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General Chairs’ Foreword

On behalf of the ICTAI-2000 chairs and committees, we welcome you to the 12" International IEEE
Conference on Tools with Artificial Intelligence (ICTAI-2000). We hope that this meeting to be prolific
and challenging for your present and future research activities.

The ICTAI series always provides a unique opportunity to researchers, scientists and practitioners to
share knowledge and scientific achievements in the important research field of Artificial Intelligence and
present tools (architectures, languages and algorithms) for solving scientific and engineering problems.

The ICTAI-2000 topics of interest include: Neural Networks, Machine Learning, Software Engineering
and Al, Intelligent Information Retrieval, Optimization, Constraints Satisfaction, Multimedia,
Knowledge- based Systems, Scheduling, Planning, Al applications, etc.

The success of this year’s meeting is due to hard work and voluntary efforts of many people. From the
post of the ICTAI General Chairs we would like to express our sincere thanks to all these individuals, but
especially we would like to thank the Program Chairman, Babak Hamidzadeh for his enormous efforts to
put a nice and high quality program for the 12" ICTAI-2000. We also express our great thanks and
appreciation to Nik Bourbakis, the founder and Steering Chair of the ICTAI series for many years, for his
infinite support at all levels.

Finally, we would like to acknowledge our appreciation of the IEEE Computer Society and the IEEE CS
Virtual Intelligence Task Force for the sponsorship and assistance for the ICTAI-2000 proposal, hotel
arrangements, the proceedings production, and for the continuous support of our efforts.

Once again welcome to ICTAI-2000.
C. Koutsougeras

F.Golshani
ICTAI - 2000 General Chairs



Message from the Program Chair

The Year 2000 IEEE International Conference on Tools with Artificial Intelligence continues its
commitment to excellence in representing research and practice in artificial intelligence. This conference
has a strong tradition in disseminating innovations in artificial intelligence and its applications, to a wide
range of participants from academic, government and industrial organizations.

This year we received very high-quality papers in areas such as:

* Intelligent Agent Architectures

e Machine Learning

e Data Mining

¢ Aurtificial Neural Networks and Genetic Algorithms
e Robotics

* Planning and Scheduling

e Interactive Multimedia

*  Geographic Information Systems

¢ Constraint Satisfaction and Optimization
e Fuzzy Logic

¢ Software Engineering

e Vision and Image Processing

Many papers demonstrated implemented systems with strong analytical and empirical analyses. This year,
we received a total of 112 paper submissions by authors from around the world. The majority of papers
received three reviews. All papers received at least two reviews.

Of the submitted papers, 34 were accepted as regular papers, for presentation and publication. The
acceptance rate for regular papers was approximately 30%. Another 36 papers were accepted as short

papers. Each regular paper can be up to 8 proceedings pages in length. Short papers can be up to 4
proceedings pages in length.

Many individuals have contributed to the technical program and to the conference as a whole. I would
like to thank all authors and participants for taking part in the conference. My sincere gratitude goes to the
members of the program committee for handling the reviewing of the papers, particularly those who
handled their assigned papers within the tight time constraints. I would also like to thank all the external
reviewers who helped us with reviewing the large number of. papers. The large number of strong

submissions this year indicates the superb job that the general chairs and the program vice chairs
performed in promoting the conference.

I'am very grateful to Professor Nikolaos Bourbakis, the Chair of the Steering Committee, for his valuable
guidance and vision throughout the conference organization and preparation. The conference and I owe 2
great deal of appreciation to Mr. Alireza Shankaie, the Conference Publicity Chair and Local
Arrangements Chair, for his tireless efforts and for doing much more than his conference titles seem to
convey. Finally, many thanks go to Ms. Frances Titsworth and other members of the staff at the IEEE
Computer Society for their help and patience throughout the conference and proceedings preparations.

Babak Hamidzadeh
Program Chair
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Multi-Resolution on Compressed Sets of Clauses

Philippe Chatalic and Laurent Simon
Laboratoire de Recherche en Informatique,
U.M.R. CNRS 8623, Université Paris-Sud,

91405 Orsay Cedex, France,
{chatalic, simon} @lIri.fr

Abstract

This paper presents a system based on new operators for
handling sets of propositional clauses represented by means
0of ZBDDs. The high compression power of such data struc-
tures allows efficient encodings of structured instances. A
specialized operator for the distribution of sets of clauses
is introduced and used for performing multi-resolution on
clause sets. Cut eliminations between sets of clauses of ex-
ponential size may then be performed using polynomial size
data structures. The ZRES system, a new implementation of
the Davis-Putnam procedure of 1960, solves two hard prob-
lems for resolution, that are currently out of the scope of the
best SAT provers.

1 Introduction

Recent years have seen a lot of work using proposition-
al logic as a framework for knowledge representation and
problem solving. The poor expressive power of proposi-
tional logic is counterbalanced by its simplicity which al-
lows simple, but efficient, provers to be constructed. In
particular, the SAT problem has been the focus of much
interest, ranging from refinement and optimization of com-
plete procedures [22] to the introduction of new incomplete
methods [17]. Hard random instances have been identified
[14] and reference problems have been gathered in bench-
marks, subject to program competitions (e.g. [7, 18]). If
its central place in complexity theory is probably part of the
motivation of such work, the resolution of real world prob-
lems is also an attractive challenge for SAT. In the area of
complete methods, most current SAT provers are based on
the Davis, Logeman and Loveland procedure (DLL) [11].
One reason of success of such solvers is their ability to lim-
it memory usage. This is due to the fact that they essentially
make choices, resulting in simplifications and unit propaga-
tions. The difficulty comes from the number of possible
choices which is exponential. The role of heuristics is then

092.3409/00 $10.00 © 2000 EEE

central. However, heuristics which are efficient on random
problems are seldom appropriate for structured instances,
on which dynamic heuristics based on learning techniques
give better results [22]. Other problems, such as prime im-
plicants/implicates generation or knowledge base compila-
tion, often handle large sets of clauses. Then, the difficulty
rather comes from the size of such sets that may grow ex-
ponentially. Whatever the goal, one is rapidly faced with
combinatorial explosion. On structured instances, the only
way to deal with such growth seems to be to take the struc-
ture of the available information into account. If heuristics
can prune the search space efficiently, savings in space may
be achieved by means of compression algorithms.

This paper focuses on data structures used for encoding
sets of clauses and on associated operators. We are partic-
ularly interested in instances with a special structure. Our
feeling is that such instances should show some regularities
through the encoding. An appropriate data structure should
be able to take advantage of such regularities to handle a
more compact representation of the encoded formula. For
cnf formul, such regularities may correspond to subsets
of literals that appear in many different clauses. We pro-
pose to use a data structure allowing the factorization of
common subsets of literals. Tries structures [5] enable the
factorization of clauses beginning with the same sequence
of literals. They remain the state-of-the-art data structures
for subsumption checking [22]. We further generalize this
idea to factorize simultaneously ends of clauses. In prac-
tice, we use a variant of BDDs [2], called ZBDDs [13], to
store sets of clauses by means of their characteristic func-
tions. We show that large sets of clauses corresponding to
structured instances may be efficiently compressed in that
way. Moreover, such structures are also well suited to sub-
sumption checking, and all set operations can be realized as
operations on ZBDDs. We introduce a new operator for per-
forming multiple resolutions on sets of clauses represented
by ZBDDs, in a single step. We use this operator in an im-
plementation of the original Davis and Putnam algorithm
[4] (DP as opposed to DLL).
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Figure 1. Reductions types in BDDs

The next section briefly recalls the basic principles of
BDDs and ZBDDs structures. It introduces our technique
to encode sets of clauses by means of ZBDDs, as well as
new operators. In the third section we show that express-
ing cut-elimination using these operators makes it possible
to perform multi-resolution on sets of clauses. We illustrate
its use in a new implementation of DP, called ZRES. The
last sections are devoted to empirical studies. Two class-
es of hard instances for resolution, namely the Pigeon Hole
problem and the Urquhart problem, are tested and compres-
sion capabilities of ZBDDs are evaluated.

2 Representing sets of clauses with BDDs
2.1 Encoding boolean functions with BDDs

A BDD [2, 16] is a directed acyclic graph with la-
beled nodes,~a unique source node, and such that each
node is either a sink node or an internal node (denoted by
A(z,n;,n2)) having two children (n1, ng) and a label x.
BDDs encoding boolean functions have only two sinks, la-
beled 1 and 0, and their internal nodes are labeled with
boolean variables {z,y,...}. The classical semantics in-
terprets sinks 1 and O as true and false, and any internal
node n = A(z,n1,n2) as the function f = if = then fi
else fa, where f; and f are the respective interpretations
of ny and n,. Each path from the source node to the sink
1 of a BDD thus corresponds to a model of the encoded
formula. Given an ordering over variables, Ordered BDDs
(OBDDs) require the label of any node to be smaller than
the labels of its children. OBDDs can thus be viewed as
binary trees encoding the Shannon decomposition [16] of
the initial formula. To optimize memory usage, additional
reduction rules may be used. Reduced OBDDs (ROBDDs)
require the graph not to contain any isomorphic subgraphs
(node sharing rule, fig 1-a) or any useless node of the form
A(z,n,n), that do not care about its label value (node eli-
mination rule, fig 1-b). ZBDDs [13] replace node elimina-
tion by Z-elimination (fig. 1-c), for which useless nodes are
those of the form A(z,0,n) which default interpretation is
false. In the following, without further precisions, we sim-
ply use the term BDD in place of ROBDD.

The main advantage of using a BDD for encoding a

propositional formula is that it can describe very large sets
of models in a very compact way. However this requires
computing the Shannon normal form of the formula, which
may be very expensive if the formula is in conjunctive nor-
mal form (cnf). From the SAT point of view, since the BDD
encodes the set of all models, this is as difficult as counting
them, which is #P-complete.

2.2 Encoding sets of clauses with ZBDDs

To benefit from the high compression capabilities of
BDDs while avoiding the computation of Shannon normal
forms, we propose an alternative encoding and use a ZBDD
to encode the set of clauses of a cnf formula. We still use
two sink nodes 1 and 0 but internal nodes are labeled with
literals (instead of variables). Intuitively, each path, from
the source node to the 1 sink, represents a clause contain-
ing all the literals labeling the parent nodes of 1-arcs of this
path. One may notice that in [1, 16], ZBDDs are also used
as data structures for encoding sequences of literals corre-
sponding to sets of prime implicants. However all these ap-
proaches first compute the ROBDD of the initial formula,
and use a property of the Shannon decomposition (the de-
composition theorem) to derive the set of prime implicants.
Our approach is different since the ZBDD is directly con-
structed from the original cnf. In the following, we assume
that, given an initial ordering z; < ... < T, on the set of
variables, we use for such ZBDDs the extended literal or-
dering corresponding to ; < 7z; < ... < Tp < TTn-
Given a set of clauses S, we denote by fs the formula cor-
responding to the conjunction of all clauses of S. Encod-
ing a set of clauses via a ZBDD essentially helps to fac-
torize common beginnings and ends of clauses. For in-
stance, with the initial variable ordering z < y < z, the
set Sy = {zVyV-z,~rV-y,yV-z, z}is represented!
by the ZBDD of figure 2.a.

The semantics we use interprets such ZBDDs as sets of
clauses. This may be formalized by:

e [0] = @ (the empty set of clause)
e [1] = {O} (the set reduced to the empty clause)

o [A(l,n1,n2)] = {1V ]} U [n2], where {1V [n:1]}
denotes the set of clauses obtained by adding the literal
I to each of the clauses of [n;].

Definition 1 Let nc(A) (resp. nl(A)) be defined by:
o nc(0)=0, ne(1)=1, ne(A(l, 4, B))=nc(A)+nc(B)
o nl(0)=0, ni(1)=0, ni(A(l, 4, B))=nc(A)+nl(A)+nl(B)

With our semantics, it can be easily shown that nc(A)
(resp. nl(A)) compute respectively the number of clauses

!Sink nodes 1 and 0 have been duplicated for a better readability.
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Figure 2. ZBDD encoding of sets of clauses

and the number of literals of [A]. This properties can be
proven using the Z-elimination rule semantics.

Theorem 1 Let C be a set of clauses corresponding to a
formula fc, the number of internal nodes of the ZBDD A
encoding fc is always at most equal to the total number of
literals of C, nl(A).

Interpreting ZBDDs as sets of clauses has a significant
impact on the encoding, one of which is the easy detection
of some kinds of subsumed clauses. Let us consider the set
So={-zV-y,zVyVzzVz-zV-yVz} Thecor-
responding ZBDD is represented on figure 2-b. Note that
the clause ~z V -y V 2z, which is subsumed by the clause
-z V —y, cannot be explicitely represented. More generally,
any clause c; of length n + k, such that the n first literals
correspond to another clause ¢, cannot be explicitly repre-
sented. But, since ¢; is subsumed by cz, it can be simply
removed. Another simplification may also be performed on
the node labelled by y. The path going through its 1-arc
corresponds to the clause = V y V z while the path going
through its 0-arc corresponds to the clause z V 2z, which
clearly subsumes the previous one. The ZBDD obtained
after elimination of the y node (fig. 2-c) thus corresponds
to an equivalent set of clauses. More generally, any node
of the form A(z, A4, A) corresponds to the set of clauses
{z v [A]} U [A]. So, each clause of the first set is sub-
sumed by a clause of the second set. With our semantics, it
is thus possible to take advantage of both the Z-elimination
rule and the ROBDD node-elimination rule. Another easy

simplification is the elimination of tautologies. A ZBDD of
the form A(z, A(—z, A, B), C) corresponds to the union of
three sets of clauses : {zV {=zV[A]}}U{zV[B]}U[C].
However, clauses containing both = and —z are tautologies.
A simple way to eliminate them is to apply the tautology
elimination rule, which systematically replaces nodes of the
form A(z, A(-z, A, B),C) by A(z, B, C). In the follow-
ing, we assume that all considered ZBDDs are constructed
by systematically applying the appropriate reduction rules.

2.3 Operations on clause sets

Minato has shown in [13] that basic set operations (u-
nion, intersection,...) may be realized as operations on
ZBDDs. We here introduce new recursive operators that
take advantage of our special semantics, but that could not
be used with usual semantics of ZBDDs. In the following,
literals are denoted by {l,m,...}. Proofs of most proper-
ties are done by induction on the sum of the size (nl) of the
sets of clauses corresponding to operators’ arguments?. We
use the following lemma:

Lemmal Let A = A(l, A;, A;) and B = A(m, By, B;)
be two ZBDDs. Ifl < m, then no clause of [B] contains
the literal | and no clause of {IV [A1]} subsumes a clause
0f[A2]

We now introduce a first binary operator on ZBDD, that is
used in the definition of the next operators:

Definition 2 (Subsumed difference) The \\ operator is
defined by:

T3:04=0

Teer 131 =0 Top: fAZL1\ A =1
Tsa: A(l,A1,42) N 0 = A(l, Ay, A2)

Tsp: A(l,A1,A2) N\ 1=0

R; : (l > m) A(l,Al,Az) \ A(m,Bl,Bz)
A(l, Ar, A2) \ Bz

Ry : (1<m) A(l, A1, A;) \ A(m, By, Bs)
A(l, A1\ A(m, By, B;), A2\ A(m, By, Ba))

R3.‘ A(l,Al,Az) \ A(I,Bl,Bz) =
A(l) (Al \ Bl) \ BZ’ (A2 \ B2))

Theorem 2 Given two sets of clauses Sy and S, let us de-
note by Sy i Sy the set of clauses obtained by removing
from S all the clauses that are subsumed by some clause of
Ss. Let A and B be two ZBDDs encoding sets of clauses,
then [A \ B] = [4]\ [B].

2Full proofs are available from the authors.




