([]1,0).

sum([H|T],S) :- sum(T,ST), S is ST + H.
It correctly computes in its second argument the sum of the elements of the list in

the first argument. However, its computational behaviour has a bad feature: the
program has a non-tail-recursive clause, that is, its second clause has a recursive
subgoal which is not the last one. The execution of non-tail-recursive clauses in
Prolog requires that a stack be built to record each instance of the recursive
call [I] — memory and time will be consumed in this process. Moreover, for big
instances of lists, sum/2 above will be aborted with a stack overflow error. We
can solve this problem if we appropriately insert an accumulator pair [I0], thus
obtaining
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sum(L,S) :- sum(L,0,S).

sum([],8,S).

sum([H|T],Acc,S):- NAcc is Acc + H, sum(T,NAcc,S).
In this new version, we will have the same results as the previous program, i.e.,
its declarative meaning is preserved, but the results are computed differently, i.e.,
its procedural meaning is distinct. Since the only recursive clause (i.e., the third
one) is now tail-recursive, no stack is needed — its execution is just like an ordi-
nary loop of a procedural language and is hence faster than that of the original
program. Furthermore, any instances of lists can be processed without errors.

The opportunity for improvements shown above can be represented in a ge-
neric way, by means of a transformation where the inefficient constructs are
described as well as the changes that have to be made in order to confer a better
performance on the programs in which they appear. This idea was originally
presented in [5], for functional programming, and in ] we see the same idea
applied to logic programs. In [T3], a completely automated approach is proposed
for the analysis and transformation of logic programs incorporating this con-
cept, and in [I1], a more efficient method is proposed to perform the analysis of
programs. In this work we employ a schema language to describe classes of logic
programs, being as generic as possible but without losing precision. Our schema
language also permits the representation of constraints to express non-syntactic
properties. Our schema language is based on the language originally proposed
in [13] and expanded in [3].

In the next Section we introduce the schema language. In Subsection 2.1] we
describe the process of semi-unification in which a match between a program
schema and an actual program takes place. In Section Blwe show how our langu-
age is made more expressive by the representation of non-syntactic properties of
schemata via constraints. In Section ] we show how our schema language with
constraints can be used to define opportunities for logic program transforma-
tions. In Section [B] we explain a bottom-up method for program analysis and
transformation which exhaustively tries to match opportunities against actual
programs. Finally in Section [6| we present our conclusions and directions for
future work.

2 The Program Schema Language

We would like to describe classes of logic programs suppressing their unimportant
features but retaining precision. In order to achieve this we propose a schema-
tic language in which an abstract notation is offered to generically represent
programming constructs. Some abstract symbols and their intended meaning
are presented in Table [ All sequence symbols of the language can represent,
in particular, empty sequences. The predicate and function variables are meta-
variables generically representing, respectively, predicate symbols and functord].

We define a logic program schema S as a sequence of schematic clauses
and vectors C; of clauses. Schematic clauses, if present in a schema, are of the

! Predicate and function symbols will be identified in an unambiguous manner by
their symbols, their arities being implicit in their names.
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Table 1. Schematic Symbols and Their Intended Meaning

Symbol Meaning
C; finite sequence (vector) of clauses
G; finite sequence (vector) of literals (subgoals)
A; finite sequence (vector) of terms

P,Q, R, S, T|predicate variables

F,G,H |function variables

t terms
form H < Bi,...,B,, where H and B;,1 < ¢ < n, are schematic literals, and

the B;’s can also be vectors G; of literals. A schematic literal is of the form
p(SchTrms), where p is a specific predicate symbol, or of form P(SchTrms),
where P is a predicate variable. SchTrms is a possibly empty sequence of terms
(i.e., variables, constants or complex terms), vectors of terms A;, or constructs
F(SchTrms) where F' is a functional variable. Actual logic programming con-
structs are also allowed in our schema language: specific constructions restrict
the class of programs represented. In Appendix [Al we offer a formal definition
for our schema language. We show in Figure [[l an illustrative example of a logic
program schema (we enclose schemata in boxes to improve their visualisation).
The schema language allows the economic representation of classes of logic pro-

P(A1,t,A2) — Gl
P(A37F(A47y,A5)7A6) — G27P(A7ay7A8)aG3

Fig. 1. Sample Logic Program Schema

grams. If we associate appropriate values with each schematic symbol, we can
obtain different actual programs.

2.1 Abstraction, Specialisation, and Semi-unification

A program schema represents a possibly infinite set of programs, each of which
obtained by specifying schematic constructs. On the other hand, given a pro-
gram we can obtain a possibly infinite number of schemata to represent it, with
different degrees of abstraction of its constructs. We formally represent the re-
lationships between schemata and programs through operator 6 : S x IT x O,
where S is a schema, IT is a program and @ is a semi-unification. A semi-
unification is a set of pairs SchSymb/ProgConstr, where SchSymb is a schematic
symbol and ProgConstr is an actual logic program construct. The application
of a semi-unification © to a schema S, denoted by SO, consists of, given a pair
SchSymb/ ProgConstr in O, uniformly replacing in S all occurrences of SchSymb
by ProgConstr, obtaining program II. The relation 6(S, IT, ©) holds if, and only
if, IT = S6.

The association between the pairs of a semi-unification is subject to the
meaning (semantic) of each schematic construct. The semantic restricts the pos-
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sibilities of matching. For example, we can only associate a vector of clauses C;
with a possibly empty sequence of program clauses; a vector of literals G; can
only be associated with a possibly empty sequence of actual program subgoals.
We show in Appendix [A] a formal definition for §. To illustrate this point we
show below a schema, a program and a semi-unification which satisfy the § rela-
tionship. Sequences of constructs are shown enclosed in “(” and “)”, the empty
sequence represented as “( )”:

P(A1,1, A3) « G e i & «| [ P/sw®, A1/(),t/1, A2/(0), A/ (), y/T
5(P(Ag. F(Au,y, As), Ag) | |* IS 10 r/ A /), A5 /(), Ag/(5), Ar/(), )
G2, P(A7,y, Ag),G3s S is ST + u| VAs/(8T),G1/(),G2/(),Gs/(S is ST + H),

If we replace the schematic constructs by the respective program components
as stated in the semi-unification, we will obtain the program (specialisation).
If, on the other hand, we replace the program components by the respective
schematic constructs as stated in the semi-unification we shall get the schema
(abstraction).

We relate a schema with a program via a semi-unification because we do
not assign terms to first-order variables as is the case in unification [2]. The ¢
operator can only associate program variables with schema first-order variables.
However, in the schema of Figure [Tl we can see the occurrence of a term t in the
head of the first clause: in such a case we can associate with ¢ any logic program
term, i.e., variables, constants or compound terms.

Given a schema S, the § operator relates it with a possibly infinite set of
programs {IIy, ...}, each of which has its own semi-unification {©1, ...} such that
1I; = §0;. Given a program II, the ¢ operator relates it with a possibly infinite
set of schemata {Si,. ..}, and a set of semi-unifications {©1, ...}, such that II =
S;0;. However, given S and II, the § operator relates them with a necessarily
finite set of semi-unifications {©q, ..., O}, such that IT = SO;. In such a case we
have a finite set of semi-unifications because both the program and the schema
have finite sequences of constructs and, since a semi-unification simply makes a
correspondence between schematic components (necessarily finite) and program
constructs (also finite), the set of all possible forms of relating them is finite.

The complexity involved in obtaining a semi-unification is a function of the
kinds of abstract constructs offered in the schema language. Since our schema
language does not allow the representation of permutations of program con-
structs, the complexity of the semi-unification process may be described as a
polynomial function on the number of schematic and program constructs. Ho-
wever, if we allow the representation of permutations of program constructs in
the schema language as in the proposal of [3], the computational complexity of
the semi-unification will become exponential.

3 Adding Constraints to the Schema Language

Any of the actual constructions of logic programs can be part of a schema and
since these constructions are specific they can be understood as restrictions to
semi-unifications. However, in [I3] the authors observe that certain additional
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non-syntactic constraints may be necessary to further restrict the class of pro-
grams represented by a schema. If, for instance, we wanted to restrict the class
of programs represented by the schema of Figure [l so as not to include pro-
grams with doubly recursive clauses, then we could add extra constraints to the
schema, posing restrictions on its possible semi-unifications. If we added to the
schema of Figure [Il the non-syntactic constraints (P(Ag)) £G1 A (P(A1)) £
G2 N (P(A11)) [EGSs stating that the sequences of program literals semi-unified
with G1, G2 and G3 should not have any occurrence of P(A;) then we rule out
the possibility that the first schematic clause matches a recursive program clause
and that the second schematic clause matches a program clause that had more
than one recursive call. Our new schema, added with these constraints, will be
that of Figure[2. We can associate a possibly empty set of constraints with each

P(Al,t,Az) +— Gy
P(A37F(A47y7A5)7A6) < GQap(A'?vyv A8)7G3
(P(Ay)) EG1 A (P(A10)) LGz N (P(A11)) LGs

Fig. 2. Logic Program Schema with Constraints

schema and each constraint describes a desired property of semi-unification pairs:

only those semi-unifications satisfying the constraints are considered correct.
In [3], we find a proposal for such constraints. Our language is based on this

proposal as well as on the original idea found in [I3]. Our constraints are:

— Size Constraints — of the form |SchVec |[on, where SchVec is any vector C, G,
or A, ois =,<,>,<or > and n is an integer or a variable. Such constraints
are satisfied if the size of SchVec satisfies relation o with n.

— Contents Constraints — of the form (SchComp,,...,SchComp,) T SchVec,
where SchComp,, 1 <1i < n, are schematic components, i.e., clauses, goals,
terms, and SchVec is as above. Such constraints are satisfied if the sub-
sequence (SchComp,, ..., SchComp,) occurs in SchVec.

— Difference Constraints — of the form SchProg, = SchProgy — {C4,...,Cy},
where SchProg, and SchProg, are program schemata and C;,1 <i < n, are
schematic clauses or vectors of clauses. This constraint is verified if SchProg,
is equal to SchProg, after {Cy,...,C,} are removed.

— Union Constraints — of form SchProg, = SchProg,USchProgs, where SchProg,,
1 < < 3, are as above. This constraint is satisfied if SchProg; is equal to
SchProg, added with SchProgs.

— Definition Constraints — of form P= 4. SchProg, where P is a predicate va-
riable and SchProg is a program schema. This constraint is verified if the
predicate definition for P, i.e., all clauses whose head goal has predicate
symbol P match SchProg.

— Replacement Constraints — of form SchVec; = SchVecy o {x1/Termy, ...,
X/ Termy }. This constraint is satisfied if SchVecy is equal to SchVecy after
all occurrences of variable x; are consistently replaced by Term,;.

Negated forms (L5 #) for our constraints are also offered. Although the choices of
constraints added to our schema language are not as numerous as those offered
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in the language of [3], they can be combined into richer expressions. We want
our added constraints to restrict the possibilities of semi-unification between a
program and a schema and we shall denote this by the expression [S© = IT?
stating that schema S semi-unifies with program IT through semi-unification @
subject to constraints R. In Appendix [AT] we formally define the meaning of
our constraints.

4 Schema Language with Constraints for Program
Transformation

Our schema language with constraints can be employed to depict program trans-
formations. A program transformation 7 can be defined as a triple (S;,, Sout, R),
where §;,, is an input program schema describing the context where the trans-
formation should be applied, S,y is an output program schema, describing how
the input program should be modified by the transformation and R is a set of
constraints for both schemata. The intuitive meaning of a transformation 7 is
“if program IT matches S;,, under semi-unification @, subject to R, then obtain
a new program II’ applying the same semi-unification @ to Sy, also subject
to R”. We can formally define a transform relation between a program II, a
transformation 7 and a transformed program IT':

S gmﬂ,n')  8(Sin, I1,0) A [Sin® = T A S(Sout, IT',6)
That is, relation transform holds between a transformation 7 (shown with its
components enclosed in boxes, with its schemata side by side and its constraints
underneath) and two programs IT and IT’, if S;,, semi-unifies with II through
O subject to R and S,,; semi-unifies with IT’ through the same © also subject
to R. We show in Figure Bl an example of a transformation for logic programs.
This transformation formalises an opportunity to improve the program efficiency

transform (11,

Ci (o5
S(Al)HGlaP([x]ayvz)vGQ S(Al)Elezz[mkU]aGZ
CQ CZ

Tz = ( )

P([],z1,21)

P =4
aef P(['TQ‘I3]7$47 [1’2|~T5D — P(I3,1’4,3}5)

Fig. 3. Sample Transformation for Logic Programs

by elimination of a call to an auxiliary predicate P whose definition is given
as a constraint. P corresponds to predicate append/3 which appends two lists
[2]. When that predicate is called with a singleton list as its first argument,
we can safely replace that call by an explicit unification appending the single
element of the list. In the transformation above, rather than restricting S;,
(left superior box) by specifying the name of P, we confer more generality on
the transformation by specifying the definition of P. This allows for variants
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of names of predicates to be safely disregarded, as long as its definition is that
specified in the constraint.

The formalisation presented here is offered to experienced programmers as a
tool to prepare a repertory of transformations like the ones shown above. The
transformations should address commonly occurring inefficient constructions and
show how they can be changed to improve their computational behaviour. Those
desirable properties of the original programs such as termination and declarative
meaning should be kept. The person who proposes transformations is responsible
for ensuring that these properties are maintained. In [9] we find an investigation
on the correctness of transformation schemata.

It should be pointed out that there is a fundamental difference between the
characterisation of transformations presented here and those presented in [13].
The transformations shown there address only predicates and not complete pro-
grams. As a result, the context of the predicates has to be included in the trans-
formation, that is, how they are employed in a program.

5 Applying Transformations

We have in mind a specific setting for applying those transformations written in
our schema language with constraints: given a program, an automated system
will try to use every possible transformation in it following a pre-defined ana-
lysis strategy. The transformations are then said to be opportunities to improve
programs and our system that tries to use them is hence said to be opportunistic.
Our analysis and transformation framework is completely automatic: a given
logic program is exhaustively and methodically analysed and all possible trans-
formations are applied to it. The program initially supplied is analysed and, if
possible, one transformation is applied to it; the resulting program is fed back
into the system and is, on its turn, analysed. This process eventually converges
when a stable program (optimal with respect to the set of available transfor-
mations) is obtained, to which no further transformations are applicable. Our
analysis framework can be generically defined as the following recursive relation:
apply_transf (IT, IT"™) « transform(II, T, II') A apply_transf (I, ITF")
apply_transf (IT, [TF™) « 17" = 1
That is, relation apply_transf between programs IT and IT¥% holds if we apply
one transformation 7 to I yielding intermediate program II’, and IT’" and IT7%!
are recursively related (first case) via apply_transf. If no transformations are ap-
plicable to IT (second case), then II = IT¥"! The termination/convergence
of apply_transf is determined by the repertory of available transformations. If
the prescribed alterations of a transformation are undone by another transfor-
mation (or a sequence of them), then apply_transf may loop forever, with the
program being altered and then changed back into its original form. Transfor-
mations should, therefore, be designed with its intended use in mind, that is,
the apply_transf framework. The designer of a transformation ought to take into
account that it will be exhaustively matched against a program and, whenever
possible, its prescribed modifications will be carried out.



A Practical Approach for Logic Program Analysis and Transformation 89

5.1 Choosing a Transformation: Heuristics

It is possible that at one moment there is more than one applicable transfor-
mation to a program II. In order to solve such an impasse, we adopt the same
approach of [13] and assign heuristic values to each transformation. Given a set
of transformations applicable to a program, we will choose among them that
transformation with the best heuristic value. A transformation 7 is added with
one more component, its heuristic value h, and it will be represented as the
4-uple (h, Sin, Sout, R)-

We also adopt the rationale described in [13] to assign heuristic values to
transformations: a transformation should be assessed for its potential subse-
quent use, maximising the number of applicable transformations to a program.
The underlying hypothesis of such heuristic values is that the more transforma-
tions are applied to a program the better it will become. These heuristic values
should allow the application of the largest number of transformations, delaying
the use of those that may block or impede the subsequent application of other
transformations. Such interferences are due to the extension and type of syntac-
tic changes performed on the program which may prevent the match with other
transformations. The heuristic values are assigned to transformations based on
their potential for interleaving: the less dramatic the changes performed by a
transformation, the better should be its heuristic value because its changes will
not impede the application of other transformations.

5.2 Automatic Analysis of Logic Programs

In [I3] an inefficient exhaustive form for the analysis of logic programs is propo-
sed and embedded into their prototypical system: a computational overhead is
caused by the unnecessary analysis of stable subprograms. In [I1] a more efficient
way to perform the analysis of programs is proposed in which a program is exami-
ned starting from its simpler self-contained subprograms and going through more
complex subprograms which make use of the already analysed subprograms. This
form of analysis is named bottom-up and it was employed in their prototypical
system OpTiSB (Opportunistic Transformation System — Bottom-Up). In this
work we choose the portions of program for analysis following this bottom-up
fashion, it also being incorporated to our prototype, OpTiSC (Opportunistic
Transformation System with Constraints), which employs the schema language
presented here.

5.3 Working Example

We show on the left-hand side of Figure @ a Prolog program comprising three
predicates. Our approach for program analysis and transformation initially con-
siders rev/2 (it holds if its second argument is a list with its elements in the
reverse order of the list in its first argument) and sum/2. This is due to our ad-
opted bottom-up policy: the simplest self-contained subprograms are analysed,
then those immediately larger subprograms which employ the already analysed
and stable subprograms, and so on (we assume, for the sake of this example and
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p(L,S,R):- p(,S,R):- rev_sum(L, [],R,0,S).
rev(L,R),sum(L,S). rev(L,R):- rev(L, [],R).
rev([1,[1). rev([],R,R).
rev([X|Xs],Rev):- rev([X|Xs],AcRev,Rev) :-
rev(Xs,XsRev), rev(Xs, [X|AcRev] ,Rev).
append (XsRev, [X],Rev) . sun(L,S) - sun(L,0,S).
sum([1,0). = |sum([]1,8,8).
sum( [X|Xs],S):- sum([H|T] ,Acc,S) : -
sum(Xs,SXs), NAcc is Acc + H,
S is SXs + X. sum(T,NAcc,S) .

rev_sum([],R,R,S,S).
rev_sum([X|Xs],AcR,R,AcS,S) :-
NAcS is AcS + X,
rev_sum(Xs, [X|AcR],R,NAcS,S).

Fig. 4. Initial Program (Left) and its Stable Transformed Version

without loss of generality, that append/3 is a system built-in predicate). The
original version of p/3 (it finds the reverse R of the input list L and the sum S
of its elements) processes the input list twice, once to find its reverse and once
to sum its elements. A suitable transformation (shown in Figure [5) can merge

C1 C3
Q(A1) + G, P1(Ag, 21, A3), P2(Ag, 21, A5), G2| Q(A]) + G, P/(Ag, Ay, z1, Az, As), Ga
Co Cy
P1(Ag,c, A7) < G3 Py(Aq2,c, A13) < Gg
Py =gef | P1(Ag, G(z,y),Ag) + A Py =gep | P2(A14, G(z,w),Ays) < A
( 50, Gy, P1(A10,9, A11), G5 Gr7, Pa(A16,w, A17), Gg y
] |Agl = |Ag| = [Aig] A
, P'(Ag, A1, ¢, A7, A13) « G3, Gg [A12] = |A14] = A1l A
P’ = def| P'(Ag, Ayg,G(z,y), Ag, Ayp) A C3Cy = (C1C)UP A
G4, Gg, P/(A1p, A1, 4, A11, A17), G5, G1g Gg =Gre{z/z,w/y} A
G1g=Gge{z/z,w/y}

Fig. 5. Transformation for Merging Predicates Processing Same Data Structure

rev/2 and sum/2 into a single predicate rev_sum/5 which processes the list only
once, performing both the reversal and the sum. Therefore the merged predicates
are the newly obtained versions with their accumulator pairs. The = indicates
the exhaustive application of apply_transform — the final program is stable in
the sense that it cannot be further altered by any transformation. If the right-
hand side program is fed back into our system, it will be output unchanged: the
program is optimal with respect to the repertoire of transformations.

6 Conclusions, Comments, and Further Work

In this work we have proposed a schematic language to economically represent
classes of logic programs, extending the work of [I3]. We have added to our
schema language the constraint extension inspired in [3], but we have adapted
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it so as not to cause exponential costs during a matching. We have defined the
syntax and semantics of our language in terms of the actual logic programming
constructs they stand for. We have explained the concepts of semi-unification,
abstraction and specialisation and how they are related and we have shown, in
a declarative fashion, how to obtain semi-unifications between a program and a
schema (the definition of ¢). We have also shown how our schematic notation
can be used to represent useful and practical logic program transformations.
This proposal is aimed at an automated context (also formally defined here) for
opportunistic program analysis: whenever an opportunity to apply a transforma-
tion (depicted in our language) has been detected then the prescribed changes
will be carried out. Our schema language with constraints should be used with
the context of its application in mind, otherwise the termination of the analysis
is jeopardised.

In our language, we make a difference between program variables and terms
using appropriate meta-variables x and ¢ to respectively represent them. In [T3]
and [3], however, a first-order variable of a schema can be associated with any
term of a program, that is, variables, constants or any other compound term.
Such semantic for the schematic construct is, in our opinion, confused with the
role of variables in logic programming and should be avoided. It should also
be pointed out that in our schema language the permutation of program con-
structs cannot be represented, as in the proposal of [3]. This restriction makes
the semi-unification process computationally feasible, with an algorithm of po-
lynomial complexity. However, there is no loss in the expressiveness because we
can still prepare different program schemata to explicitly describe the possible
permutations.

Another important contribution of this work concerns the expressiveness of
program transformations represented in our formalism. Previous work [13] only
addressed isolated predicates and the application of a transformation was follo-
wed by post-processing and updating of the complete program. Our transforma-
tions, contrastingly, contemplate complete programs and their application need
not resort to any extraneous procedures.

Our approach can be seen as a Term Rewriting System (TRS) [14], in which
the input schema is the left side of a rewriting rule and the output schema is the
right side of it. Therefore, our system is susceptible to the same problems related
with TRS’s, such as infinite loops and non-convergences. The proponent of the
transformations should make sure that they do not interfere with each other in a
negative way, undoing (directly or not) their prescribed alterations. When trans-
formations are proposed, we should pay special attention to the maintenance of
the program’s declarative meaning (that is, the same and all answers should be
computed after the program has been modified). In such circumstances, the con-
text in which the transformation should be applied has to be precisely identified
S0 as to state precisely those cases in which it should be used and to leave out
those other cases where it should not. Our repertoire of constraints provide an
ideal way to represent the context, with its concise syntax and precise meaning.

The available transformations should keep unaltered the declarative meaning
of the programs to which they are applied. Currently all responsibility to obey
this restriction rests on the person who designs the transformation. It would be
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useful, though, to provide users with a method to define (restricted) classes of
transformations which were guaranteed to keep the declarative meaning of pro-
grams unchanged along the lines of [9]. Indeed the preparation of transformations
is a task much in need for automated support. The preparation of useful trans-
formations (that is, of general applicability and of practical importance) is an
activity that involves ingenuity and creativity. Moreover, since the transformati-
ons are usually represented in an abstract formalism in which classes of programs
are contemplated, their design becomes a difficult and error-prone activity. We
suggest in [I2] an approach to help designers to propose transformations from
concrete examples of programs.
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A Schema Language: Syntax & Semantics

We formally define below our schema language using a context-free grammar. Non-
terminal symbols are represented in italics starting with capital letter; a stands for a
generic constant symbol, x for a generic variable symbol, p a predicate symbol, f a
functor symbol, P a generic predicate variable, F' a generic functional variable and T
the empty literal.
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ProgSch — ClauseSch ProgSch | T
ClauseSch — C; | HeadSch < BodySch
HeadSch — p(TrmSchmta) | P(TrmSchmta) | p | P
BodySch — LiteralSch, BodySch | T
LiteralSch — G; | HeadSch
TrmSchmta — TrmSch, TrmSchmta | TrmSch
TrmSch — A; | f(TrmSchmta) | F(TrmSchmta) | a | = | t

We also define here the meaning of our schematic notation by relating them with actual
logic programming constructions via the § operator. However, we need to initially define
the class of logic programs we want to address — the following context-free grammar
formally characterises it:

Prog — Clause Prog | T Body — Literal, Body | T
Clause — Literal :- Body Trms — Trm, Trms | Trm
Literal — p(Trms) | p Trm — f(Trms) | a | =

Given the grammars above we define below §(ProgSch, Prog, ©) mapping their langu-
ages. Initially, we have the base case §(T, T,0), that is, an empty program schema
and an empty program are related through an empty semi-unification, and §(C Prog,
{C/Prog}), that is, a vector of clauses relates with any logic program through semi-
unification {C'/Prog}. We show below the generic case for the relationship between
program schemata and programs:

6(ProgSch, Prog, ©) < ProgSch = ProgSch, - ProgSch, A Prog = Prog, - Prog, A (1)
d(ProgSchy, Prog,,©®1) A 6(ProgSchy, Prog,,©2) AN @ = @1 U O3

That is, ProgSch is related with Prog via @ if we decompose them respectively as
ProgSch, and ProgSch, and Prog, and Prog, and these decompositions are, on their
turn, correspondingly related. Semi-unification © is the union of the semi-unifications
between the corresponding subparts of the schema and program. We show below the
relationship between schematic and program clauses:

§(ClauseSch, Clause, ©) < ClauseSch = (HeadSch < BodySch) A Clause = (Literal :- Body) A
6(HeadSch, Literal, ©1) A 6(BodySch, Body,O2) N© = 01 UOs  (2)

That is, ClauseSch is related with Clause through © if there is a relationship between
the corresponding parts of them — the schematic head HeadSch should be reﬁited with
the actual head Literal and the schematic body BodySch with the actual body Body.
O is the union of the semi-unifications for these relationships. We describe below the
relationship between sequences of literals and their schemata.

6(BodySch, Body, ©) < BodySch = BodySch, - BodySch, N Body = Body, - Body, A (3)
6(BodySchy, Body,,©1) A §(BodySch,, Body,,02) N © = ©1 U O,

This relationship is similar to formula [T, but here it is adapted for sequences of literals
and their schemata. The semi-unification between specific literals and their schemata
is given by §(G, Body, {G /Body}), that is, a vector of literals G semi-unifies with any
sequence of literals Body (including, of course, the empty literal T). Other possibilities
are:

§(P(TrmSchmta), p(Trms), ©) < §( TrmSchmta, Trms,©®' ) A © = 0’ U {P/p} (4)
§(p(TrmSchmta), p(Trms), ©) < §(TrmSchmta, Trms, @) (5)

Formula ] describes the semi-unification between P(TrmSchmta) and p(Trms): it will
be the union of the semi-unification between TrmSchmta and Trms and {P/p}. When
the literal schema does not have a predicate variable then it only semi-unifies with an
actual literal if there is a syntactic correspondence between their predicate symbols p
— their semi-unification will be that between their schematic terms and actual terms.
Further cases are (P, p, {P/p}) and é(p, p, 0). We show below the relationship between
sequences of schematic terms and actual terms.
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§(TrmSchmta, Trms, ©) < TrmSchmta = TrmSchmtay - TrmSchmtas A (6)
Trms = Trmsy - Trmsa A 6( TrmSchmtay, Trmsy1, 1) A
6(TrmSchmtag, Trmsa,O2) A © = 1 U Oy

This definition is an adaptation of Formula [l for sequences of schematic terms and
actual terms. We explore below the semi-unification between a schematic term and an
actual program term:

6(F(TrmSchmta), f(Trms), @) < 6( TrmSchmta, Trms, e Yre=e"u {F/f} (7)
§(f(TrmSchmta), f(Trms), ©) < §(TrmSchmta, Trms, ©) (8)

Further (base) cases are 0(A, Trms,{A/Trms}), 6(t, Trm,{t/Trm}), é(a,a,?) and
6(z,y, {z/y}).

A.1 Semantics of Constraints

We formally define here the meaning of our constraints. Our first definition below
relates schemata, semi-unifications, programs and sets of constraints:

[S- 0=« R={RoA---AR,}AS(S,1,0) Ac(Rg,O) A---Ac(Rp,O) (9)

That is, the relationship holds if each element R; of the possibly empty set R of
constraints satisfies auxiliary relation o, defined below. The o relation checks whether
a constraint holds true for a given semi-unification, and its definition formalises the
meaning of each constraint. The size constraints hold if the following is true:

o(|SchVec| on,®) < SchVec/ProgCnstr € © A |ProgCnstr|on (10)

That is, the constraint holds if ProgCnstr associated with SchVec in © satisfies the o n
size restriction. Content constraints are defined as:

o({SchComp,...,SchComp, ) C Vector, ®) + (11)
Vector / ProgCnstr € © A ProgCnstr = ProgCnstr, - ProgCnstry - ProgCnstrg A
86((SchComp,,...,SchComp,,), ProgCnstr,, ©)

That is, (SchComp,, ..., SchComp, ) should be semi-unified with ProgCnstr, of Pro-
gCnstr (associated with Vector) in ©. Difference and union constraints are defined
as:
o(SchProg, = SchProg, — {C1,...,Cyn},©) < SchProg,/Prog, € © A SchProg,/Prog, € © A (12)
C1/AcCL EONM -+ ANCp/AcC, €O A
Prog, = Prog, — {AcC1,...,AcCy,}
o(SchProg, = SchProg, U SchProgs, ®) < SchProg,/Prog, € © A SchProg,/Prog, € © A (13)
SchProgs/Progs € © A Prog, = Prog, U Progg
That is, the difference and union constraints hold if appropriate relationships hold
among the actual program constructs with which the program schemata are associated
in ©. Definition constraints have their meaning formalised as:
o (P=4es SchProg, ©) «+ (14)
6(SchProg, Prog, ©) A Prog = (P(Termsg) :- Bodyg, ..., P(Termss) :- Body,,)

That is, P is defined as SchProg if the clauses associated with SchProg in © all have
predicate symbol P (same name and arity) as their head goals. Finally, we define the
meaning of the replacement constraints as

o(SchVecy = SchVecy @ {z1/Term,...,x,/Termy}, O) (15)
SchVeci1/AcC1 € © A SchVeca/AcCa € © A AcCy = AcCaol|7t |72 ... |7T¢n

Termy | Termo Termp,

That is, it holds if AcC1 (associated with SchVec1) is equal to AcCs (associated with
SchVecs) if we replace in AcC all occurrences of z; by Term,;.
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Abstract. The study of formal nonmonotonic reasoning has been moti-
vated to a large degree by the need to solve the frame problem and other
problems related to representing actions. New efficient implementations
of nonmonotonic reasoning, such as SMODELS and DLV, can be used to
solve many computational problems that involve actions, including plan
generation. SMODELS and its competitors are essential to implement a
new approach to knowledge representation and reasoning: to compute
solutions to a problem by computing the stable models (answer sets) of
the theory that represents it. Marek and Truszczyriski call this paradigm
Stable model programming. We are trying to assess the viability of sta-
ble logic programming for agent specification and planning in realistic
scenarios. To do so, we present an encoding of plan generation within
the lines of Lifschitz’s Answer set planning and evaluate its performance
in the simple scenario of Blocks world. Several optimization techniques
stemming from mainstream as well as satisfiability planning are added
to our planner, and their impact is discussed.

1 Introduction

Stable Logic Programming (SLP) is an emergent, alternative style of logic pro-
gramming: each solution to a problem is represented by an answer set of a
function—free logic progra encoding the problem itself. Several implementati-
ons now exist for stable logic programming, and their performance is rapidly im-
proving; among them are SMODELS [Sim97/NieSim98|, DERES [ChoMarTru96],
SLG [CheWar96], pLv [ELMPS97]|, and CCALc [McCTur97).

Recently, Lifschitz has introduced [Lif99] the term Answer set planning to
describe which axioms are needed to characterize correct plans and to discuss
the applicability of stable model (answer set) computation interpreters to plan
generation. Two features of Answer set planning are particularly attractive.

First, the language it uses is very apt to capture planning instances where
conventional STRIPS fall short. In fact, Answer set planning allow the user
to specify incomplete knowledge about the initial situation, actions with con-
ditional and indirect effects, nondeterministic actions, and interaction between
concurrently executed actions.

* Corresponding author, ph: +39-02-55006.290, e-mail: provetti@dsi.unimi.it.
1 Or, via a syntactic transformation, a restricted default theory or even a DATALOG™
program.

0. Cairo, L.E. Sucar, and F.J. Cantu (Eds.): MICAI 2000, LNAT 1793, pp. 95-[107 2000.
(© Springer-Verlag Berlin Heidelberg 2000
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Second, even tough Answer set planning specifications, like those in this
paper, are completely declarative in nature, SMODELS is by now efficient enough
to interpret them, i.e., generate valid plans, with times at least comparable to
those of on-purpose planners, on which research and optimization has been active
for years. For instance, Dimopoulos et al. [DNK97] report that on the logistics
domains from Kautz and Selman [KauSel96] (which is about package delivery
by using trucks and planes) their SMODELS solution took 18 seconds vis-a-vis
with more than 6 hours for GRAPHPLAN.

We would like to develop on Lifschitz’s proposal in several directions which
are related to, and bring together, our current research in nonmonotonic reaso-
ning and autonomous agents.

Research in Milan [CosO5BCP9[CosPrad9], has so far contributed to stable
logic programming by analyzing, in particular, the dependence of stable models
existence on the syntax of the program. This brought out [Cos95| several basic
results that extend the usual sufficent conditions of [Dun92|Fag94], none of which
indeed applies to Answer set planning, as well as suggesting a new stable model
computation algorithm, proposed in [BCP99].

Meanwhile, research in Varese has discussed the prospect of applying logic
programming to the complex tasks of designing and animating an autonomous
agent capable of reaction, planning and above all learning an unknown outside
environment. A PROLOG program simulating a learning agent and its environ-
ment was proposed in [BalLan97]. Now, a physical scenario is being considered,
with the goal of implementing a controller for a small mobile robot equipped
with sensors and an arm. For a principled knowledge representation approach
to succeed there, we need a viable computational mechanism, and this paper is
the first of a series of experiments towards assessing stable models computation
as a valid choice.

This article discusses a set of experiments on the problem of plan generation
in a blocks world domain. This is a simple, familiar problem from the litera-
ture, which is often taken as a benchmark for comparing planners. Planning in
domains amenable of, basically, a propositional fluents encoding has a natural
representation in terms of stable models computations. Some of the reasons are:

— encodings are rather concise and easy to understand;

— the cost of generating a plan grows rapidly with the number of blocks con-
sidered and

— the type of planning needed for our autonomous robot is not too distant
from that considered here.

Our experiments have been carried out using SMODELS , one successful imple-
mentation of stable models programming. For our project, the appealing feature
of SMODELS over its competitors is the companion grounding program LPARSE,
which accepts as input programs with variables, [some types of]functions sym-
bols and constraints, intended as notation shorthandd.

2 Technically, this means that the Herbrand universe of the programs remains finite;
practically, it is described as a preprocessing phase, carried out by LPARSE that
removes functional terms in favor of internally-constructed constants.
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2 Background Definitions

The answer sets semantics [GelLif88|GelLif91] is a view of logic programs as
sets of inference rules (more precisely, default inference rules), where a stable
model is a set of literals closed under the program itself. Alternatively, one can
see a program as a set of constraints on the solution of a problem, where each
answer set represents a solution compatible with the constraints expressed by the
program. Cousider the simple program {q < not p, not c. p < not q. p + c.}.
For instance, the first rule is read as “assuming that both p and c are false, we can
conclude that g is true.” This program has two answer sets. In the first, ¢ is true
while p and ¢ are false; in the second, p is true while ¢ and ¢ are false. When all
literals are positive, we speak in terms of stable models. In this paper we consider,
essentially, the language DAT ALOG™ for deductive databases, which is more
restricted than traditional logic programming. As discussed in [MarTru99], this
restriction is not a limitation at this stage.

A rule p is defined as usual, and can be seen as composed of a conclusion
head(p), and a set of conditions body(p), the latter divided into positive con-
ditions pos(p) and negative conditions neg(p). Please refer to [AptBol94] for a
thorough presentation of the syntax and semantics of logic programs. For the sake
of clarity however, let us report the definition of stable models. We start from
the subclass of positive programs, i.e. those where, for every rule p, neg(p) = 0.

Definition 1. (Stable model of positive programs)
The stable model a(IT) of a positive program II is the smallest subset of By
such that for any rule a <— ay,...ap in II: a1,... 0y € a(ll) = a € a(I).

Positive programs are unambiguous, in that they have a unique stable model,
which coincides with that obtained applying other semantics.

Definition 2. (Stable models of programs)
Let IT be a logic program. For any set S of atoms, let IT° be a program obtained
from II by deleting (i) each rule that has a formula ‘not A’ in its body with
A€ S, and (ii) all formulae of the form ‘not A’ in the bodies of the remaining
rules.

IT° does not contain “not,” so that its stable model is already defined. If this
stable model coincides with S, then we say that S is a stable model of I1. In other
words, the stable models of IT are characterized by the equation: S = a(I%).

The answer set semantics is defined similarly by allowing the unary operator
-, called explicit negation, to distinguish it from the classical-logic connective.
What changes is that we do not allow any two contrary literals a, —a to appear
in an answer set.

Gelfond and Lifschitz [GelLif91] show how to compile away explicit negations
by i) introducing extra atoms a’,b’ ... to denote —a,—b,... and ii) considering
only stable models of the resulting program that contain no contrary pair a,a’.
This requirement is captured by adding, for each new atom a’, the constraint
<+ a,a’ to the program. In any case, two-valued interpretations can be forced by
adding rules a < not o’ and o’ + not a. for each contrary pair of atoms (resp.
literals).
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2.1 Consistency Conditions

Unlike with other semantics, a program may have no stable model (answer set),
i.e., be contradictory, like the following: {a < notb. b + notc. ¢ < nota.}, where
no set of literals is closed under the rules. Inconsistency may arise, realistically,
when programs are combined: if they share atoms, a subprogram like that above
may surface in the resulting program.

In the literature, the main (sufficient) condition to ensure the existence of
stable models is call-consistency [Dun92], which is summarized as follows: no
atom depends on itself via an odd number of negative conditions. This condition
is quite restrictive, e.g., it applies to almost no program for reasoning about
actions and planning seen in the literature (see the examples in [Lif99]). Indeed,
note how in the translation above the definition of a/a’ is not stratified and that
the consistency constraint is mapped into rule false < a,da’, not false, which is
not call-consistent either.

However, some of these authors have shown that this feature does not com-
promise program’s consistency for a large class of cases. The safe cycle condition
of [CosPro99| applies to all programs considered here.

3 Plan Specification

The formalization of the Blocks world as a logic program is the main example
used by Lifschitz [Lif99] for introducing answer set planning. Two implementati-
ons have stem from Lifschitz’s definition, Erdem’s [Erd99] and the one introduced
hereby.

Erdem’s solution, which is the closest to Lifschitz’s axioms, uses action and
fluent atoms indexed by time, i.e., on(B,B1,T) is a fluent atom, read as “block
B is on block B1 at time T” while move(B,L,T) is an action, read as “block B is
moved on location (meaning another block or the table surface) L at time T.”

Our solution is closer to standard situation calculus, since it employs flu-
ent and action terms. In fact, our version of the two atoms presented above is
holds(on(B, B1,T) and occurs(move(B, L), T), respectively. Unlike in standard
Situation Calculus, we do not have function symbols to denote ‘next situations’.
This is due in part to earlier limitations of LPARSE, which until recently allowed
only functions on integers. However, by having fluents represented as terms, we
need only two inertia axioms (see listing below); hence, our solution is more
apt than Erdem’s for treating complex planning domains, involving hundreds of
fluents. The illustrations below are courtesy of W. Faber.

P2

Pl
[1]
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Problem |blocks|steps
P1 4 4
P2 5 6
P3 8 8
P4 11 9
P5 11 11
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The price we pay for the convenience of using fluent and action terms is that
whereas Erdem’s rules can easily be transformed to make them suitable for bLv
or CCALC computation, our programs are not easily rephrased for interpreters

other than SMODELS . On the other hand, [FabLeoPf{e99| have used planning in

the Blocks world to experiment with their dlv system. However, we felt that
this disadvantage was only transient, as DLV and CCALC are actively pursuing

the development of their system.

To describe our planner, let us start from the specification of the instance.
Basically, we specify the initial and the goal situatior. The initial situation here
is completely described but it is easy to allow for incomplete knowledge and —if

needed— add default assumptions.

Tl b st hhh’h% Domain description: P3
block(bO) .

block(bl).

[...]

block(b7) .

%hhhhhhd initial situation
holds(on(b2,b3),0).

holds (on(b3,b0),0).

holds (on(b0,table),0).
holds(on(b4,b1),0).
holds(on(b1l,table),0).
holds (on(b7,b6),0) .

holds (on(b6,b5),0).

holds (on(b5,table),0).

holds(top(b2),0).
holds(top(b4),0).
holds(top(b7),0).
holds (neg(top(b3)),0).
holds(neg(top(b0)),0).
holds(neg(top(b1)),0).
holds(neg(top(b6)),0).
holds(neg(top(b5)),0).

The goal is given in terms of a constraint to be satisfied at the latest at time
t=depth, where depth is either passed with the SMODELS call or assigned within

the input instance.

3 The instance below is from [Erd99)].
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hhthhhhh goal state
:-not goal(depth).

goal(T) :- time(T), holds(on(b7,b3),T),
holds(on(b3,b4),T),
holds(on(b4,table),T),
holds(