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Abstract

Constraint satisfaction problem (CSP) is a powerful formalism to represent and to
solve many real-life NP-complete problems such as, planning, resource alocation,
meeting scheduling, etc. The great success of this formalism is due essentialy to its
simplicity in expressing any real-world problem subject to constraints. A CSP is a triplet
(X, D, C) composed of afinite set of n variables X, each of which is taking values in an
associated finite domain D and a set of e constraints C between these variables.

Solving a CSP consists in finding one or all-complete assignments of values to
variables satisfying all the constraints. However, this task is hard and many efforts were
devoted towards enhancing it by reducing the complexity of the original problem.
Essentially, the complexity reduction in CSP formalism is achieved by integrating the
local consistency property (LC) and its corresponding filtering techniques. Those
techniques allow the simplification of the original problem by eliminating values or
combination of values that cannot belong to any solution. Many levels of LC have been
proposed in the literature; among them enforcing arc-consistency is the most preeminent
one because of its low time and space complexities. Most efforts dealing with enforcing
AC on any constraint network (CN) are centralized almost always limited to binary CN,
i.e.,, where each constraint involves at most two variables. Non-binary CNs, where
constraints involve more than two variables, are often strongly required to deal with hard
applications. Nevertheless, there is very few works involving non-binary constraints and
they pertain only to the centralized framework.

Recently, with the advent of distributed computing and networking technologies,
especially with the omnipresence of naturally distributed real-world problems, the
interest in enforcing LC property in naturally distributed manner and for both binary and
non-binary CN has largely increased, but such techniques have not been widely studied
yet. Moreover, solving real-life applications, mainly meeting scheduling problems,
requires also more studies to cope with the new environment requirements.

Our main target is i) to find solutions and build a novel generic system to enforce
some levels of LC with reasonable cost on any CN and ii) to take this system to the
real-life through one among the important combinatorial applications, meetings
scheduling problems.

Our sudy on CSP framework and its related research directions including, LC
enforcement techniques, and especially ways of solving real applications, mainly meeting
scheduling problems (MS) stir up our atention to do more investigations in this
framework. Five main contributions of thisthesis are the following.

e The integration of LC enforcement techniques in a constraint solver reduces the
exponential space, in the number of variables, of the search tree. This clear benefit
coupled with the very few existing research efforts dealing with naturally
distributed problems, motivated us to design a new hybrid agent-based method to
enforce arc consistency on any CN. This hybrid method involves two main
approaches DRAC and G-DRAC, for binary and non-binary constraints,



respectively. The termination of the two underlying techniques is guaranteed with
equal polynomial time complexity as the best existing distributed technique for
DRAC and the best centralized technique for G-DRAC" down to the number of
variable. Asfor the spatial complexity, both techniqgues DRAC and G-DRAC save
as much space as possible compared to existing ones. The empirical study of
DRAC and G-DRAC shows their efficiency for especially hard problems
(Chapter5.).

e Enforcing only arc consistency for some hard CN is fruitless. The main reason is
that the problem could be initially AC, thus the filtering process will not prune
any values, or prune only few inconsistent values. Achieving higher level of LC
could be worthwhile. The main deal here isto find a good compromise between
the level to enforce and its cost. Note that no distributed techniques for achieving
higher level than AC exist in the literature. We designed an agent-based technique,
that we called DRAC++ to enforce redricted path consistency, a stronger level
than AC with reasonable cost. Moreover, a new heuristic is described in this work
to decrease the practical complexity of DRAC++. The experimental results
exhibit the efficiency of this new approach towards over-constrained problems
(Chapter6.).

e Taking our research results to areal life combinatorial application was our main
motivation for the next contribution. Therefore, we choose to evaluate the
performance of DRAC on a rea decision-making problem: Meeting Scheduling
problem (MS). This problem is one the traditional real world problems that
continues to fascinate many researchers. This problem embodies a
decision-making process affecting several users, in which it is necessary to decide
when and where one or more meeting(s) should be scheduled according to several
restrictions related to users, meetings, environment, etc. Evidently, solving MS
problems, is always time consuming, iterative and also tedious.  Despite the
continuous efforts of many researchers, this problem needs more investigations to
raise many daily encountered difficulties due to the incremental environment
requirements. However, DRAC is a filtering technique; it cannot solve any
problem but only reduce it without loss of solutions. We came up in this thesis
with another novel, agent-based, complete, and deterministic approach (that we
called MSS for meeting scheduling solver) to reduce and solve any MS with
predictable structure. The proposed underlying protocol is based on a selfish
welfare to reach the best solution with polynomial cost. The experimental
comparisons performed using atypical MS solver show the high performance and
scalability of MSS, a least for the used data set (Chapter7.).

e The previous work requires a total knowledge about all the meetings in advance.
However, for some organizations knowing all meetings beforehand might be quiet
difficult rather impossible. This motivated us to tackle a new direction for MS
problems, problems with unpredictable structure. Therefore, another more
sophisticated solution to solve any dynamic MS problem is described in this thesis.

! Thereis not any technique to enforce arc consistency on non-binary CN in anaturally distributed manner.



The new approach, that we called MSRAC, is an incremental approach, able to
cope with any system alterations, and consequently process any meetings' conflict
using three different heuristics. An empirical study highlights the benefit of using
the metropolis criterion in case of conflict against other heuristics. Moreover, the
main goal in MSRAC is to maximize the global system welfare, defined by the
optimal solution, while scheduling dynamic meetings (Chapter8.).

e Finally, our last contribution in this thesis is a novel, constraint-based
asynchronous search approach (that we called DisAS for distributed asynchronous
search). This work is able to tackle directly any constraint network (with
non-binary constraints). The proposed approach is based in a part on a lazy
version of the G-DRAC approach, and without adding any new links and without
recording any nogoods as for the existing techniques in the literature. The idea
behind using a lazy version of G-DRAC is to save as many as possible fruitless
backtracking and consequently to enhance the efficiency of the solving process.
Furthermore, a new generic distributed method to compute a satic constraints
ordering were also proposed with DisAS in order to establish an optimal ordering
between agents, in which we save as many links as possible leading hopefully to
decrease the set of exchanged messages and make it of a great practical use. The
designed technique is generic and can be used to solve any naturally distributed
real application (Chapter9.).

Keywords. Congtraint satisfaction problem (CSP), Distributed CSP, Valued CSP, Loca
consistency, filtering techniques, Arc consistency, Multi-agent systems, Meeting
scheduling problems, Asynchronous backtracking techniques.
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2 Thereisnot any technique to enforce arc consistency on non-binary CN in anaturaly distributed manner.



O o N e I L TR Td D = & & 7= L 7= (Chapter 5).

W72 CN TIE BUE S O A OIS EEWRIGE 06 5. ZUEEL, £ OREN.
MHIRNZIZAC TH Y 272 LTH, BEMOH L LICEHDLLS, O X972l T
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DB THD. £ AC L0 @R CTORE 210 WO 5B BB T 2 SCk A E
LAWZ EBiERLTEBL. £2T, AC XY HiD L UL Th HHIFI/ S ARG % 1
7ga 2 b THLT Ao — 2 b _R—2DOHKIEDRACH B L=, £/7, 22
TIEB7e a—0 X5 v 7 & LT DRACH D EEH 23 B EHIIIC >V T Hak
N4 CEBRIC L IR ZMEIC T A T 0T S —F OB A T 2 LN T X
7z (Chapter 6.).

ARWFED FEREEDO O & DI, ZOWFFERROEMF OMEG ERIE~OBEH 2 H 0,
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MS BT AN IFGEE 2 O& D CTE =FERRE T, #EoRME 2 s 5
25O EEEMEA2 BB L=b0E LT, 1 EoSELZ V- - 82 TS 5
i, R, Sk, BREER BT 25506 » THE LT uER 7w,
MS RIREDfEHIE, FICERER 2000, B REEXENE TS, 2, <D
WIEH D 2 E TORACH DL L, RIS 2 REEE O SR SnD
H 22O 2 (i 7= Ot 2B 55, Lo L DRAC HIRILT 4
B TERCT T, MBEERE T 500 TR w. DEDREER S 2 L<
R OEHE S BT 57717 CTh 5. # 2 TARSCTIE, MS % T RE 2K & THl
WSR-S D=0 0F e — v b _—AD, SERNOPITERE R T 7 —F
(MSS) 2% % L=, ETEOFRAR LD 7 0 b oV IR A @Rl RS & £ I8
AGHEE TR BEMICE 5. MR 7 MSHiRih & Okl Ric L, Dl @A L
27—ty M LT, K7 7o —F 0@t A r—5 71 ChbH I L AR
L7z. (Chapter 7.).
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B Ch o RIREIER O e KAV A, SO EREHE O fe ChaEfRlc X D RET 5 2
ETHEB LTS, (Chapter 8.).

WIS, BTSRRI B D O FERBIRERSR T 7 —F (S HERIITERSE DisAS) %
A%, = OBFFEE lazy 72 G-DRAC 7 7't —F OB HEGICHELL T8 1, #7772
V27 OBMETTDZ2W B, #i7=72 nogoods & atdsk L 72 &V 9 8T, nogoods 7
RO A A A T2 e T R & 1372 D G-DRAC O lazy & W=Dk, g7 3
27 8T v OR A TEDETRET S 2 LT, R RS 7 v e A ORI E



ERX LD THD. B, EHNHBZ AN AT 3 2 W28 LW i ik a2
DisAS & & HICRRT 5. NIk Y, =—2 2 MR AR NER 2 (T,
L0 B AR Y B4 5 2 & Ty U A B T X, ERHICm 9 5
HOL Lz, 22 CEEFLEEIBICITIEER S Y, SHoNET 7Y r—1a COfif
ez b Ui A% % £ ->(Chapter 9.).
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