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Sumario

A motivagdo basica deste trabalho foi a integracdo de modelos biofisicos na tecnologia de restrigdes
com intervalos para o apoio a decisdo. Comparando as caracteristicas mais importantes dos modelos
biofisicos com o poder de representagdo das restricGes com intervalos, foi facil de identificar que a
maior insuficiéncia estava relacionada com a representacdo de equagoes diferenciais. A dinamica dos
sistemas ¢ frequentemente modelada por equagdes diferenciais, mas nao era possivel representar uma
equagao diferencial como uma restri¢ao que possa ser incluida num modelo de restrigdes.

Consequentemente, o objectivo principal deste trabalho ¢ a integracdo de equagdes diferenciais
ordinarias na tecnologia de restri¢gdes com intervalos. Neste trabalho ¢ alargado o ambito das restricdes
com intervalos com um novo formalismo para o tratamento de equagdes diferenciais como Problemas
de Satisfacdo de Restricdes Diferenciais. Este paradigma permite a especificacdo de equagdes
diferenciais ordinarias juntamente com informacao relacionada através de restrigdes, e proporciona
técnicas de propagacdo eficientes para a redugdo do dominio das suas variaveis. Assim, toda esta
informacao ¢ integrada numa unica restri¢ao cujas variaveis podem ser usadas noutras restrigdes do
modelo. O método usado para reduzir os dominios destas variaveis pode ser entdo combinado com os
métodos de redugdo associados as outras restricdes num algoritmo de propagacédo geral para diminuir a
incerteza de todas as variaveis do modelo.

A utilizacdo de um algoritmo de propagacdo de restrigdes para a redugdo dos dominios das
variaveis, isto €, a imposicdo de consisténcia local, revelou-se insuficiente para o apoio a decisdo em
problemas praticos que envolvam equagdes diferenciais. A reducdo dos dominios ndo ¢, em geral,
suficiente para permitir decisdes seguras e a principal razdo deriva da ndo linearidade das equagdes
diferenciais. Consequentemente, um objectivo complementar deste trabalho é a proposta de um novo
critério de consisténcia particularmente apropriado ao apoio a decisdo com modelos diferenciais, isto
¢, que apresente um equilibrio adequado entre a redugdo dos dominios obtida e o respectivo esforgo
computacional. Varios algoritmos alternativos foram propostos para impor este critério, tendo sido
feito um esfor¢o no sentido de conceber implementagdes capazes de fornecer resultados a qualquer
momento da execucao.

Uma vez que o critério de consisténcia depende da existéncia de solugdes canodnicas, ¢ proposto um
mecanismo de pesquisa local que pode ser integrado com a propagagao de restrigoes e, em particular,
com os algoritmos de imposi¢do do critério para antecipar a descoberta de solu¢des canodnicas.

O ultimo objectivo deste trabalho ¢ a verificagdo da validade da abordagem como uma importante
contribuicdo para a integracdo dos modelos biofisicos no apoio a decisdo. Consequentemente, ¢é
desenvolvida uma aplicagdo protdtipo que integra todas as extensdes propostas as restrigdes com

intervalos e que ¢ usada para a resolucéo de problemas em diferentes dominios biofisicos.
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Abstract

The basic motivation of this work was the integration of biophysical models within the interval
constraints framework for decision support. Comparing the major features of biophysical models with
the expressive power of the existing interval constraints framework, it was clear that the most
important inadequacy was related with the representation of differential equations. System dynamics is
often modelled through differential equations but there was no way of expressing a differential
equation as a constraint and integrate it within the constraints framework.

Consequently, the goal of this work is focussed on the integration of ordinary differential equations
within the interval constraints framework, which for this purpose is extended with the new formalism
of Constraint Satisfaction Differential Problems. Such framework allows the specification of ordinary
differential equations, together with related information, by means of constraints, and provides
efficient propagation techniques for pruning the domains of their variables. This enabled the
integration of all such information in a single constraint whose variables may subsequently be used in
other constraints of the model. The specific method used for pruning its variable domains can then be
combined with the pruning methods associated with the other constraints in an overall propagation
algorithm for reducing the bounds of all model variables.

The application of the constraint propagation algorithm for pruning the variable domains, that is, the
enforcement of local-consistency, turned out to be insufficient to support decision in practical
problems that include differential equations. The domain pruning achieved is not, in general, sufficient
to allow safe decisions and the main reason derives from the non-linearity of the differential equations.
Consequently, a complementary goal of this work proposes a new strong consistency criterion, Global
Hull-consistency, particularly suited to decision support with differential models, by presenting an
adequate trade-of between domain pruning and computational effort. Several alternative algorithms
are proposed for enforcing Global Hull-consistency and, due to their complexity, an effort was made
to provide implementations able to supply any-time pruning results.

Since the consistency criterion is dependent on the existence of canonical solutions, it is proposed a
local search approach that can be integrated with constraint propagation in continuous domains and, in
particular, with the enforcing algorithms for anticipating the finding of canonical solutions.

The last goal of this work is the validation of the approach as an important contribution for the
integration of biophysical models within decision support. Consequently, a prototype application that
integrated all the proposed extensions to the interval constraints framework is developed and used for

solving problems in different biophysical domains.
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Symbols and Notation

LogGIc
= The negation operator
A The conjunction operator
v The disjunction operator
= The implication operator
v The universal quantifier
3 The existential quantifier
SET THEORY
€ An element of
2 Not an element of
c A subset of
c A proper subset of
N The intersection operator
U The union operator
W The union hull operator
%) The empty set

REAL VALUES, INTERVALS AND BOXES

r,r,k A real value

a,b,c,d A real value representing the bound or the center (c) of an interval
L] The largest F-number not greater than r

[7] The smallest /-number not lower than r

-00, 400 The minus and the plus infinity F-numbers

LI.K An interval, either a real interval or an F-interval

IR, IR; A real interval

IF, IF; An F-interval

<a..b> An interval bounded by @ and b (closed, half closed or open)
[a..b] A closed interval bounded by a and b

(a..b], (-..5] A left open interval

[a..b), [a..+) A right open interval



(a..b), (~o0..+o0)

[a..a], [a], {a}
B, B;

<Ip,...I>
<IR,,...,IR>
<IF,,..,IF,>

An open interval

A degenerate interval with the singe real value a
A box, either an R-box or an F-box

A box with 7 intervals

A real box with n real intervals

An F-box with n F-intervals

INTERVAL BASIC FUNCTIONS AND APPROXIMATIONS

left([a..b])
right([a..b])

center([a..b])
width([a..b])
cleft([a..b])
cright([a..b])
Lyp:(IR)
Supx(SR)
Lru(SR)

The function that returns the left bound of [a..b]

The function that returns the right bound of [a..5]

The function that returns the mid value of [a..b]

The function that returns the width of [a..b]

The function that returns the leftmost canonical bound of [a..b]
The function that returns the right canonical bound of [a..b]
The RF-interval approximation of the real interval /R

The RF-set approximation of the real set SR

The RF-hull approximation of the real set SR

VARIABLES, EXPRESSIONS AND FUNCTIONS

Xil

Xi
i

J’_

Dy
E,E,E,
e, e, €.
5g
/g
f*(D)

ﬁ’ﬁi
FF,G

A real valued variable

An interval valued variable

The real or interval arithmetic operator of addition

The real or interval arithmetic operator of subtraction

The real or interval arithmetic operator of multiplication
The real or interval arithmetic operator of division

A basic real or interval arithmetic operator

The interval operator @ evaluated with the outward evaluation rules
A real or interval expression

A real expression

A real function

A real function which is the derivative of for g, respectively
The range of the real function f over the domain D

The domain of the real function f

A real expression representing the real function f

An interval function



An interval expression representing the interval function F
and the interval function resulting from its interval evaluation

The Natural interval extension of a real function wrt a real expression
The Centered interval extension of a real function wrt an interval

The Mean Value interval extension of a real function wrt an interval
The Taylor (m) interval extension of a real function wrt an interval
The Distributed interval extension of a real function

The interval Newton function with respect to a real function

The Newton Step function with respect to a real function

The Newton Narrowing function with respect to a real function

CONSTRAINT SATISFACTION PROBLEMS

(X,D,C)A CSP with the variables X ranging over D and constrained to C

oD
A, A’ A;
<X7yeeesXp™
D;
D;x...xD,
d;
<dj,....d,>
d, d, d,

&

c=(s.p)

c=e.<0

c=e ey, c=e;<0ey

CONSTRAINT PROPAGATION
NF, NF’, NF;
Domainyz
Codomainyy
Relevantyg
Fixed-PointsyA)
UFixed-Pointsy+A4)

The power set of D, with respect to a CCSP defined as (X,D,(C)
An element of 2° (wrt a CCSP defined as (X,D,C))

A tuple of n variables of a CSP

The domains of variable x; of a CSP

The Cartesian Product of the domains of # variables of a CSP
A value form the domain of variable x; of a CSP

A tuple of n values from the domains of n variables of a CSP

A tuple of values from the domains of some variables of a CSP
A symbol from {<,=2>}
A constraint establishing a relation p between the variables within s

A constraint represented as a relation between a real expression and 0

A constraint represented as a relation between two real expressions

The projection from the values in d to the values of variables within s

The projection from the intervals in B to the intervals of variables of s

A narrowing function associated with a constraint of a CCSP
The domain of the narrowing function NV

The codomain of the narrowing function NF

The set of variables used for defining the narrowing function NF
The set of all fixed-points of the narrowing function NF within 4

The union of all fixed-points of the narrowing function NF within A

Xiil
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prune(Q,4)

narrowBounds([)

intervalProjCond(I)

searchLeft(I)

searchLeft(I)

A set of narrowing functions associated with constraints of a CCSP
The inverse interval expression of a constraint wrt the expression e;
The inverse interval expression of a constraint wrt the variable e;

A projection function wrt a constraint ¢=(s,p) and a variable x;€s
A box-narrowing function wrt a constraint c=(s,p) and a variable x;es

The interval projection of constraint ¢c=(s,p) wrt x;€s and the F-box B

The function that propagates a set O of narrowing functions over an
element A of 2 and returns a smaller element 4’'cA

The function that narrows an F-interval / accordingly to the narrowing
strategy of the constraint Newton method

The function that verifies if the interval projection condition is
satisfied at the canonical F-interval /

The function that returns the leftmost zero of an interval projection
within the F-interval /

The function that returns the rightmost zero of an interval projection

within the F-interval /
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INTRODUCTION

Chapter 1

Introduction

The original motivation for this work derives from our past experience in the design of decision
support systems for medical diagnosis. Knowledge representation has always been a major concern in
the design of decision support systems, namely those applied to the medical domain. The early
medical knowledge based systems were designed to accomplish some specific medical task (typically
diagnosis) and the medical knowledge was mostly embedded in the procedures designed to
accomplish that task. This led to problems of consistency (the medical knowledge reflected the views
of the medical experts that advised the design of such systems, which by no means was consensual
within the health care community) and also of reuse (the same knowledge could not be used in two
different tasks — e.g. diagnosis and treatment).

This problem was soon recognised and several approaches were proposed to overcome it, namely to
represent medical knowledge declaratively. As such the systems could represent medical knowledge
proper (i.e. anatomical, physiological or pathological knowledge) separately from task related
knowledge (i.e. what are the necessary steps to be executed when performing diagnosis, treatment or
monitoring tasks). Moreover, task knowledge could be formalised and (re)used in several specific
medical domains (cardiology, neurology, etc.).

Such a view was particularly useful for systems based on logic, in that useful relations between
medical concepts are stored as facts (e.g. causal relations, associations, risk factors) that could be
handled by the reasoning process. Nevertheless, the medical concepts and relations represented were
usually relatively high level abstractions of the underlying processes and this led to the problem of
handling uncertainty - the more abstract are the concepts and relations the more uncertain are the
statements that can be made about them.

This problem can be alleviated if the knowledge handled by the systems would represent less
abstract concepts whose underlying uncertainty is more controlled. This is the approach taken by
systems based on “deep medical knowledge”. In contrast with systems that represent causal but
“shallow” relations, say, between a disease and a symptom, these systems would represent a more
detailed set of pathophysiological states and processes that could explain the shallow relation between

the disease and the symptom.
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This was the kind of approach used for the development of our own decision support system for the
diagnosis of neuromuscular diseases [Cru95, CBF96, CB97]. Such an approach was based on a
causal-functional model for the representation of anatomical and physiological domain knowledge
which supported a diagnostic reasoning strategy that mimics the medical reasoning usually performed
over those dimensions of medical knowledge.

However, the approach still presented certain difficulties, both with the representation of the domain
knowledge and with the soundness of the diagnostic reasoning. To avoid complexity, the quantitative
knowledge about the elementary physiological processes was abstracted into simpler qualitative
relations where the continuous domains were partitioned into symbolic values. Such simplifications
prevented, for example, an adequate modelling of the evolution of processes over time. On the other
hand, the reasoning strategy was only justified by clinical practice and not by the underlying
knowledge model, thus lacking automatic mechanisms for guaranteeing its soundness.

The difficulties found in our practical approach seem to generalise for decision support systems in
other biomedical domains where there is a clear gap between theoretical and practical approaches.
Despite the existence of “deep” biophysical models generally accepted by the biomedical community
(e.g. cardiovascular models, respiratory models, compartment models, etc), they are not explicitly
incorporated into decision support systems due to their complexity. They are often highly non-linear
models based on differential equations and these are difficult to reason about with simple “logical”
procedures. In most existing decision support systems, specialised on practical tasks such as diagnosis
or prognosis, this “deep” theoretical knowledge is still implicitly hidden in the heuristics and rules
used to perform those tasks.

In this context, constraint technology seems to have the potential to bridge the gap between theory
and practice. The declarative nature of constraints makes them an adequate tool for the explicit
representation of any kind of domain knowledge, including “deep” biophysical modelling. The
constraint propagation techniques provide sound methods, with respect to the underlying model, that
can be used to support practical tasks (e.g. diagnosis/prognosis may be supported through propagation
on data about the patient symptoms/diseases). In particular, the interval constraints framework seems
to be the most adequate for representing the non-linear relations on continuous variables, often present
in biophysical models. Additionally, the uncertainty of biophysical phenomena may be explicitly
represented as intervals of possible values and handled through constraint propagation.

The basic motivation of this work was then the integration of biophysical (or more general physical)
models within the interval constraints framework for decision support. On the one hand, it would be
necessary that biophysical models and phenomena could be represented as interval constraints. On the
other, to be of any practical use, the underlying constraint propagation techniques should be efficient
enough to support the decision making process.

Comparing the major features of biophysical models with the expressive power of the existing
interval constraints framework, it was clear that the most important inadequacy was related to the

representation of differential equations. System dynamics is often modelled through differential
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equations but there was no way of expressing a differential equation as a constraint and integrate it
within the constraints framework.

Consequently, the goal of this work is focussed on the integration of ordinary differential equations
within the interval constraints framework. In particular, in the context of managing uncertainty in
biophysical models for decision support, there is a special interest in representing uncertainty in the
model parameters by ranging them over intervals of possible values.

In this work we extend the interval constraints framework with a new approach for handling
differential equations by means of Constraint Satisfaction Differential Problems (CSDPs). Such
framework allows the specification of ordinary differential equations, together with related additional
information, by means of constraints, and provides efficient propagation techniques for pruning the
domains of their variables. Such techniques are based on existing reliable enclosure methods
developed for solving ordinary differential equations with initial value conditions.

The introduction of this new approach enabled the integration of all such information into a specific
constraint (of a different kind), relating several variables (e.g. representing trajectory point values,
parameter values, trajectory maximum value, etc). Such variables may subsequently be used in other
constraints of the model. The specific method used for pruning its variable domains can be combined
with the pruning methods associated with the other constraints within an overall propagation algorithm
for reducing the bounds of all model variables.

The application of a constraint propagation algorithm for pruning the variable domains of a
constraint system can be regarded as enforcing some form of local-consistency, since it depends on the
pruning methods associated with each individual constraint. The quality of such local-consistency, that
is, the pruning that may be achieved, is highly dependent on the ability of these pruning methods
(narrowing functions) for discarding value combinations that are inconsistent with the respective
constraint.

Enforcing local-consistency turned out to be insufficient to support decision in practical problems
that include differential equations. If uncertainty is included in the differential model, the domain
pruning achieved by such techniques would not, in general, be sufficient to allow safe decisions since
a wide range of possibilities would still be possible after propagation.

The main reason for this poor performance derives from the non-linearity of the differential
equations. In case of parametric differential equations, parameter uncertainty is quickly propagated
and increased along the whole trajectory. Such behaviour is not a consequence of the enclosure
method adopted but rather an effect of the non-linearity of the differential equation which in the
extreme case of chaotic differential equations prevent any reasonable, long-term, trajectory calculation
(even without any significant initial uncertainty).

Insufficiency of local-consistency was already recognised in many practical problems not involving
differential equations. In continuous domains, stronger consistencies were proposed for dealing with

such problems. These are higher order generalisations of local-consistency criteria (Hull or
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Box-consistency for continuous domains) enforced by algorithms that interleave constraint
propagation with techniques for the partition of the variable domains.

However, for many practical differential problems, such stronger consistency criteria are still not
adequate for decision support. Either the pruning is unsatisfactory or the respective enforcing
algorithms are too costly (computationally). Consequently, a complementary goal of this work
proposes a new strong consistency criterion particularly suited to decision support with differential
models, by presenting an adequate trade-of between domain pruning and computational effort.

This new strong consistency criterion, Global Hull-consistency, is a generalisation of
Hull-consistency to the whole set of constraints, which is regarded as a single global constraint. The
criterion relies on the basic concept of a canonical solution, aiming at finding the smallest domains
enclosure that includes all canonical solutions. Several alternative algorithms are proposed for
enforcing Global Hull-consistency and an effort was made to provide implementations able to supply
any-time pruning results. This is particularly useful in the context of decision support where the
domain pruning is not the ultimate goal in itself (the computation may be interrupted whenever
pruning is sufficient to make safe decisions).

All the proposed enforcing algorithms combine constraint propagation with domains partition, and
terminate whenever they find canonical solutions bounding each edge of the current domains box. To
anticipate the finding of canonical solutions, and eventually the termination of the algorithm, it seemed
natural to extend such algorithms with local search capabilities.

In this work we thus propose a local search approach that can be easily integrated with constraint
propagation and domains partition. It is based on a technique commonly adopted in multidimensional
root finding over the reals, namely, line search minimisation along a vector obtained by the
Newton-Raphson method. In the context of a constraint system, the points of the search space are
complete real valued instantiations of all its variables and the search is directed towards the
simultaneous satisfaction of all its constraints.

All the extensions to the interval constraints framework were proposed in the context of integrating
biophysical models within decision support. It would be important to validate our approach in the
sense that it provides an important contribution along such a direction. Consequently, the final goal of
this work is the application of our proposals to practical problems of decision support based on
biophysical models.

In this work we have developed a prototype application that integrates all the proposed extensions
to the interval constraints framework, and uses it for solving problems in different biophysical
domains. In particular, the problems addressed (the diagnosis of diabetes, the tuning of drug design

and the study of epidemics) are representative of the kind of applications our approach is suited for.
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1.1 Contributions

This work extends the interval constraints framework to handle differential equations. It provides a
new approach to model differential equations (subsection 1.1.1), a new consistency criterion for
pruning the variable domains (subsection 1.1.2), and a new approach for integrating local search
(subsection 1.1.3). A prototype was implemented and applied to practical biophysical problems with

good results (subsection 1.1.4).

1.1.1  Interval Constraints for Differential Equations
The interval constraints framework is extended with a new formalism to handle ordinary differential
equations (ODEs): the Constraint Satisfaction Differential Problem (CSDP). In this formalism, ODEs
are included as constraints, together with other restrictions further required on its solution functions.
Such restrictions may incorporate in the constraint model all the information traditionally associated
with differential problems, namely, initial and boundary conditions. Moreover, the expressive power
of this framework is extended to represent several other conditions of interest that cannot be handled
by classical approaches. These include maximum, minimum, time, area, first, and last restrictions.

The CSDP framework includes a solving procedure for pruning the domains of its variables. A
constraint may be defined as a CSDP and integrated with other constraints, using its solving procedure
as a safe narrowing function. This allows, for the first time, the full integration of ODEs and related

information within a constraint model.

1.1.2  Global Hull-consistency — A Strong Consistency Criterion
A new strong consistency criterion, dubbed Global Hull-consistency, is introduced for pruning the
domains of the constraint variables.

Several different approaches are proposed for enforcing Global Hull-consistency:

e A higher order consistency approach with algorithm (n+1)B-consistency;

e Backtrack search approaches that include algorithms BS), BS;, BS,, and BSj;

e Ordered search approaches that include algorithms OS; and OS3;

e A tree structured approach, based on the 7S4 algorithm.

The TSA algorithm, the most competitive of the above algorithms, maintains a binary tree
representation of the search space and allows for dynamic focussing on specific relevant regions,

losing no information previously obtained in the pruning process.

1.1.3  Local Search for Interval Constraint Reasoning

A local search approach is proposed for integration with constraint reasoning in continuous domains.
Despite their success in solving optimisation problems, local search techniques have not been applied
for constraint reasoning with continuous domains. The link with the constraint model is achieved
through the specification of a multidimensional function, defined for each point of the search space,

quantifying at each component the “distance” from satisfying a required constraint.
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The originality of the approach is to confine the local search procedure to specific boxes of the
search space, relying on the generic branch and bound strategy of the constraint reasoning algorithm to

overcome problems traditionally found in the local optimisers (local optimum traps).

1.1.4  Prototype Implementation: Applications to Biophysical Modelling
A prototype application has been implemented integrating all the proposed extensions to the interval
constraints framework. It is written in C++ and based on the interval constraint language
OpAC [Gou00] (for enforcing box-consistency) and the software packages FADBAD [BS96] and
TADIFF [BS97] (for the automatic generation of Taylor coefficients).
Three applications to biophysical modelling illustrate the potential of the proposed framework:
e The diagnosis of diabetes based on a parametric differential model of the glucose/insulin
regulatory system,;
e The tuning of drug design supported on a two-compartment differential model of the oral
ingestion/gastro-intestinal absorption process;
e An epidemic study based on a parametric differential model for the spread of an infectious

disease within a population.

1.2  Guide to the Dissertation

The dissertation is organised into two parts. The first one addresses the interval constraints framework,
its basic concepts and techniques, together with our proposals, which can be incorporated in the
framework independently from the context of differential equations. The second part is concerned with

the representation of differential equations and their integration in the interval constraints framework.

Part I: INTERVAL CONSTRAINTS

Chapters 2 to 5 overview the interval constraints framework. In Chapter 2 we describe the Constraint
Satisfaction Problem paradigm in general and characterise the particular features associated with
continuous domains. Chapter 3 addresses interval analysis, focussing on the methods and properties
that are useful for the interval constraints framework. Chapter 4 explains the constraint propagation
techniques and how they take advantage from interval methods. Chapter 5 overviews the consistency
criteria usually enforced in continuous domains. Chapter 6 discusses maintaining Global
Hull-consistency as an alternative consistency criteria. Chapter 7 describes the integration of a local
search procedure within the interval constraint propagation. Chapter 8 presents the experimental

results.

Chapter 2: Constraint Satisfaction Problems
The generic paradigm of a Constraint Satisfaction Problem (CSP) is introduced, its main concepts are
defined, and a solving procedure is presented in terms of a search process over a domains lattice. The

special case of CSPs with continuous domains is addressed, leading to the basic notions of interval
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domains and Continuous Constraint Satisfaction Problems (CCSPs). Intervals are identified as
elementary objects for representing continuous domains, their basic operations are defined, and
different notions of interval approximations are presented. The interval concept is extended to the
multidimensional case, leading to the definition of boxes. The generic solving procedure for CSPs is

refined to CCSPs by considering the specificity of the continuous domains.

Chapter 3: Interval Analysis

Interval arithmetic is presented as an extension of real arithmetic for real intervals. Its basic operators
are defined together with their evaluation rules and algebraic properties. Interval functions are
introduced as the interval counterparts of real functions which can be represented by means of interval
expressions. The soundness of the evaluation of interval expressions is stressed. The key concept of an
interval extension of a real function, widely used in the interval constraints framework, is defined and
related to the sound evaluation of its range. Several important forms of interval extensions are
addressed, and the general properties of their intersection and decomposition are discussed. The
overestimation problem, known as the dependency problem, regarding the evaluation of an interval
expression is identified, and its absence is noted when the expression does not contain multiple
occurrences of the same variable. The main interval methods used in interval constraints are presented.

The interval Newton method is described and its fundamental properties analysed.

Chapter 4: Constraint Propagation

Constraint propagation for pruning the variable domains is described together with enforcing
algorithms based on narrowing functions associated with the constraint set. The attributes of such
narrowing functions are identified and the main properties of the resulting constraint propagation
algorithms are derived accordingly. The main methods used in the interval constraint framework for
associating narrowing functions with constraints are presented. Their common strategy of considering
each projection with respect to each constraint variable is stressed, and their extensive use of interval
analysis techniques for guaranteeing the correctness of the resulting narrowing functions is
emphasised. In particular, the constraint decomposition method and the Newton constraint method are

fully described.

Chapter 5: Partial Consistencies

Local consistency is defined as a property that depends exclusively on the narrowing functions
associated with the constraint set. The main local consistency criteria used in continuous domains,
Interval-, Hull- and Box-consistency, are defined and identified as approximations of Arc-consistency
used in finite domains. The methods for enforcing such criteria are discussed: being Hull- and
Box-consistency associated with the constraint decomposition method, and the Newton constraint
method, respectively. The insufficiency of enforcing local consistency on some problems is illustrated.
Higher order consistency criteria are then defined as generalisations of the local consistency criteria,

and a generic enforcing algorithm is presented.



INTRODUCTION

Chapter 6: Global Hull-Consistency

Global Hull-consistency is proposed as an alternative consistency criterion in continuous domains.
Several approaches are devised for enforcing Global Hull-consistency. A suggested approach
((n+1)B-consistency) is based on existing higher order consistency criteria and the corresponding
generic enforcing algorithm. Four different alternative approaches (BS,, BS;, BS,, and BS;) are
proposed based on backtrack search over the space of possibilities. Two additional approaches (OS;
and OS3) are derived from the modification of the backtrack search into an ordered search of the space
of possibilities. A final approach (7SA4) is proposed based on a binary tree representation of the search
space. For each of the above approaches the respective enforcing algorithm is explained and its

termination and correctness properties justified.

Chapter 7: Local Search

A local search procedure is proposed for integration with the interval constraints framework. It is
based on a line search minimisation along a direction determined by the Newton-Raphson method. All
the underlying algorithms used by the approach are fully explained, and the termination and
convergence global properties are derived. Alternative local search approaches are suggested and
discussed. The integration of the proposed local search procedure with Global Hull-consistency

enforcement is presented for each of algorithms discussed in the previous chapter.

Chapter 8: Experimental Results

Preliminary results on the application of the Global Hull-consistency criterion are presented. The need
for strong consistency requirements such as Global Hull-consistency is illustrated with simple
examples where weaker alternatives are clearly insufficient. A more realistic problem based on data
from the USA census is fully discussed. It aims at finding parameter ranges of a logistic model such
that the difference between the predicted and the observed values does not exceed some predefined
threshold. The pruning and time results obtained with the Global Hull-consistency approach (with 754
algorithm) are compared with those obtained by enforcing 2B-, 3B-, and 4B-consistency. Similar
comparisons are presented on the different problem of finding the structure of a (very simple) protein
from distance constraints among its atoms. The integration of local search within the best Global Hull

enforcing algorithms is discussed on another instance of the protein structure problem.

Part II: INTERVAL CONSTRAINTS FOR DIFFERENTIAL EQUATIONS

Chapter 9 introduces Ordinary Differential Equations (ODEs) and reviews the existing approaches for
solving problems with ODEs. In chapter 10 we present our proposal of Constraint Satisfaction
Differential Problems (CSDPs) for integrating differential equations within the interval constraints
framework. Chapter 11 describes the procedure that is proposed for solving CSDPs. Chapter 12 tests
our proposal on several biomedical problems for decision support with ODEs. In chapter 13

conclusions are discussed and future work is suggested.
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Chapter 9: Ordinary Differential Equations

Ordinary differential equations and initial value problems (IVPs) are presented. Solutions of ODEs
and IVPs are defined. Classical numerical approaches for solving IVPs are reviewed. Taylor series
methods are addressed in more detail. Different sources of errors and its consequences in numerically
solving an IVP are discussed. Interval approaches for solving IVPs are reviewed. Interval Taylor
Series (ITS) methods are fully described. The existing approaches that apply interval constraints for
ODE solving are reviewed. The early constraint approaches that maintain an extensive constraint
network along the ODE trajectory are described. The recent proposals for solving IVPs with constraint

propagation techniques are surveyed.

Chapter 10: Constraint Satisfaction Differential Problems

The Constraint Satisfaction Differential Problem (CSDP) is presented as a special kind of CSP for
handling differential equations with related additional information expressed as a set of restrictions. Its
definition is given and its expressive power illustrated with the definition and explanation of each
possible restriction type. The Continuous CSP framework is extended for the inclusion of a new kind
of constraint defined as a CSDP. The concept of canonical solution is redefined for such extended
context and its consequences on Global Hull-consistency are discussed. The integration of CSDP
constraints with local search is explained. The modelling capabilities of the extended framework are
illustrated for representing parametric ODEs, interval valued properties and properties depending on

the combination of different components of an ODE system.

Chapter 11: Solving a CSDP

The procedure proposed for solving a CSDP is described as a constraint propagation algorithm, based
on a set of narrowing functions associated with its constraints, that maintains a safe enclosure for the
whole set of possible ODE solutions. The representation of such an enclosure is explained and the
narrowing functions for enforcing each type of CSDP restriction are fully characterised. Additional
narrowing functions, based on reliable Interval Taylor Series methods, are defined for further reducing
the uncertainty of the ODE trajectory. The combination of all such different narrowing functions into
the constraint propagation algorithm is explained and the termination and correctness properties of the

solving procedure are derived.

Chapter 12: Biomedical Decision Support with ODEs

The extended interval constraints framework is applied to biomedical decision support problems based
on differential models. In a first problem, a parametric differential model of the glucose/insulin
regulatory system is used for supporting the diagnosis of diabetes during a glucose tolerance test
(GTT). This example illustrates the use of value restrictions for modelling initial and boundary
conditions (provided by the blood exams) and their integration for reducing the parameter ranges
allowing for decisions based on some non-linear combination of these parameters. In a second

problem, the tuning of a drug design is supported based on a two-compartment differential model of
9



INTRODUCTION

its oral ingestion/gastro-intestinal absorption process. This example illustrates the usefulness of the
integration in the constraint model of other important restrictions such as maximum, minimum, area,
and time restrictions. The last problem is based on a parametric differential model for the spread of an
infectious disease within a population. An epidemic study is accomplished for predicting the effects of
an infectious disease and determining the vaccination rate necessary to guarantee some desirable
conditions. This example illustrates the expressive power of non-conventional restrictions, such as first
and last restrictions, and its inclusion into a more complex differential model for which there are no

analytical solution forms.

Chapter 13: Conclusions and Future Work
The contributions of this work are analysed, some open problems are identified, and directions for

future work are set.
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Chapter 2

Constraint Satisfaction Problems

A constraint is a way of specifying a relation that must hold between certain variables. By restricting
the possible values that variables can take, it represents some partial information about these variables,
and can be regarded as a restriction on the space of possibilities.

Mathematical constraints are precise specifiable relations among variables, each ranging over a
given domain, and are a natural way for expressing regularities upon the underlying real-world
systems and their mathematical abstraction.

Many problems of the real world can thus be modeled as constraint satisfaction problems (CSPs), in
particular, problems involving inaccurate data or partially defined parameters. The CSP is a classic
Artificial Intelligence paradigm whose theoretical framework was introduced in the seventies [Wal72,
Mon74, Mac77].

A CSP is defined by a set of variables each with an associated domain of possible values and a set
of constraints on subsets of the variables. A constraint specifies which values from the domains of its
variables are compatible. These can be done explicitly, by presenting the consistent or inconsistent
value combinations, or implicitly, by means of mathematical expressions or computable procedures
determining these combinations. A solution to the CSP is an assignment of values to all its variables,
which satisfies all the constraints.

More formally we will use the following general definitions (similar to definitions used by other

authors [Apt99, Jea98]).

Definition 2-1 (Constraint). A constraint ¢ is a pair (s,0), where s is a tuple' of m variables
<x, X3, ..., X, the constraint scope, and p is a relation of arity m, the constraint relation. The relation
p is a subset of the set of all m-tuples of elements from the Cartesian product D;xD,x...xD,, where D;
1s the domain of the variable x;:

pg{<d1,d2,...,dm>|d1ED],dzEDz,...,deDm} |

! Tuples with m elements ¢,, 1, ..., t,, will be written in the form <, #,, ..., t,>.
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The tuples in the constraint relation (p) indicate the allowed combinations of simultaneous values for

the variables in the scope. The length of these tuples () is called the arity of the constraint.

Definition 2-2 (Constraint Satisfaction Problem). A CSP is a triple P=(X,D,C) where X is a tuple of
n variables <x;, x,, ..., x,>, D is the Cartesian product of the respective domains D;xD,x...xD,, i.e.
each variable x; ranges over the domain D;, and C is a finite set of constraints where the elements of

the scope of each constraint are all elements of X. a

In order to give a formal definition for the satisfaction of a particular constraint, it is necessary to
identify from a tuple of elements (associated with all the CSP variables) those that are associated with
the variables of the scope of the constraint. This is achieved by tuple projection with respect to the

variables of the scope.

Definition 2-3 (Tuple Projection). Let X=<x,,x,,...,x,> be a tuple of n variables, and d=<d,,d>,...,d,>
a tuple? where each element d; is associated with the variable x;. Let s=<x; e X = be a tuple of m

variables where 1< i; < n. The tuple projection of d wrt s, denoted d[s], is the tuple:

Ci[S] ::<:CL' CL‘ .,Gbm:> a

iy

A tuple satisfies a constraint if and only if its projection wrt the scope of the constraint is a member of

the constraint relation.

Definition 2-4 (Constraint Satisfaction). Let P=(X,D,C) be a CSP. Let (s,p) be a constraint from C
and d an element of D:

d satisfies (s,p) iff? d[s] € p a

A tuple is a solution of the CSP if and only if it satisfies all the constraints.

Definition 2-5 (Solution). A solution to the CSP P=(X,D,C) is a tuple deD that satisfies each
constraint ce C, that is:

d is a solution of P iff V.. d satisfies ¢ a

Two important notions in constraint satisfaction problems are those of consistency and equivalence.

2 For simplicity, the same notation is used either if the element of &; represents a particular value or a set of values from the
domain of variable x;.
3 iff stands for: if and only if
14
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Definition 2-6 (Consistency). A CSP P=(X,D,C) is consistent iff it has at least one solution (otherwise
it is inconsistent):

P is consistent iff 3 5. p d is a solution of P Q

Definition 2-7 (Equivalence). Two constraint satisfaction problems with the same tuple of variables
P=(X,D,C) and P'=(X,D’,C’) are equivalent iff both have the same set of solutions:
P and P’ are equivalent iff

Vdep (dis a solution of P = d is a solution of P’) A

V4’eD’ (d’is a solution of P’ = d’ is a solution of P) Q

The definition of equivalence between two CSPs assumes that both of them have the same tuple X of
variables, however these could easily be extended to the case where they both have the same set of
variables. Moreover, it could be extended to the case where the set of variables of one CSP is a subset
of the set of variables of the other CSP. In this case they would be equivalent wrt this subset if it is
possible to define a bijective function between the set of solutions of each CSP mapping solutions that

share the values of all the common variables*.

2.1 Solving a Constraint Satisfaction Problem

A CSP can have one, several or no solutions. In many practical applications the modeling of a problem
as a CSP is embedded in a larger decision process. Depending on this decision process it may be
desirable to determine whether a solution exists (verify the consistency of the CSP), to find one
solution, to compute the space of all solutions of the CSP, or to find an optimal solution relative to a
given objective function.

Solving a CSP can be seen as a search process over the lattice of the variable domains. For a given
CSP (X,D,C) let us consider the complete domain lattice L defined by the elements obtained from the
power set of D partially ordered by set inclusion (<) and closed under arbitrary intersection (M) and
union (V). Figure 2.1 shows an example of a CSP P (with finite domains) and figure 2.2 the

corresponding domain lattice L.

P=(<x1,x>,DxD>,{c,c2})
D={0,1} D,={0,-1}

c=x+ x, <4 = 1 +(xpm1) 24

Figure 2.1 An example of a CSP with finite domains. The figure represents the two axes x; and x;, the
four points are the domain set, the circumferences are the two constraints (inside ¢; and outside c;).
The solutions are the two points (<0,-1> and <1,-1>) inside the dashed area.

4 This extension will be later used, in subsection 4.2.1, for defining equivalent CSPs obtained by constraint decomposition,
which includes necessarily new variables.
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{<090>a<03' 1 >><1a0>s<1 9_1>}

{<0’0>5<07'1>5<170>} {<070>><09'1>><1:_1>} {<090>7<1:0>a<17_1>} {<07'1>7<1>0>9<19'1>}

{<0,0>,<0,-1>} {<0,0>,<1,0>} {<0,0>,<1,-1>} {<0,-1><1,0>} {<0,-1><1,-1>} {<1,0><1,-1>}

{<0,0>} {<0,-1>} {<1,0>} {<1,-1>}

{

Figure 2.2 Domain lattice of the previous example partially ordered by set inclusion (<).

The search procedure starts at the top of the domain lattice (the original domain D) and navigating
over the lattice elements it will eventually stop, returning one of them. If it returns the bottom element
(the empty set {}) then the CSP has no solution.
In the example of figure 2.1 the returned element should be:
(i) {<0,-1>} or {<1,-1>} if the goal is to find at least one solution;
(i)  {<0,-1>,<1,-1>} if the goal is to compute the space of all solutions;
(iii)  {<0,-1>} if the goal is to find the solutions that minimize x,*+ x,’.
The navigation over the lattice elements usually alternates pruning with branching steps and ends

whenever a stopping criterion is satisfied.

2.1.1  Pruning
The pruning consists on jumping from an element of the lattice to a smaller element (with respect to
the set inclusion partial order) as a result of applying an appropriate filtering algorithm which
eliminates some value combinations that are inconsistent with the constraints. All lattice elements
containing value combinations that were eliminated in the pruning step will not be considered any
further. The elements remaining form a sub-lattice with non-eliminated value combinations as a top
element.

Figure 2.3 shows the result of applying a pruning step on the top element of the domain lattice of
the above example. The combination of values x;=0 and x,=0, proved to be inconsistent with the

constraints by some filtering algorithm, is absent in the resulting lattice.
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{<0,0>,<0,-1>} {<0,0>,<1,0>} {<0,0><I,-1>} {<0,-1><1,0>} {<0,-1><1,-1>} {<1,0><1,-1>}

{<0,0>} {<0,-1>} {<1,0>} {<1,-1>}

{}

Figure 2.3 Pruning some value combinations. From the top element of a lattice (A), a new top element
(A’) is obtained. In the example <0,0> was proved inconsistent by a filtering algorithm.

The filtering algorithm must guarantee that no possible solution is eliminated from the set of value
combinations of the original lattice element. If the filtering algorithm were complete, all inconsistent
combinations of values would be deleted and so, the new top element would contain all the solution
space. However this is not generally the case, and several inconsistent combinations may still remain

(in the example, combination <1,0> is inconsistent but it was not detected in the pruning step).

2.1.2  Branching
The branching step may be applied when the pruning step fails to further eliminate inconsistent
combinations of values. The idea is to split a set of value combinations into smaller sets (two or more),
for which the pruning step will hopefully result in better filtering. In the domains lattice the branching
step corresponds to consider separately smaller elements whose union is the original element.

Figure 2.4 illustrates this for the above example, where the top element {<0,-1>,<1,0>, <1,-1>} was

split into two smaller elements {<0,-1>} and {<1,0>,<1,-1>} for future consideration.

20, 12,<1,0>,<1 - 1> )

{<17'1>}

Figure 2.4 Branching a lattice element (A) into smaller elements (A; and A;). The original element is
the union of all the new smaller elements (A=A;UA;).
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2.1.3  Stopping

The search over the different branches may be done concurrently or by some backtracking mechanism
until a stopping criterion is attained. This stopping criterion may be the achievement of the intended
goal (find one, all or the best solution) or the satisfaction of some specific properties imposed to avoid
the complexity explosion of the search procedure.

Figure 2.5 shows the final results after searching each branch of the previous example.

{<0’_1>9<190>7<1 ’_1>}

o\

{<0,-1>,<1,0>)((<0,-1><1,-3) {<1,0>,<1,-1>}

_— </

)

Figure 2.5 Stopping the search when the goal of finding all solutions (A; and A,) is achieved. The
result is the top element (A=A UA,) of the remaining lattice.

In the example of figure 2.5, <0,-1> and <1,-1> were proved to be solutions of the CSP and <1,0> was
proved to be inconsistent, thus, if the goal was to compute the solution space, the final result would be

the top element {<0,-1>,<1,-1>} of the remaining lattice.

2.2 Constraint Satisfaction Problems With Continuous Domains

The notion of CSP was initially introduced to address combinatorial problems over finite domains.
Thus in the original framework the domains of the variables were expected to be finite sets. However,
the above definitions are general enough to represent constraint satisfaction problems with either finite
or infinite domain sets.

Numeric CSPs (NCSPs), initially proposed by Davis in [Dav87], are extensions of the earlier CSP
framework to address variables with continuous domains. In our formalization NCSPs are a special
kind of CSPs where the constraints cannot be given extensionally, they must be specified as numeric

relations, and the domains are either integer domains or continuous domains.

Definition 2.2-1 (Numeric Constraint Satisfaction Problem). A NCSP is a CSP P=(X,D,C) where

1) VD,eD DcZ v DcR
ii) V(s, p)eC P is defined as a numeric relation between the variables of s Q

Further restrictions, either on the allowed variable domains or on the kind of numeric expressions used
for specifying the numeric relations, may be imposed to address subclasses of problems and eventually

to take advantage of their specific properties. For example, if only linear equations over the real
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numbers are allowed then the subclass of linear constraint satisfaction problems could be considered
and some particular methods for solving systems of linear equations would be used. However, the
expressive power of these restricted classes of CSPs would be decreased, possibly preventing the
modeling of some important relationships among the problem variables. If only linear constraints are
allowed, problems with non-linear relations between variables could not be easily represented.
Continuous CSPs (CCSPs), are an important subclass of NCSPs where all variable domains are
continuous real intervals and all the numeric relations are equalities and inequalities. The following

formal definition is based on [HF96]

Definition 2.2-2 (Continuous Constraint Satisfaction Problem). A CCSP is a CSP P=(X,D,C)

where each domain is an interval of R and each constraint relation is defined as a numerical equality
or inequality:

1) D=<Dy,...,D,> where D; is a real interval (1<i<n)
i) V.cc cisdefined as e, 00  where e, is a real expression® and ¢ e {<,=>} a

The CCSP framework is powerful enough to model a wide range of problems, in particular physical
systems whose components may be described as sets of continuous valued variables, and whose
relations among these variables may be defined by numerical equalities or inequalities, eventually with

uncertain parameters.

2.2.1 Intervals Representing Unidimensional Continuous Domains
In CCSPs, the initial domains associated with the variables are infinite sets of real numbers called real
intervals. The following is a general definition for any real interval, either open, half-open or closed

interval.

Definition 2.2.1-1 (R-interval). A real interval is a connected set of reals. Let a<b be reals, the

following notations for representing real intervals will be used:

[a.bl={reR|a<r<b} (a.b)y={reRja<r<b}
(a..b]={reRja<r<b} [a.b)={reR|a<r<b}
[a.t0)={reR|a<r} (a.+o)={reRja<r}
(-0.b]={reR|r<b} (-0.b)={reR|r<b}
(<. +00) =R @={

The notation <a..b> will represent a nonempty real interval of any of the defined forms. a

In practice, computer systems are restricted to represent a finite subset of the real numbers, the

floating-point numbers. Several authors [Lho93, BMV94, VMK97, HEW98] have defined the set of
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machine numbers (F-numbers) as the set of floating-point numbers augmented with the two infinity
symbols (-o0 and +o0). In the formal definition we will also include the real number 0 which is always

a member of the set of floating-points.

Definition 2.2.1-2 (F-numbers). Let F be a subset of R containing the real number 0 as well as
finitely many other reals, and two elements (not reals) denoted by -oo and +oo:
F = {ry,...,rn} U {-00,+c0} with 0 € {ry,....,r,} =R

The elements of F are called F-numbers. (]

F is totally ordered: any two real elements of F are ordered as in R; for all real element 7, -co<r<+oo, If

fis an F-number f* and f* are the two F-numbers immediately below and immediately above fin the

total order (-co™=-00 and +oo=+00; -0 is the smallest real in F and +oo™ is the largest real in F).
Given the above definition, we can now define the subset of real intervals that can be represented by

a particular machine as the set of real intervals bounded by F-numbers (F-intervals).

Definition 2.2.1-3 (F-interval). An F-interval is a real interval & or <a..b> where a and b are

F-numbers. In particular, if b=a or b=a™ then <a..b> is a canonical F-interval. d

Figure 2.6 illustrates the above concepts, showing a degenerate® and an half-open R-interval ([r;..r/]
and (r,..r;] respectively), and two F-intervals ([a..b] and [c..d]). [a..b] is a canonical F-interval because

a and b are consecutive F-numbers in the total order (b=a™).

degenerate \

[I”]..I"]] (7'2.. 7‘3]
R-intervals . Omee®
f:1 f’lz '3
R
F © o6 o ¢ o o o o o o o 9 o o o o o o o
-0 a b c d +o0

Figure 2.6 R-intervals and F-intervals.

5 Real expressions will be defined later in section 3.2 (definition 3.2-1). Constraints expressed as e;<e; are also considered
since they can be rewritten into the form e; - e, ¢ 0.

¢ Degenerate intervals [r..7] (either R-intervals or F-intervals) may also be denoted as [#], {r} or even r if it is clear in the
context that it is an interval and not a real value.
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In the rest of this work we further restrict the nonempty F-intervals to the forms with the closed
bounds whenever the bound is a real value ([a..b], [a..+0), (-..h] and (-o0..+o0) with a and b real

values)’. However, the framework can be naturally extended to consider any of the real interval forms

defined in 2.2.1-1 (see [BGG99] and [CDR99] for a detailed discussion on this issue).

2.2.2  Interval Operations and Basic Functions

All the usual set operations, namely, intersection (M), union (U) and inclusion (<), may also be
applied on intervals, either R-intervals or F-intervals, since intervals are connected sets of real values.
A particularly useful operation between two intervals is the union hull (w) where the result is the

smallest interval containing all the elements of both interval arguments. The resulting interval is only
different from the normal union operation when the intersection of the two arguments is the empty set,
in which case all real values between the two interval arguments (not belonging to any of them) are

also included.

Definition 2.2.2-1 (Union Hull). Let / 1=<1a1..b1>1 and 12=<2a2..b2>2 be two intervals, either R-intervals

or F-intervals. The union hull operation (W) is defined as:
1ol if [1ﬂ[2¢®

1]@12: <1(11..b2>2 if vrlehvrzelz ri<r;

<2a2..b1>] if VV]EI]VI"zEIZ ro<r; Q

Several basic functions with an interval argument are usually defined for obtaining the extreme values

(left, cleft, right and cright), the mid value (center) or the size (width) of an interval.

Definition 2.2.2-2 (Interval Basic Functions). Let [a..b] be a closed interval, either an R-interval or

an F-interval. The following basic functions return a real value and are defined as:

left([a..b]) = a right([a..b]) = b
center([a..b]) = (a+b)/2 width([a..b]) = b-a
Let [a..b] be a closed F-interval. The following basic functions return a canonical F-interval and are
defined as:
[a] if a=b [5] if a=b
cleft([a..b]) = cright([a..b]) =
[a.a™] ifa<b [b~..b] ifa<b d

The union hull operation together with the interval basic functions are exemplified in figure 2.7.

7 The notation [a..b] will be generically used to represent any F-interval where [-00..5], [a..+o0] and [-c0..+o0] denote
respectively (-c0..5], [a..+0) and (-c0..+00).
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lefi([c..d]) center([c..d]) right([c..d])

R
F [ ] [ ] [ ] [ ] , [ ] [ ] ’ [ ] [ ] [ ] , [ ] [ ] [ ] [ ] [ ] [ ] [ ]
-0 a b c d +o0
[a..D] o= —s  [c..d]
F-intervals [a..b] W [c..d]

clefi([c..d]) e — cright([c..d])

Figure 2.7 Interval operations and basic functions.

2.2.3  Interval Approximations
For any real number » we will denote by [ ] the largest F-number not greater than  and [ r| the
smallest F-number not lower than ». Any real interval can be associated to an F-interval which is the

closest approximation that can be represented by a particular machine.

Definition 2.2.3-1 (RF-interval approximation). Let /R=<a..b> be a real interval. The RF-interval

approximation of /R, denoted /,,.(/R), is the smallest F-interval including /R (IR < 1,,«(IR)):
Lp(IR)=[La] T 1.

In the special case where /R is a single real {r}=[r..r] then Iapx(IR)=[|_rJ A a

The definition of RF-set approximation extends the above definition to represent any set of real values,

either connected or not.

Definition 2.2.3-2 (RF-set approximation). Let SR be a set of real values defined by the union of n
real intervals (SR=IR;uU...UIR,). The RF-set approximation of SR, denoted S,,«(SR), is the set defined
by the union of the n corresponding RF-interval approximations:

Sups(SR) = Lpe(IR)) ..U I(IR,) Q

If in the above definition the union operation is substituted by the union hull operation then, the result

is the smallest F-interval containing all the elements of a set of reals.

Definition 2.2.3-3 (RF-hull approximation). Let SR be a set of real values defined by the union of n
real intervals (SR=IR;U...UIR,). The RF-hull approximation of SR, denoted /,,;(SR), is the F-interval
defined by:

[hu]](SR) = [apx(IRI) ... ¥ [apx([Rn) D
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Figure 2.8 summarizes the above interval approximation definitions.

ry r2 rs
R 1 1 1
F [ ] [ ] [ ] ’ , [ ] [ ] ’ [ ] [ ] [ ] ’ [ ] [ ] [ ] L] [ ] [ ] [ ]
-0 Lr Al Lra] [75] +oo
Lop([1).. 7)) o= et [ p(72..73])
F-intervals —s —e—e  Sop([71..71] U (72.75])

Lyal([r1..71] © (r2..73])

Figure 2.8 Interval approximation.

2.2.4  Boxes Representing Multidimensional Continuous Domains
Extending to several dimensions the concepts of an R-interval and F-interval, we will get respectively

the notions of an R-box and F-box.

Definition 2.2.4-1 (R-box). An R-box BR with arity # is the Cartesian product of n R-intervals and is
denoted by <IR,...,IR,> where each [R; is an R-interval:
BR={<r;,ry ...;rn> |11 €IR;, 1€ IR, ...,17, € IR,} Q

Definition 2.2.4-2 (F-box). An F-box BF with arity » is the Cartesian product of n F-intervals and is
denoted by </F},...,IF,> where each [F; is an F-interval:
BF={<r;,ry ....,v,>|r; € IF;,r; € IF,, ..., 1, € IF,}

In particular, if all the F-intervals /F; are canonical then BF is a canonical F-box. |

During the solving process of a CCSP several value combinations between the variables may be
discarded from the original domains box. Moreover, each variable domain may no longer be a
connected set of real values but rather a disconnected set corresponding to the union of multiple
connected sets.

Some approaches [Hyv92, SH92] consider structures composed of several F-intervals to represent
each variable domain. In [Hyv92] a sequence of disjunct F-intervals is organized in a structure called a
division. In [SH92] a hierarchical arrangement of F-intervals constitutes a taxonomy. In these
approaches the space of possibilities of several variables is represented by the set of the structures
(divisions or taxonomies) associated with each variable and corresponds to the set of F-boxes obtained

by all combinations of the possible F-intervals from the variable domains.

8 Extending the notation | -c0 | and [ +0 | to denote respectively -co and +o.
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In [HF96] the feasible space between k variables is represented by 2'-trees. A 2*tree is a
hierarchical decomposition of the solution space into k-arity F-boxes which summarizes the subset of
constraints between the k variables.

In most interval constraint approaches the basic structures are F-intervals and the solutions space is
represented by enclosing F-boxes. In particular a single real value is represented by a canonical
F-interval and the assignment of a single real value to each variable of a set of variables is represented
by a canonical F-box. Consequently, canonical F-boxes are the closest representations of CCSP
solutions. In practice, if the system is not able to prove the inconsistency of a canonical F-box then the
box may contain a real solution that is not accessible due to precision limitations. We will call a
canonical solution of a CCSP any canonical F-box that cannot be proved inconsistent (wrt to the
CCSP) cither because it contains solutions or due to approximation errors in the evaluation of the

constraint set.

Definition 2.2.4-3 (Canonical Solution). Let P=(X,D,C) be a CCSP. Let BF be a canonical F-box
included in D (BFcD) and E.(BF) denote the F-interval obtained by the evaluation of the expression
E_ with argument BF °.

BF is a canonical solution of Piff Ve ¢ 3ye g (BF) €0 Q

2.2.5 Solving Continuous Constraint Satisfaction Problems

In a CCSP P=(X,D,(), since the initial variable domains are infinite sets (real intervals), the domains
lattice obtained from the power set of D, is also infinite. Thus the search process for solving a CCSP is
theoretically performed over an infinite space. In practice, due to the computer limitations for
representing real values, only a finite subset of the domains lattice is representable, and so, the
navigation process is limited to these elements. The search procedure starts at the top of the domain
lattice'® and navigates over the accessible elements of the lattice until eventually stoping, returning one
of them. The accessible elements of the lattice are those representable by an F-box or by the union of
several F-boxes.

The pruning step consists on jumping from an element 4 of the lattice to a smaller element 4°, both
representable by an F-box or by the union of several F-boxes. Despite dealing with F-boxes, the
filtering algorithm must still guarantee that no possible real solution is lost, that is, any solution in 4
must also be in 4°. Nevertheless, the filtering algorithm may be unable to prune some inconsistencies
due to the limited representation power (i.e., if the solution set in 4 is not representable then the best
pruning achievable is its tightest representable approximation which include several inconsistent real

valued combinations). For example, if the only solution of a CCSP asserts the real value « to a

° Each constraint ¢ is defined as E.©0 with ¢ e {<,=>} (see definition 2.2-2). The evaluation of expressions with interval
arguments will be addressed later in section 3.2.

10 In practice, if D=D;xD;x...xD, then D=1 (D)% gp(D2)X. . X1 (D,) will be the top element of the domain lattice defined
as the power set of D’.
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variable then the best possible pruning is the canonical F-box including such & value for that variable,
which also includes other nearby values that do not belong to any solution of the CCSP.

The branching step consists on splitting an element A of the lattice into » smaller elements 4,,...,4,,
each representable by an F-box or by the union of several F-boxes. The union of all the smaller
elements must be equal to the original element.

To simplify the domains representation, most solving strategies impose that the only lattice
elements considered in the pruning and branching steps are representable by single F-boxes (as
opposed to a union of F-boxes). Pruning corresponds to narrowing the original F-box into a smaller
one where the lenghts of some F-intervals are decreased by the filtering algorithm (eventually being
zeroed, proving the original F-box to be inconsistent). The branching step usually consists on splitting
the original F-box into two smaller F-boxes by splitting one of the original variable domains around
an F-number (usually the F-number nearest to the mid value of the F-interval representing the
domain).

With the above restriction on the search procedure, and noting that the top lattice element (the
starting point of the search) is representable by a single F-box, all navigation is performed over the
subset of the lattice elements representable by single F-boxes (the reachable sub-lattice). Nevertheless,
the final result may be any representable lattice element, since it corresponds to the union of all
elements remaining at the end of the search process.

Despite being a finite search space, the domains lattice of a CCSP usually contains a huge number
of elements, and any strategy to navigate over it must be aware that the underlying real valued search
space is infinite. To be effective, a solving strategy cannot rely exclusively on branching expecting the
splitting process to stop eventually because the search space is finite. In fact, the splitting process is
theoretically guaranteed to stop but the combinatorial number of necessary splits usually prevents such
stopping from being achieved in a reasonable amount of time. One approach often adopted imposes
conditions on the branching process, for instance, branching may only be performed on lattice
elements with some variable domains larger!! than a predefined threshold and this may only be done

by splitting one of this domains.

2.3  Summary

In this chapter the paradigm of the Constraint Satisfaction Problem (CSP) was introduced and the
particular case of Continuous CSPs was presented. Intervals were introduced as the elementary objects
for representing continuous domains and boxes as their multidimensional counterpart. Several interval
basic functions and operators were defined and different notions of interval approximation were given.
The following chapter will address interval analysis, focussing in the methods and properties that are

useful for the interval constraints framework.

"' If the domain is represented by an F-interval [a..b] its size may be given by its width b-a; if the domain is represented by
the union of F-intervals its size may be given by the sum of their widths.
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Chapter 3

Interval Analysis

Interval Analysis was introduced by Moore [Mo066] with the purpose of providing upper and lower
bounds for the effects of mathematical computation errors arising from different sources, rounding
errors, approximating errors and uncertainty data errors. The main goal is to perform interval
arithmetic operations to achieve sound mathematical computations over intervals (instead of reals). A
major concern in Interval Analysis is to develop interval algorithms that make the interval bounds as
narrow as possible.

The original goal of interval constraints [Cle87] was to address the incorrectness of numerical
computations due to the floating-point representation of real numbers, offering a sound computation
model based on interval arithmetic. Additionally, the soundness of interval arithmetic computations
provided the right tools for defining sound filtering algorithms to prune the variable domains when
solving CCSPs. Hence, the pruning step is a proof that the real valued combinations removed from the
original variable domains do not belong to a solution of the CCSP and the validation of this proof is
guaranteed by the soundness of interval arithmetic. Moreover, efficient interval methods developed in
Interval Analysis (e.g. the interval Newton method) are used in interval constraints to implement

efficient filtering algorithms.

3.1 Interval Arithmetic

Interval arithmetic is an extension of real arithmetic for real intervals. The basic operations of real
arithmetic, sum, difference, product and quotient, are redefined for real intervals. The intended
meaning of these operations between pairs of intervals is the set obtained by applying them to all pairs
of real numbers, one from each of the two intervals. The following formal definition is based on the

original one given by Moore [M0066].
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Definition 3.1-1 (Basic Interval Arithmetic Operators). Let /; and /, be two real intervals (bounded
and closed)'. The basic arithmetic operations on intervals are defined by:

LOL={r®r|rel; nrel} with @ e {+,-,x,/}
except that /,/1, is not defined if 0 /,. a

Accordingly to the above definition a set of algebraic rules may be defined to evaluate the result of

any basic arithmetic operation on intervals in terms of formulas for its bounds.

Definition 3.1-2 (Evaluation Rules for the Basic Operators). Let [a..b] and [c..d] be two real

intervals (bounded and closed):

[a..b] + [c..d] = [atc..b+d] [a..b] - [c..d] = [a-d..b-c]
[a..b] x [c..d] = [min(ac,ad,bc,bd)..max(ac,ad,bc,bd)]
[a..b]/ [c..d]=[a..b] x [1/d..1/c] if Og[c..d] a

Interval arithmetic is thus a generalization of real arithmetic. In the extreme case where both interval
operands are degenerate (i.e. a single real number of the form [r..r]) interval arithmetic reduces to
ordinary real arithmetic. Most algebraic properties of real arithmetic also hold for interval arithmetic.

However, the distributive law is an important exception.

Definition 3.1-3 (Algebraic Properties of the Basic Operators). Let /;, [5, /5 and I, be real intervals

(bounded and closed). The following algebraic properties hold for the basic interval operations:

Commutativity: 1+1=It+I; (interval addition)
I xI=x1; (interval multiplication)
Associativity: (I tL)+=I+(I+1;)  (interval addition)

(IxL)xIs=I;x(I;xI3)  (interval multiplication)

Neutral Element: 1,+[0..0]=; (interval addition)
Iix[1..1]=; (interval multiplication)
Subdistributivity: Iix(Urtl)cl <+ X1

Inclusion Monotonicity: Lichnlbcly =1L c O,

(with: ® e {+,-,x,/} and 3D/, defined) a

Figure 3.1 shows an example of the subdistributivity property. The evaluation of both sides of the
subdistributivity expression (I;x(I,+1;) and I;xI,+I;xI;) is performed in parallel for a particular case

(1;7[0..1], I=[2..3] and I5=[-2..-1]) by consecutively applying the evaluation rules defined in 3.1-2.

!'in definition 2.2.1-1 it would correspond to the form [a..b].
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Ix(IH) c I
1,=[0..1] [0.1]x([2.3]+[-2.-1])  [0..1]x[2..3]+[0..1]x[-2..-1]
1=[2.3] [Ql]\% [0.2] T idﬁ] {;' pibl ’
I=[-2..-1] [0..2] c [2.3]

Figure 3.1 An example of subdistributivity.

The key idea of interval arithmetic is that despite the different sources of error in arithmetic
computations the correct real values are always within the bounds of the resulting real interval. One of
these error sources is the limitation of computer systems to the floating-point representation of real
numbers. The solution of interval arithmetic is to represent real numbers as F-intervals (the F-interval
approximation of a real number) and to evaluate the basic interval arithmetic rules by outward
rounding. The outward rounding forces the result of any basic interval arithmetic operation to be an
F-interval which is the F-interval approximation of the real interval that would be obtained by
evaluating the corresponding rule with infinite precision. The following is the redefinition of the four

basic interval arithmetic rules with outward rounding evaluation.

Definition 3.1-4 (Outward Rounding Evaluation Rules of the Basic Operators). Let [a..h] and
[c..d] be two F-intervals (bounded and closed):

[a..b] + [c..d] = [Lat+c). [ b+d]] [a..b] - [c..d] = [La-d]..[b-c ]
[a..b] x [c..d] = [min(Lac ], Lad ], | bc ], | bdl).. max( ac], [ ad ], [ b, [ bd )]
[a.b]/ [c..d] = [a..b] x [L1/d].]1/cT] if Og[ec..d] Q

Outward rounding preserves the inclusion monotonicity property of interval arithmetic. In the
following, if @ is a basic interval arithmetic operator then @, denotes the corresponding outward
evaluation rule. For an m-ary basic interval arithmetic operator ® and the real intervals /;,...,1,:
DLy, . L)=Lp( P, .. 1,,)). Moreover, when mentioning the interval arithmetic evaluation to be

performed with infinite precision, this corresponds to the unrealistic extreme situation where all real

numbers are also F-numbers and so: V,.cR Lrl=lrl=r making D, (1},....0L)=P,,....Ly).

The correctness of the interval arithmetic computations is guaranteed by the inclusion monotonicity
property because, if the correct real values are within the operand intervals then the correct real values
resulting from any interval arithmetic operation must also be within the resulting interval. Moreover,
the computation of any interval arithmetic expression (a successive composition of arithmetic
operations over real intervals) will preserve the correct real values within the final resulting interval.

The inclusion monotonicity property of the interval arithmetic expressions (for the basic arithmetic
operators +, -, x and /) and its consequences on the correctness of the interval arithmetic computations

were firstly addressed by Moore in [M0066].
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3.1.1 Extended Interval Arithmetic

Later generalizations of Moore’s work included: extensions on the definition of the division operator;
extensions on the forms of real intervals allowed as operator arguments; and extensions on the set of
basic interval operators allowed in the arithmetic expressions.

The redefinition of the division operator, allowing the division by an interval containing zero,
implies the consideration of unbounded intervals and the redefinition of other operators with possible
unbounded arguments. The resulting arithmetic, called extended interval arithmetic, was first
suggested in [Han68] and in [Kah68] and later modified in [Nov93] and [Rat96]. In these approaches
the division operator was restricted to bounded interval arguments.

If unbounded intervals are allowed as arguments of the division operation then the resulting interval
is no longer guaranteed to be a closed interval. For example, if the numerator is the degenerate interval
[1..1] and the denominator is the unbounded interval [1..+c0) then the resulting real interval is half
open [1..1]/[1..400)=(0..1]. The generalization of the extended interval arithmetic to F-intervals, not
necessarily closed, was proposed in [HJE99].

In the interval arithmetic framework it is assumed that the result of any interval operator is a single
real interval. This was true for the original definitions (3.1-1 and 3.1-2) of the basic interval operators
but in extended interval arithmetic the result may be the union of two disjunct real intervals. For
example [4..8]/[-2..1]=(-%..-2]U[4..+x). In many approaches the pair of disjoint real intervals is
replaced by the smallest single interval containing their union (their union hull as defined in 2.2.2-1).
In the previous example the result would be (-o0..+0). Other solution proposed in [O1d89] is based on
the observation that the pair of disjoint real intervals is normally only required for intersection with
another single interval®. Thus an additional three-argument operation could be considered representing
the common operation (/;/I;)"[;, and the result would be the smallest real interval containing it.
Internally the implementation of the operator (the rules defining the bounds of the resulting interval)
would consider the possible disjoint result of /;//,. However the final result would be a single interval.
If in the previous example the result of the division were to be intersected with [0..10] then the final
real interval would be [4..10] (as opposed to [0..10] obtained by the other approaches).

Similarly, several other elementary functions (exp, /n, power, sin, cos) may be included as basic
interval arithmetic operators. The definition of rules for these new operators may benefit from the
study of the monotonic properties of these functions within their domains of application. For example,

the exponential unary-operator (exp) may be defined by the rule exp([a..b])=[exp(a)..exp(b)] since the

exponential function is increasing monotonic in R.

2 see interval Newton method.
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3.2 Interval Functions

The sound evaluation of interval functions is perhaps the major contribution of Interval Analysis
within the Interval Constraints framework. In order to understand this contribution it is necessary to
make explicit the difference between a function (either a real or interval function) and the expression
used to represent it in terms of the arithmetic operators, variables and constants. Although a function
may be represented by several equivalent expressions, the interval arithmetic evaluation of these
expressions may yield different interval results due to its approximate nature. Nevertheless, the
soundness of interval arithmetic guarantees that all these intervals contain the intended correct
function results. The following are formal definitions of real/interval expressions, and how they may

be used to represent real/interval functions.

Definition 3.2-1 (Real and Interval Expressions). An expression £ is an inductive structure defined
in the following way:

(i) aconstant is an expression;

(i) a variable is an expression;

(i) if £y,...,E,, are expressions and @ is a m-ary basic operator then ®(E,...,E,,) is an expression;
A real expression is an expression with real constants, real valued variables and real operators. An
interval expression is an expression with real interval constants, real interval valued variables and

interval operators. Q

If x;, x; and x; are real valued variables then (x;+x;)x(x;-7) is a real expression with three binary real
operators (+, x and -) and a real constant (n). If X; and X, are real interval valued variables then
(Xitcos([0..1]xX>)) is an interval expression with two binary interval operators (+ and x), a unary
interval operator (cos) and an interval constant ([0..7t]). Note that the above definition does not restrict
a constant to be representable by an F-number or an F-interval (in both previous examples 7 and [0..7]
are non-representable constants). To improve readability, a degenerate interval constant [a..a] will be

represented within the interval expressions as a real constant a.

Definition 3.2-2 (Real and Interval Functions). A function is a mapping from elements of a set (the
domain) to another set (the codomain). The subset of the codomain consisting on those elements that
are mapped by the function is called the range of the function. In an n-ary real function, f, the elements

of the domain are n-ary tuples of real values and the elements of the codomain are real values. The

range of a real function f over a domain D is denoted f* (D). In an n-ary interval function, F, the
elements of the domain are n-ary tuples of real intervals (R-boxes) and the elements of the codomain
are real intervals. An n-ary function may be represented by an expression, where each occurrence of
the /™ function argument is designated by a variable. The real expression representing the real function
fis denoted by fz and its variables by x;. The interval expression representing the interval function F' is

denoted by F and its variables by X.. a
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Several different real expressions may represent the same real function. This is a direct consequence of
the properties of the real operators used in the expression. For example, the real expression
Je=(ertx)x(xs-n) and the real expression fp =((x;xx3)H(x2xx3))-((xx;)+(mxx2)) both represent the
same real function f due to the distributive and commutative properties of the addition (+) and
multiplication (x) real operators.

However, the floating-point evaluation of a real expression for a particular tuple of real values is not
guaranteed to return the correct real value (the element of the codomain associated with the tuple in
the real function represented by the expression) but an F-number approximation of it. Moreover,
different expressions representing the same function may yield different approximations of the correct
real value, and without further numerical analysis it is not possible to assess the accuracy of the
approximations.

When an interval expression Fp is used to represent an interval function F then this function maps
an R-box into the smallest real interval containing all the real values that would be obtained for each

real valued combination within the interval domains of the R-box.

Definition 3.2-3 (Semantic of an Interval Expression®). Let /' be the n-ary interval function
represented by the interval expression Fr, and B an n-ary R-box. The interval, denoted by F(B),

obtained by applying the interval function F' to B, is the smallest real interval containing the range
fk (B) of the real function f'over B:
L B= A< 1) | <. s> €BYCF(B) AV <y p>/f (B)C<a.b>= F(B)c<a..b>

The real function f'is expressed by the real expression fz which is obtained by replacing in Fz each
interval variable X; by the real variable x; and each interval operator by the corresponding real

operator. a

Interval arithmetic provides a method for evaluating an interval expression by substituting each
variable by its interval domain and applying recursively the basic operator evaluation rules. The
evaluation process may be seen as an interval function as well, once it maps R-boxes into R-intervals

(in particular into F-intervals).

Definition 3.2-4 (Interval Arithmetic Evaluation of an Interval Expression). Let F be the n-ary
interval function represented by the interval expression Fr, and B an n-ary R-box. The interval

arithmetic evaluation of Fr with respect to B is an interval function recursively defined as:

Lop(D) if Fp=1 (/ is an interval constant)
Fr(B)= L (B[X7]) if Fp=X; (X is an interval variable)
DO, (E((B),..., En(B)) if Fp=®D(E,,... E,) (@ is an interval operator) a

3 This definition assumes that the interval expression does not contain any interval constants. Otherwise, if there are m
interval constants, then f'should have m more arguments with the domains defined by the interval constants.
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We will denote an interval expression with a subscripted capital letter (#5) which is also the name of
the interval function defined by its interval arithmetic evaluation (as in definition 3.2-4). The capital
letter (F) refers to the intended interval function that is represented by the interval expression (as in
definition 3.2-3).

The interval arithmetic evaluation of an interval expression provides a sound computation of the

interval function represented by the expression.

Theorem 3.2-1 (Soundness of the Interval Expression Evaluation)!. Let Fr be an interval
expression representing the n-ary interval function F, and B an n-ary R-box. The interval arithmetic
evaluation of Fz with respect to B is sound:

F(B) cFKB) Q

Figure 3.2 illustrates the intended interval function F that is represented by the expression
Frp=X;x([0.5..1.5]-X;). Any interval obtained with a degenerate interval argument F([r]) corresponds
in the figure to a vertical bar within the two solid lines. The intervals F([0.5]), £([1.0]), F([1.5]) and
F([2.0]) are explicitly represented in the figure. For non degenerate interval arguments /=[a..b] the
result (/) may be obtained by projecting on the vertical axis all the possible intervals obtained by any
degenerate arguments within / (F([r]) Vrela..b]). This process is exemplified for the argument
1=[0.5..2.0] (the arrowhead dashed lines represent the intervals projection). The interval obtained by
the interval arithmetic evaluation of the expression Fr with the same argument /=[0.5..2.0] is also
shown in figure. As expected, and accordingly to theorem 3.2-1, the evaluated interval encloses the

intended interval: F ([0.5..2.0])=[-3.0..0.5625]  F([0.5..2.0])=[-3.0..2.0].

2.0 Fr=X, % ([0.5..1.5] - X))
F([1.5])
F([2.0])
_________________ <___________________________
F)  F()
1 I : I T |
0.5 0.0 0.5 1.0 1.5 2.0 2.5

1=10.5..2.0]

Figure 3.2 The intended interval function represented by an interval expression.

4 The demonstrations of theorem 3.2-1 and the other theorems of Interval Arithmetic are presented in Appendix A.
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3.2.1 Interval Extensions

An important concept relating interval functions with real functions is that of interval extension.

Definition 3.2.1-1 (Interval Extension of a Real Function). Let ' be an n-ary real function with
domain Dy, and F an n-ary interval function. The interval function F is an interval extension of the real

function f'iff:

V<r, D, A<ry, .cr>)e F(<[r1..71], oo, [FneFu>) a

Thus, if F is an interval extension of f then each real value mapped by f must lie within the interval
mapped by F when the argument is the corresponding R-box of degenerate intervals. Consequently, F
provides a sound evaluation of f in the sense that the correct real value is not lost. Moreover, the
interval arithmetic evaluation of any expression representing an interval extension of a real function

provides a sound evaluation for its range and is itself an interval extension of the real function.

Theorem 3.2.1-1 (Soundness of the Evaluation of an Interval Extension). Let /' be an interval
extension of an n-ary real function f, Fr an interval expression representing F, and B be n-ary R-box.

Then, both F(B) and Fg(B), enclose the range of fover B:
[ (B) c F(B) c Fi(B) Q

Figure 3.3 shows an example of a function f represented by the real expression fz=x J—xi, together with
the interval function F presented in the previous example. Clearly F' (and also Fg) is an interval
extension of f'since f{r)eF([r]) for any real value r (the thick solid line is always within the two thin
solid lines). In addition, figure 3.3 illustrates the enclosing for the range of function f (with the

argument x; between 0.5 and 2.0) obtained by both, the interval extension F and the interval arithmetic

evaluation of its expression FE:f*([O.S..2.0])=[-2.0..O.25] c F([0.5..2.0]) < Fk([0.5..2.0]).

2.0 Fr=X; % ([0.5..1.5] - X))

1.0 fEEx1*x§

Fe(h)  F() -

T T T T f T
-0.5 0.0 0.5 1.0 1.5 2.0 2.5

1=10.5..2.0]

Figure 3.3 An interval extension of an interval function.
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A particular interval extension of a real function, called Natural interval extension, is directly obtained

from the real expression representing it.

Definition 3.2.1-2 (Natural Interval Expression). If fz is a real expression representing the real
function f, then its natural interval expression F, is obtained by replacing in fz: each real variable x; by
an interval variable X;; each real constant £ by the real interval [£..k], and each real operator by the

corresponding interval operator. a

Theorem 3.2.1-2 (Natural Interval Extension). Let fz be a real expression representing the real
function f, and F, be the natural interval expression of fz. The interval function F represented by F, is
the smallest interval enclosure for the range of f and the interval arithmetic evaluation of F, is an

interval extension of f denominated Natural interval extension with respect to fz. a

As seen before, several equivalent real expressions may represent the same real function f.
Consequently, the natural interval extensions wrt these equivalent real expressions are all interval
extensions of f.

Figure 3.4 shows three equivalent real expressions (fz, fp, and fz,) that represent the same real
function f presented in the previous example and their natural interval expressions (Fg,, F, and F,

respectively). The interval function F is the intended function represented by any of these interval

expressions and, accordingly to theorem 3.2.1-2, is the smallest interval enclose for the range of /' (in

the figure this is illustrated for /=[0.5..2.0] with f* (H=F()=[-2.0..0.25]). The interval arithmetic
evaluation of different forms of interval extensions of f may lead to different accuracy for the resulting
interval (the width of the interval may be different). Figure 3.4 shows the different enclosures obtained

by the three different extensions for the range of function f'(with the argument x between 0.5 and 2.0).

2
i Je = %= FEIEXI*X?
2.0: Se,=xx (1.0 -x)) Fr, =X, x (1.0 -X))
1.07 f5,=025-(r,~ 0.5  Fp =025-(X;~05)

0.0: .

-1.0

2.0

Fp (D) Fg,(D F) f*(l) ]
-3.0
Fr () -4.0 . |
0.5 1.0 1.5 2.0

1=10.5.2.0]

Figure 3.4 Natural interval extensions of a real function wrt three equivalent real expressions.
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Additionally, because any interval extension evaluation returns an interval enclosure for the range of f,

the intersection of different extension evaluations will possibly provide a better enclosure.

Theorem 3.2.1-3 (Intersection of Interval Extensions). Let /', and F, be two n-ary interval functions
and B an n-ary R-box. Let F be an n-ary interval function defined by: F(B)=F;(B)NF(B). If F; and F,

are interval extensions of the real function f, then F is also an interval extension of f. d

Moreover, the overestimation of the enclosure may be reduced if, instead of evaluating an expression
over an R-box, the box is firstly split into sub-boxes (whose union is the original R-box) and the union

of all the intervals obtained by the separate evaluation of each sub-box is considered.

Theorem 3.2.1-4 (Decomposed Evaluation of an Interval Extension). Let F' be an interval extension
of the n-ary real function f, and Fz an interval expression representing F. Let B, B, and B, be n-ary
R-boxes. If B=B;UB, then:

F(B) < Fr(B/)VF(B;) < Fi(B) Q

Figure 3.5 exemplifies the decomposed evaluation of the interval expression F,. It is shown that by

dividing the argument /=[0.5..2.0] into /,=[0.5..1.25] and /,=[1.25..2.0] the overestimation of the F(J)
enclosure is reduced: F(I) € Fi (I))VFg (1) < Fg ().

2.0 5 5
- fE]Exlfxl FE]EX1*X1
1.0
0.0: f(x1)
-1.0
Fy (1)) 7
2.0 :
F) |
Fe(I)OFe(l)  Fe(l) 307 A
F (D) 4.0 , , ,
0.5 1.0 1.5 2.0
1=10.5..2.0]
1,=1[1.25.2.0]
1,=10.5..1.25]

Figure 3.5 The decomposed evaluation of an interval expression.

The quality of the enclosure for the ranges of a real function depends on the way that its interval
extension is expressed. When a variable occurs repeatedly in an interval expression, its interval
arithmetic evaluation usually produces an overestimated result due to the problem known as the

dependency problem.
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Definition 3.2.1-3 (Dependency Problem). In the interval arithmetic evaluation of an interval
expression, each occurrence of the same variable is treated as a different variable. The dependency

between the different occurrences of a variable in an expression is lost. Q

Informally, if each basic interval operator is able to compute the exact ranges for its interval
arguments then the overestimation of the interval arithmetic evaluation must be a consequence of
considering real valued combinations where different occurrences of the same variable are assigned
with different real values. No overestimation would be obtained if an interval expression, where no
variable occurs more than once, is evaluated with infinite precision. This is expressed in an important

theorem of Interval Analysis, firstly proved by Moore [Mo066].

Theorem 3.2.1-5 (No Overestimation Without Multiple Variable Occurrences). Let Fz be an
interval expression representing the n-ary interval function F, and B an n-ary R-box. If Fy is an
interval expression in which each variable occurs only once then:

F(B) = Fg(B) (with exact interval operators and infinite precision arithmetic evaluation) U

In the example of figure 3.4 we can see that no overestimation is obtained with the interval arithmetic

evaluation of expression F, because in this expression variable X; occurs only once.

For a particular real function the best interval extensions, in terms of minimal overestimation, are
those that minimize the effects of the dependency problem. Although it is often impossible to get
interval extensions without repeated variable occurrences, interval extensions with fewer multiple
occurrences are usually preferable.

Several typical forms of interval extensions studied in interval analysis were used in interval
constraints to take advantage of their specific properties. In the following we will consider different
forms of interval extensions for univariate real functions, however these forms can be easily extended
for the multivariate case (see [Han92] for further details on this issue).

Centered forms, introduced by Moore in [Mo066], may be used to get tighter enclosures when the
interval domains of the variables are sufficiently small. The key idea is that for any real function f
there is a real function g such that:

fxp) =fle)ytg(x-c) where c is a real value at which f'is defined.

For an original expression fr representing f and a particular interval I, a generic procedure is
described in [Mo0066] to obtain an expression f. representing f{c)+g(x;-c), with ¢ defined as the center
of I (c=center(l)). The Centered interval extension of f wrt this interval [ is the Natural interval
extension F. of the expression obtained by algebraically simplifying the expression f;. F, is an interval
extension of f'since it is an interval extension of £, which is equivalent to fz.

Consider function f represented by the real expression fEExI—ﬁ (see figures 3.3 through 3.5). An
equivalent representation of f for a given interval /=[a..b] is fi=c—c*+(x;—c)x((1—(a+b))—(x,~¢)). For the
particular interval [0.5..2], the center ¢ is 1.25 and the Centered interval extension F, is expressed by

-0.3125+(X;-1.25)x(=X;—0.25) whose evaluation results in the interval [-2.375..1.75] (which is a better
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enclosure of f*([0.5..2]) than the obtained by the natural interval extension of x 1—x§). For the particular
interval [0..1] the center ¢ is 0.5 and the Centered interval extension F, is expressed by 0.25-(X,-0.5)
whose evaluation results in the interval [0..0.25] (which is the exact range f*([0..1])). Note that the
Centered interval extensions are not guaranteed to be inclusion monotonic since the interval
expression of F. is different for different interval arguments.

It was proved in [Han69] that a Centered interval extension approximates the range of a function
quadratically as the width of the interval argument tends to zero. This property makes them
particularly useful when the width of the interval is small. With large intervals the enclosure obtained
by the Centered interval extension may be even worst than the obtained by the Natural interval
extension of the original form.

Another class of centered forms is derived from the mean value theorem [AH83, RR84].

Consider a univariate function f differentiable over the interval /. By the mean value theorem, for
any real value re/ and a fixed ce/ there is a &£ between r and ¢ such that:

f(r)= )+ (Ex(r-c) where f” is the derivative of

Let F and F” be interval extensions of f'and f” respectively. By definition of an interval extension
Ae)eF([c]) and () eF ([SD<F () thus:

Ve fir) € F([cD)+F (D)x(r-c)

The interval function F,, defined by F([c])*+F (I)x(I-c) where c=center(l) is called the Mean Value
interval extension of f wrt /. The above property guarantees that F, is a interval extension of f for
interval / (see definition 3.2.1-1). The Mean Value interval extension F,, depends on the evaluation of
the interval extension F’ chosen for the derivative of f. Different expressions for F"’ lead to different
values for the mean value form.

In the case of a real function f represented by the real expression x;—x?, consider the interval
extensions F and F’ represented respectively by X I—Xi and 1-2X;. The Mean Value interval extension
of f for a given interval I is expressed by c—c+(1-2X;)x(X;-c) where c=center(I). For the particular
interval [0.5..2], F, is expressed by -0.3125+(1-2X;)x(X;-1.25) whose evaluation results in the
interval [-2.5625..1.9375]. For the particular interval [0..1], F,, is expressed by 0.25+(1-2.X,)x(X;-0.5)
whose evaluation results in the interval [-0.25..0.75].

The Mean Value interval extension, which is proved to be inclusion monotonic, is easier to compute
than the Centered interval extension (does not require any algebraic manipulations) and possesses the
quadratic approximation property too [AH83, RR84].

The Mean Value interval extension is just a special case of the Taylor interval extension, which can
be derived from the Taylor series expansion of a function f about a point ¢. Assuming that f has
continuous derivatives /% of any order i<m+1 within interval I then, for any real value re/ and a fixed

cel there is a £€[ such that:

m N @) o \m+l p(m+])
F) = feye Y =D T )

v (m+1)!
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Let F and F” with 1<i<m+1 be interval extensions of f and f respectively. The Taylor interval
extension of order m of the real function f'wrt / is the interval function, denoted F,, and defined by:

moox _ey @ X — eyt pmiD) oy
F([c])+z( 1 C).' ([C])+( 1 C)(m+1)! (Xy)

where c=center(l)
i!

i=1

The Taylor expansion guarantees that Fy,, is a interval extension of f for interval /, and in the
particular case of m=0, the Taylor interval extension F;q, is the Mean Value interval extension F,.

In the previous example, F” is —2 and F” is 0 for i>2. Consequently, the Taylor interval extension
of order m>1 for a given interval [ is expressed by c—c*+(1-2¢)x(X;-¢)-(X;-c)* where c=center(l). For
the particular interval [0.5..2], Fj,, (with m>1) is expressed by -0.3125-1.5x(X;-1.25)-(X;-1.25)*
whose evaluation results in the interval [-2..0.8125]. For the particular interval [0..1], Fys,) (with m>1)
is expressed by 0.25-(X;-0.5)> whose evaluation results in the interval [0..0.25].

Non centered forms, as the distributed form, are also used in interval constraints [VMK97]. An

univariate real function f'is expressed in the distributed form f; if:
k
fqg = Z rixf i where r; and »; are real and natural numbers, respectively, and n;#n; if i=j
i=1

The Distributed interval extension F; of a real function f is the Natural interval extension of its
distributed form. Not all real functions can be expressed in the distributed form and so not all real
functions have a Distributed interval extension. However, distributed forms can be used for the
canonical representation of polynomials. The enclosures obtained by the Distributed interval extension
are often worst than those obtained by the Natural interval extension of the original expression since it
imposes several (k) occurrences of the same variable, possibly increasing the dependency problem.
The use of the Distributed interval extension in interval constraints is justified, not by the precision of
the obtained enclosures, but rather by its efficiency w.r.t. the constraint techniques that will be

discussed in the next chapter, in particular, the constraint Newton method (subsection 4.2.2).

. 2. .
In the case of the example that has been presented, the real expression fz=x;,—x; is already in the

distributed form, and so the Distributed interval extension F; of the real function f is its Natural
interval extension expressed by X; 1—)(21. As can be seen in figure 3.4 this extension (F, in the figure)

obtains less accurate enclosures of the range of f for the interval [0.5..2.0] than the other non

distributed interval extensions (F E, and F’ 53).

3.3 Interval Methods

Interval methods for finding roots of equations with one variable are frequently used in interval
constraints due to its efficiency and reliability. In particular, the interval Newton method, a
generalization of the Newton’s method for finding zeros of real functions, is the most commonly used

since it presents several remarkable properties quite useful for filtering algorithms.

39



INTERVAL ANALYSIS

Extensions of the univariate root finding methods to the multivariate case are rarely used in interval
constraints as they are more complex to implement. Instead interval propagation techniques are used,
generally with better performance. However, in some situations, they can be effectively applied. In
particular, in cases where the search space is a small box enclosing a single root, multivariate interval

methods may be quite useful either for isolating the root or for proving its existence and uniqueness.

3.3.1  Univariate Interval Newton Method
The interval Newton method for searching zeros of univariate functions, introduced by Moore in

[Mo066], is based on the mean value theorem which can be formulated as:
3eefa..b] SrDAr)=(rimr2)xf"(&) (a=min(r,,r;) and b=max(r;,r2))
where fis a real function, continuous in [a..b] and differentiable in (a..b).

Let / be a closed real interval containing both »;, and r,. If the real function f is continuous and

differentiable in / then from the mean value theorem:
Vi el 3§el S ) Ar)=(ri-r2)xf ()
If there is a zero of f'in I (3,1 fr9)=0), let us represent it by ry and instanciate the universal
quantifier for », with it in the above first order formula:
Viel3cel ) = (rrro)xf"($)
Instanciating »; with any real value ¢ within /, for example its mid value (c=center(l)):
3 e LAO~crop (&)

f(©)
J'(x)

Solving the equation for 7, and considering g(x)=c— we obtain:

el [(ro=2(8) Af(D#0) v (e)=0 A f(5)=0)]

Which is equivalent to:

)20 v Ve f(1#0) = ey (ro=g(O)AS(£)#0)

The universal quantified condition V.o f’(r)#0 expresses that the real value zero does not belong
to the range of f"over /. Similarly, the right side of the implication 3 cel (ro = g(&A f(£)#0) implies
that », must be within the range of g over /. Consequently we will finally get the following formula:

()20 v 0™ (D) = roeg” () (1)
From the above implication we can conclude that, if there is a zero 7, of f within / and if the left side

of the implication is true, then ) must also be within the range g*(D of the real function g over the
interval /. Thus, in this case, and according to theorem 3.2.1-1, any zero of f within / must also be
within any extension G of the real function g. Moreover, if /IcG(f) when the left side of the implication

is false then, in all cases, it follows that whenever a zero of fis within / then it must be also within

G(): ¥y q firo)=0 = ro €G(D).
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The interval Newton method consists on applying function G over a real interval / and intersecting
the result with the original interval to obtain a set S with the guarantee that if a zero is within / then it
must also be within S. (S=ING(])).

The extension G of the real function g originally proposed in [M0066], is the Newton function:

Definition 3.3.1-1 (Newton Function). Let / be a real function, continuous and differentiable in the
closed real interval /, and f” its derivative. Let ' and F’ be interval extensions of f'and f”, respectively.
Let ¢ be the mid value of the interval / (c=center(l)). The interval Newton function N with respect to f

i N2 [el- FdeD
is: N(I)=]c] F(0) o

In the original proposal the interval division operator was not defined if the denominator was an
interval containing zero (see definition 3.1-1). Thus the Newton function was not defined if 0eF"(J)

and so, it could only be applied when the left side of the implication in (1) was true because if 0 F’(/)

then necessarily 0¢/”*(/) (according to theorem 3.2.1-1: /(1) = F'(])).
The Newton method would then consist on iterating the following Newton step only on intervals

where the Newton function was defined.

Definition 3.3.1-2 (Newton Step). Let f'be a real function, continuous and differentiable in the closed
real interval /. Let N be the Newton function with respect to /. The Newton step function NS with
respect to f'is:

NS(I) =1~ N(I) Q

If division by intervals containing zero is not allowed, then the result of the Newton function is a
single interval. Consequently the result of the Newton step is also a single interval (NS(/)c/) and the
successive iteration of Newton steps until a fix point is obtained may be defined as an interval

narrowing function NN (narrowing because NN(/)cl).

Definition 3.3.1-3 (Newton Narrowing)’. Let f'be a real function, continuous and differentiable in the
closed real interval . Let NS be the Newton step function with respect to f. The Newton narrowing

function NN with respect to f'is:

% if NS()=2
NN(D=< I if NS(D)=I
NNNS(D)) if NS()cI Q

3 This definition assumes that the result of the Newton step function is always an interval.
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The original restriction on the domain of definition for the Newton function restrained the Newton
narrowing to intervals where the Newton function is defined. Whenever an interval failed that
restriction the narrowing could not be applied to the entire interval and further analysis would require
its partition.

With extended interval arithmetic the division by an interval containing zero became possible and
unrestricted approaches for the application of the Newton function were firstly proposed in [Ale68]
and [Han78]. Extended interval arithmetic not only guarantees that the Newton function N is an
extension of the real function g if the left side of the implication in (1) is true but also, in the special

case where it is false it guarantees that /cN(/). This last property derives from the fact that if it is false

then f{c)=0 and Oef ’*([), consequently both F([c]) and F’(/) contain zero, and the evaluation of
F([c])/F’(I) would return the interval (-o0,+o0) so, in this case, ICN(/)=(-00,+0).

Using extended interval arithmetic, the result of the Newton function is not guaranteed to be a
single interval. As seen in section 3.1, the division by an interval containing zero may yield the union
of two intervals. In this case the Newton function is not even an interval function in the form of
definition 3.2-2 since it does not map an R-box into a single interval. Several different strategies were
devised to deal with this problem.

One strategy is to work with the two obtained intervals and, in the Newton step, intersect their union

with the original interval. If the result of the intersection is a single interval, the Newton narrowing can

normally continue. Otherwise, the union hull (w) of the obtained intervals could be considered® or
else, the two obtained intervals would have to be considered separately. Other strategy is to redefine
the extended interval arithmetic division rules to always obtain a single interval. If the result were the
union of two intervals then the result is redefined to be the single interval obtained by their union hull.
Figure 3.6 shows an example of the application of the interval Newton method for isolating a zero
of a real function within an interval. The real function f'(solid line) is the same presented in figures 3.3
through 3.5, represented by the expression fr = x1—x§ and the initial interval that is narrowed without
loosing any zero of f'is [0.5..2.0]. The derivative of fis function f” (dashed line) represented by the
expression f'r= 1-2x;. The Natural interval extensions of f and f” are Fr=X I—Xf and F'g=1-2X,,
respectively. The Newton function N is defined according to the definition 3.3.1-1. The table in figure
3.6 summarizes the results obtained by successive application of the Newton step’. In each line 7 is
shown the current interval (/;), the intervals needed to compute the Newton function ([¢;], Fx([c;]) and
F’g(1))) and the interval obtained by applying the Newton function to the current interval (N(/;)). The
initial interval (/,) is [0.5..2.0] and for each line />0 the current interval is updated accordingly to the
Newton step I;=1.; N N(l;.;). The process stops at line 4 since I5=1, " N(l,) =1, (see definition

3.3.1-3 of the Newton narrowing function). As can be seen in the figure, the Newton narrowing with

6 As suggested in section 3.1, the whole Newton step function could be considered a interval arithmetic operator internally
implemented with the extended interval arithmetic rules.
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argument [0.5..2.0] quickly converges to the unique zero of the real function f within this interval:

NN([0.5..2.0])= [1.000..1.000].

I; [ci] F([er]) F(I) N(I)
[0.500..2.000] |{1.250} |[-0.313..-0.312]| [-3.000..0.000] | [-0..1.146]
[0.500..1.146] |{0.823}| [0.145..0.146] | [-1.292..0.000] | [0.936..+o]
[0.936..1.146] |{1.041}|[-0.042..-0.042]([-1.292..-0.872]| [0.991..1.009]
[0.991..1.009] |{1.000}| [0.000..0.000] |[-1.018..-0.982]| [1.000..1.000]
[ 1 1{1.000}| [0.000..0.000] |[-1.000..-1.000]| [1.000..1.000]

1.000..1.000

fr=x-% Fe=X,— X, [e/] = [center(])]
o E fe=1-2x Fr=1-2X, N(Ii)=[ci]—FE([ci])
Fi(I;)

Iy

Figure 3.6 An example of the application of the interval Newton method.

The remarkable properties of the interval Newton method, specially suited for filtering algorithms will

be addressed in the following theorems (firstly formulated by Moore [Mo0066]).

Theorem 3.3.1-1 (Soundness of the Interval Newton Method with Roots). Let f'be a real function,
continuous and differentiable in the closed real interval /. If there exists a zero 7y of fin / then ry is also
in N(I), NS(I) and NN(I), where N, NS and NN are respectively the Newton function, the Newton step
function and the Newton narrowing function with respect to f:

Yy el fr))=0 = ro eN(I) A rg eNS(I) A ro €NNUI) 0

The above theorem guarantees the soundness of the Newton narrowing function (and its interval
arithmetic evaluation) for narrowing the search space of a possible zero of a real function. If a zero of
a function is searched within / then it may be searched within NN(/) which is possibly a narrower

interval. This narrowing is a proof that no zero of the function was within the discarded values of /.

Theorem 3.3.1-2 (Soundness of the Interval Newton Method without Roots). Let / be a real
function, continuous and differentiable in the closed real interval /. If NS(/)=3 or NN(I)=J (where NS
and NN are respectively the Newton step function and the Newton narrowing function with respect to
/) then there is no zero of f'in /:

NSUy=2 v NN()=2 = 3, fro)=0 Q

7 It is assumed in all the interval arithmetic evaluations that the distance between any two consecutive F-numbers is the
constant 0.001 (for any F-number £ /- = 0.001)
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The above theorem guarantees that whenever the result of the Newton narrowing function (or its
interval arithmetic evaluation) is the empty set (NN(/)=J), I does not provedly contains any zero of
the real function.

Despite its soundness, the method is not complete, that is, in case of non existence of a root within
an R-box, the result of the Newton narrowing function is not necessarily the empty set. Therefore
obtaining a non empty set does not guarantee the existence of a root. However, in some cases, the

Newton method may guarantee the existence of a root. The next theorem is due to Hansen [Han69]:

Theorem 3.3.1-3 (Interval Newton Method to Prove the Existence of a Root). Let / be a real
function, continuous and differentiable in the closed real interval 1. Let N be the Newton function wrt
f- If the result of applying the Newton function to / is included in / then there exists a zero of fin I

N(I) 1= 3p,1 fr)=0 Q

The convergence theorem, adapted from [Han78], assures that the interval arithmetic evaluation of any

Newton narrowing function is guaranteed to stop:

Theorem 3.3.1-4 (Convergence of the Interval Newton Method). Let f be a real function,
continuous and differentiable in the closed real interval /. The interval arithmetic evaluation of the
Newton narrowing function (NN) with respect to f will converge (to an F-interval or the empty set) in

a finite number of Newton steps (NS). a

The following two theorems address the efficiency of the interval Newton method. They are adapted

from the original ones, formulated by Moore [Mo0066] and Hansen [Han92] respectively.

Theorem 3.3.1-5 (Efficiency of the Interval Newton Method - Quadratic). Let /'be a real function,
continuous and differentiable in the closed real interval /. Let f” be the derivative function of fand F~’
its interval extension. Let VS be the Newton step function with respect to f. If f'has a simple zero 7y in /
and 0¢F (/) then the Newton narrowing (with infinite precision arithmetic) is asymptotically error-
squaring, i.e. there is an interval /) I containing r, and a positive real number £ such that:

width(NS™ (1)) < kx(width(NS™ (1)) w/ NS™(I)=NS(NS™”(I)) and NS (I)=NS(I) a

Theorem 3.3.1-6 (Efficiency of the Interval Newton Method - Geometric). Let /' be a real function,
continuous and differentiable in the closed real interval /. Let f” be the derivative function of f. Let F
and F’ be respectively interval extensions of f and f”. Let ¢ be the mid value of the interval /
(c=center(I)). Let NS be the Newton step function with respect to f. If 0¢ F([c]) and 0¢ F’({) then:
width(NS(I)) < 0.5xwidth(I) d
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The first of the two efficiency theorems states that convergence may be quadratic for small intervals
around a simple zero of the real function whereas the second theorem says that even for large intervals
the rate of convergence may be reasonably fast (geometric).

In the above presentation we assume that the interval Newton’s method is applied to a real function
as defined in 3.2-2. However, the method can be naturally extended to deal as well with real functions
that include parametric constants represented by intervals [Han92]. In this case, the intended meaning
is to represent the family of real functions defined by any possible real valued instantiation for the
interval constants. The existence of a root means that there is a real valued combination, among the
variable and all the interval constants, that zeros the function.

Figure 3.7 shows an example of the application of the interval Newton method for enclosing the
zeros of the family of functions defined by fix;)=x;x([0.5..1.5]-x;). Any instantiation of the interval
constant with a real value within [0.5..1.5] produces a function whose graphic lies within the two solid
lines represented in the figure (a particular instantiation with the real value 1 is represented in figure
3.3). Consequently, the interval arithmetic evaluations of Fr=X;x([0.5..1.5]-X;) and
F’r=[0.5..1.5]-2X; define interval extensions for this family of functions and their derivatives,
respectively. The zeros of this family of functions are explicitly represented in the figure as a point
{0.0} and a thick horizontal line [0.5..1.5]. At the bottom of the figure are represented 4 cases of the
application of the Newton narrowing function with different initial intervals (the precision
assumptions are the same as in the example of figure 3.6). In the first case the initial interval was
[-0.5..0.2] and the unique zero was successfully enclosed within a canonical F-interval [0..0.001]. In
the second case the initial interval was [0.3..1.0] which could not be narrowed because both Fz([0.65])
and F’g([0.3..1.0]) include zero. In the third case the initial interval was [1.1..1.8] and the right bound
was updated to 1.554. In the fourth case the initial interval was [1.9..2.6] and it was proven that there

1s no zero within this interval.

1.0

i —— Fr=X; % ([0.5..1.5]- X))
0.0

N / ! i Fr=[05.15]-2X,

-1.0 § §

2.0

3.0

4.0+

5.0

T 1 I i I T
0.5 0.0 0.5 1.0 1.5 2.0 25
, [-0.5..0.2] [0.3..1.0] [1.1.18] [1.9.2.6]
0
NNo) [0..0.001] [0.3..1.0] [1.1..1.554] o

Figure 3.7 The interval Newton method for enclosing the zeros of a family of functions.
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3.3.2  Multivariate Interval Newton Method
The interval Newton method extended for the multivariate case may be used to solve systems of n
equations of the form:

f{(B)=0, where i=l,...,n and B is an n-ary R-box.
Similarly to the reasoning for the univariate case, it is possible to conclude that all solutions of the
above system must lie within the set S defined in vector notation by:

S={yeB: flc)+J(x)(y-¢)=0, x eB} where ceB and J is the Jacobian of f.
The idea is the same of the univariate method, that is, to define a Newton function whose result, when
applied to an R-box, includes all the possible solutions of the system within that box. Intersecting the
result with the original box and iterating the process, the search space will be eventually reduced.

The formal definitions of the Newton step and Newton narrowing functions (NS and NN) are almost
identical to the univariate case (definitions 3.3.1-2 and 3.3.1-3 respectively) except that their mappings
are, in the n dimensional case, from n-ary R-boxes into n-ary R-boxes. The definition of the Newton
function distinguishes the various multidimensional interval Newton methods.

In the first proposal [M0066] the Newton function was a direct extension of that for the univariate
case, written in vector notation as:

N(B) = C— V(B)F(C)
where: B is an n-ary R-box; C is a degenerate R-box including the mid point of B; F is a vector with
elements F; which are interval extensions of f; and; V(B) is an interval matrix containing the inverse of
every real matrix within J(B) (the extension of the Jacobian matrix of f).

In order to compute the interval matrix V(B) the nonsingularity of the matrices within J(B) was
required, implying that the method can only be directly applied (without split) if there is at most one
isolated root within 5.

Other proposals avoid the accurate computation of the inverse interval matrix which is a quite
complex process and not always achievable. Instead, these proposals, use efficient interval
approximation methods to solve, for N(B), the linear equation F(C)+J(B)(NV(B)-C)=0, which defines
an enclosing box for the solution set. The resulting Newton function may return less accurate
enclosing boxes but it can be applied without restrictions and computed more efficiently. The first
proposal, due to Krawczyk [Kra69] and called the Krawczyk method, was later improved by Hansen
and Sengupta [HS81] with a faster method known as the Hansen and Sengupta Gauss-Seidel method.

The properties presented before for the unidimensional case may be extended to the interval
Newton methods for the multidimensional case. An exception is made for the efficiency properties of
which only the asymptotic quadratic convergence was proven [AH83] for the special case where the
inverse interval matrix V(B) can be obtained. This last property makes the multidimensional interval
Newton methods particular effective for narrowing small boxes enclosing a single root, whose
existence may eventually be proven during the narrowing process (see theorem 3.3.1-3). However, for
large boxes, the narrowing achieved by these methods apparently does not justify the computational

costs of their implementation, at least compared with competing constraint propagation techniques.
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3.4 Summary

In this chapter, interval analysis techniques relevant for the interval constraints framework were
introduced. Interval arithmetic and its main properties were presented. Interval functions and interval
expressions were defined and related with the sound evaluation of the range of a real function through
the basic concept of an interval extension of the real function. The properties of interval extensions
were analysed and several important forms identified. The interval Newton method, widely used in the
interval constraints framework, was described and its fundamental properties analysed. The next
chapter will address constraint propagation approaches which extensively use interval analysis

techniques to guarantee their correctness.
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Chapter 4

Constraint Propagation

The filtering algorithms used in Interval Constraints for pruning the variable domains are based on
constraint propagation techniques initially developed in Artificial Intelligence for finite domains. They
use partial information expressed by a constraint to eliminate some incompatible values from the
domain of the variables within the scope of the constraint. Once the domain of a variable is reduced,
this information is propagated to all constraints with that variable in their scopes, which must be
checked again possibly to further reduce the domains of the other constrained variables. The constraint
propagation is terminated when a fixed-point is attained, that is, the variable domains can not be
further reduced by any constraint.

In the next section the propagation process is described as successive reduction of variables
domains by successive application of narrowing functions associated with the constraints of the CCSP.
The properties of the propagation algorithm are derived from the properties of the narrowing functions
used for pruning the variable domains.

In the interval constraints framework, a set of narrowing functions is associated to each constraint
of the CCSP. The evaluation of each narrowing function is accomplished by algorithms based on
Interval Analysis techniques. Section 4.2 discusses the main approaches used to associate narrowing

functions to constraints and the algorithms used for their evaluation.

4.1 The Propagation Algorithm

The overall functioning of the propagation algorithm used for pruning the variable domains is based
on narrowing functions. A narrowing function is a mapping between elements of the domains lattice
where the new element is obtained from the original by eliminating some value combinations

incompatible with a particular constraint of the CCSP.
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Definition 4.1-1 (Narrowing Function). Let P=(X,D,C) be a CCSP. A narrowing function NF
associated with a constraint c=(s,p) (with ceC) is a mapping between elements of 2” (Domainyc2”
and Codomainy;c2")! with the following properties (where 4 is any element of Domainyy):

P1) NF(A)cA (contractance)

P2) Ve 4 deNF(A) = d[s]ep (correctness) ad

Property P1 from the above definition assures that the new element is not larger (wrt set inclusion)
than the original element, which guarantees that a fixed-point will be eventually reached when the
narrowing functions are successively applied. Property P2 guarantees the correctness of the
application of a narrowing function since every value combination eliminated does not satisfy the
constraint ¢ (see definition 2-4) and so, cannot be a solution of the CCSP.

Monotonicity and idempotency are additional properties common to most of the narrowing
functions used in interval constraints. Several authors [OV93, BG96] denominate narrowing operators
the narrowing functions which satisfy both monotonicity and idempotency (or at least monotonicity

[Ben96)).

Definition 4.1-2 (Monotonicity and Idempotency of Narrowing Functions). Let P=(X,D,C) be a
CCSP. Let NF be a narrowing function associated with a constraint of C. Let 4; and 4, be any two

elements of Domainyz. NF is respectively monotonic and idempotent iff the following properties hold:

P3) A, A= NF(A4;) € NF(4>) (monotonicity)
P4) NF(NF(4,)) = NF(4)) (idempotency) Q

An important concept related with the narrowing functions is the notion of a fixed-point. For a
particular element of the domain of a narrowing function, the set of all fixed-points smaller (wrt set

inclusion) than this element may be defined.

Definition 4.1-3 (Fixed-Points of Narrowing Functions). Let P=(X,D,C) be a CCSP. Let NF be a
narrowing function associated with a constraint of C. Let 4 be an element of Domainyz A4 is a

fixed-point of NF' iff:

NF(A) = A.
The set of all fixed-points of NF within 4, denoted Fixed-Pointsys(A4), is the set:
Fixed-PointsyA(A4) = { 4; € Domainyg | 4; = 4 A NF(4;)=A4; } 4

The following theorem, based on [OV93], asserts that the union of all fixed-points of a monotonic
narrowing function within an element of its domain is itself a fixed-point which is the greatest

fixed-point within the element.

! We further impose that for any narrowing function the domain and the codomain must be the same subset of the
representable elements of 2° (the reachable sub-lattice - see sub-section 2.2.5).
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Theorem 4.1-1 (Union of Fixed-Points)2.. Let P=(X.D,C) be a CCSP. Let NF be a monotonic

narrowing function associated with a constraint of C, and 4 an element of Domainyz. The union of all

fixed-points of NF’ within 4, denoted UFixed-Pointsys(4), is the greatest fixed-point of NF in A4:
UFixed-Pointsy+4) e Fixed-PointsyA4)

V 4, eFixed-Pointsyp(4) 4i < VFixed-Pointsy:(4) a

From the above theorem it is possible to prove that the contraction resulting from the application of a
monotonic narrowing function to an element of its domain is limited by the greatest fixed-point within
the element. In other words, no value combination included in the greatest fixed-point may be
discarded in the contraction. Moreover, if the monotonic narrowing function is idempotent, the result

of the contraction is precisely the greatest fixed-point within the element of application.

Theorem 4.1-2 (Contraction Applying a Narrowing Function). Let P=(X,D,C) be a CCSP. Let NF

be a monotonic narrowing function associated with a constraint of C and 4 an element of Domainyg.

The greatest fixed-point of NF within 4 is included in the element obtained by applying NF to A4:
UFixed-Pointsy«(4) < NF(A)

In particular, if NF is also idempotent then:

UFixed-PointsyA{(4) = NF(4) a

In the interval constraints framework, each constraint originates several narrowing functions
responsible for the eclimination of some incompatible value combinations. Function prune,
implemented in pseudo-code in figure 4.1, describes the overall propagation algorithm which applies
successively each narrowing function until a fixed-point is attained. The algorithm is an adaptation of

the original propagation algorithm AC3 [Mon74] used for solving CSPs with finite domains.

function prune(a set Q of narrowing functions, an element 4 of the domains lattice)

O S« 3;

@ while QO #J do

3) choose NF € Q;

“) A’ <« NF(A) ;

) if 4’ = J then return & ;

(©) P« { NF’ € S: 3ycRelevanty AX]1 #A[x] } 5

@) O« QUP;S«<S\P;

®) if A’=A then O < O\ {NF} ;S < SuU {NF} end if;
©) A<« A’

(10)  end while
(11) return 4 ;
end function

Figure 4.1 The constraint propagation algorithm.

2 The theorems presented in this Chapter are proved in Appendix B.

51



CONSTRAINT PROPAGATION

The first argument Q of the function prune is a set of narrowing functions initially composed of all the
narrowing functions associated with the constraints of the CCSP. The second argument A is initially
instantiated with an element of the domains lattice representing the original variable domains (before
applying the propagation algorithm). The result is a smaller (or equal) element of the domains lattice.

The algorithm is based on a cycle (lines 2-10) where, in each step of the cycle, 4 is narrowed by
applying a narrowing function NF selected from (. During the whole process, set S contains the
narrowing functions for which A is necessarily a fixed-point and set O contains the remaining
narrowing functions. Initially there are no guarantees on whether the original domains A4 is a fixed-
point of any narrowing function and so S is empty (line 1) and Q contains all the narrowing functions.

The following is an explanation of the sequence of actions executed at each step of the cycle. If Q is
the empty set then A is a fixed-point for all the narrowing functions and it cannot be further pruned by
them, so the cycle is terminated (line 2) and A4 is returned (line 11). If O is not empty then one of its
elements NF, chosen accordingly to a selection criterion (line 3), is applied to 4 with result 4~ (line 4).
If this is the empty set then it is proved that there is no possible value combination within 4 capable of
satisfying the constraint associated with NF' and the execution is terminated (line 5)° returning &,
which means that 4 does not contain any solution of the CCSP. Otherwise P is defined (line 6) as a
subset of S composed of all the elements of S for which A4’ is no longer guaranteed to be a fixed-point.
These elements, which are the narrowing functions with relevant variables* whose domains were
changed by applying NF to 4, must be moved from S to Q (line 7). If 4° is a fixed-point of NF' (which
is guaranteed if A=A4’)> then NF' must be moved from Q to S (line 8). Finally, 4 is updated with the
new narrowed set of domains A4’ (line 9), the current cycle ends (line 10) and a new step cycle restarts
(line 2).

From the properties of the narrowing functions it is possible to prove that the propagation algorithm
terminates and is correct. Moreover, if all the narrowing functions are monotonic then the propagation
algorithm is confluent (the result is independent from the selection criteria used in line 3) and

computes the greatest common fixed-point included in the initial domains.

Theorem 4.1-3 (Properties of the Propagation Algorithm). Let P=(X,D,C) be a CCSP. Let set Sy be
a set of narrowing functions (obtained from the set of constraints C). Let 4, be an element of
Domainyg (Where NFeSy) and d an element of D (deD). The propagation algorithm prune(Sy, 4y)
(defined in figure 4.1) terminates and is correct:

Vd e 4,4 1s asolution of the CCSP = d € prune(Sy, 4y)
If Sy is a set of monotonic narrowing functions then the propagation algorithm is confluent and

computes the greatest common fixed-point included in 4. a

3 Actually, line 5 is only written for clarity, in practice it could be dropped since the empty set is a fixed-point of any
narrowing function and in the end the result would be the same.
4 Let NF be a narrowing function associated with a constraint ¢=(s,p). We will say that a variable x is relevant wrt NF
(xeRelevantyy) iff x is an element of s.
3 Knowing that NF is idempotent, 4 is necessarily a fixed-point of NF, and the if condition of line 8 may be dropped.
52



INTERVAL CONSTRAINTS

Although, in the case of monotonic narrowing functions, the selection criterion is irrelevant for the
pruning obtained by the propagation algorithm, it may be very important for the efficiency of the
propagation. In [LGR96, LGR98] problems of slow convergence of the propagation algorithm are
associated with cyclic phenomena (in the successive application of the narrowing functions) and a
revised propagation algorithm is suggested for identifying and simplifying such cyclic phenomena

dynamically (dynamically adapting the selection criterion).

4.2  Associating Narrowing Functions to Constraints

In the interval constraints framework, a set of narrowing functions associated with a constraint of the
CCSP is defined by considering its projections with respect to each variable in the scope of the
constraint.

The projection function identifies from a real box B (representing a set of value combinations
between the variables of the scope s of a constraint ¢=(s,p)) all the possible values of a particular

variable x;es for which there is a value combination belonging to the constraint relation p.

Definition 4.2-1 (Projection Function). Let P=(X,D,C) be a CCSP. The projection function with
respect to a constraint ¢=(s,p)eC and a variable x;es, denoted Ttxf, obtains a set of real values from a
real box B (with Be2”)) and is defined by:

m,(B)={dlx]|d epnd € B} =(p B)lx] a

Clearly, all value combinations within B with x; values outside n'xf,)(B) are guaranteedly outside the

relation p and so they do not satisfy the constraint c.
Figure 4.2 gives an example of a CCSP P with a constraint x;x(x>-x,;)=0 and shows the sets obtained

by applying its projection functions on the real box B=<[-0.5..2.5],[0.5..1.5]>.

P= ()(7D9C) = (<XJ,)C2>,D1><D2,{C})

X2
D=[-1..3] D,=[-0.5..2] c=xx(xx,)=0
x;=0 X=X
1.5 7 B ¢ = (<x1.x2>,0)
n.(B)=[0.5..1.5] p=1{<xx>eD | xx(irx) =0}
0s B =<[-0.5..2.51,[0.5..1.5]>
T T | X1
0 05 1.5

. (B) = {0} U [0.5..1.5]
Figure 4.2 An example of a constraint and its projection functions.
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Any solution of the constraint must be a point within the line x,=0 or within the line x,=x; (thin solid
lines in the figure). These points within the real box B define the segments represented in the figure as
thick solid lines within the grey rectangle. The projections of these segments with respect to each
variable are the sets obtained by applying the respective projection function to B.

Given the above definition, a box-narrowing function may be defined which narrows the domain of

one variable x;es from a box B (representing all the variables of the CCSP) eliminating some values of

x; not belonging to rcxf(B[s]).

Definition 4.2-2 (Box-Narrowing Function). Let P=(X,D,C) be a CCSP (with X=<x,,...,x;,....x>). A

box-narrowing function with respect to a constraint (s,0)€C and a variable x;es is a mapping, denoted
BNF):, that relates any F-box B=<I, e le,,. e Ixn> (BcD) with the union of m (1<m) F-boxes,
defined by:

BNFE, (<L ooy Liyeos L >) = <hy ooy Lo 1> O oo U <Ly Ly [ >

n

satisfying the property:

nxf(B[s])gllu...ulmngi a

The box-narrowing functions satisfy both properties of the narrowing functions: contractance follows

from the property /; U ... U I, < I, (the only changed domain is smaller than the original) and

correctness follows from the property Tcxf(B[s]) cI; v ... U, (the eliminated combinations have x;

values outside the projection function). However these properties are not enough for making them
narrowing functions (see definition 4.1-1) since they are not guaranteed to be closed under
composition (a box-narrowing function may only be applied to a single F-box but the result may be
the union of several disjoint F-boxes).

Most approaches solve the above problem by imposing that the result of applying a box-narrowing
function to an F-box must be a single F-box. This can always be achieved by substituting the union
operations of definition 4.2-2 by union hull operations (see definition 2.2.2-1). With this restriction a
box-narrowing function is a narrowing function accordingly to definition 4.1-1 and may be applied
within the propagation algorithm. Moreover, the complete set of narrowing functions may be obtained
by considering a box-narrowing function associated with each variable of each constraint of the CCSP.

Other approaches [Hyv92, SH92] that consider structures for representing unions of F-boxes (see
subsection 2.2.4), define each narrowing function as a function that applies a box-narrowing function
to each F-box represented in the structure. The result is the union of several F-boxes (which is
representable by a structure) each one smaller than the original (contractance) and containing the same
set of solutions (correctness).

What still remains to be explained is how to obtain an enclosure of a projection function which is

necessary to define the associated box-narrowing function. Because the goal is to narrow as much as
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possible the original domain loosing no solutions, the best possible enclosure is the RF-set
approximation (see definition 2.2.3-2) of the set of reals that would be obtained by the projection
function. This best possible enclosure cannot be easily obtained for all kinds of constraints so, several
interval constraint approaches transform the original CCSP into an equivalent one (see definition 2-7)
where all the constraints are in a suitable form for obtaining such enclosure. This method is known as
the constraint decomposition method to emphasise the decomposition of a complex constraint into a
set of primitive constraints. An alternative approach, denoted here as the constraint Newton method, is
to handle directly the original set of constraints and for each one obtain a coarser approximation of the
enclosing set by applying an algorithm that alternates bisection with Newton steps (see subsection
3.3.1). Both methods will be described in the next two sub-sections whereas complementary

alternatives will be addressed in subsection 4.2.3.

4.2.1  Constraint Decomposition Method

The constraint decomposition method [Hyv92, SH92, Lho93, BO97] was the original technique used
for defining box-narrowing functions capable of narrowing a variable domain into the RF-set
approximation (or at least the RF-hull approximation) of the set obtained by the respective projection
function. It is based on the transformation of complex constraints into an equivalent set of primitive

constraints whose projection functions can be easily computed.

Definition 4.2.1-1 (Primitive Constraint). Let e. be a real expression with at most one basic operator
(see definition 3.2-1) and with no multiple occurrences of its variables. Let e, be a real constant or a

real variable not appearing in e.. The constraint c is a primitive constraint iff it is expressed as:

e < e with ¢ € {<=2>} a

A set of primitive constraints can be easily obtained from a non-primitive constraint. Recall that by

definition 2.2-2 any constraint of a CCSP is expressed in the form ¢.<¢0 (where e, is a real expression

and ¢ € {<,=>}) and the only reason why it is not a primitive constraint is that the real expression e,

may contain more than one basic operator or may contain multiple occurrences of the same variable.
However, if there are n basic operators within expression e., then n-1 basic operators must be within
the expressions that are arguments of the other basic operator (see the recursive definition 3.2-1 of a
real expression). Thus, the original constraint may be decomposed by considering new variables (and
new equality constraints), one for each of these arguments containing basic operators. The whole set
of primitives may be obtained by repeating this process until all constraints contain at most one basic
operator. Similarly, for each multiple occurrence of the same variable a new variable may be
considered together with a new equality constraint. Alternatively, constraints with multiple

occurrences of the same variables could be solved in order to obtain a single occurrence of each
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variable, which is always possible because, after the previous decomposition, these constraints contain

at most a single basic operator.

Consider the CCSP P presented in figure 4.2 which includes the single constraint c= x;x(x;-x;)=0.
The constraint is not primitive since it contains two basic arithmetic operators and the variable x;
occurs twice. Applying the decomposition technique described above, the new variable x; is
introduced for representing the second argument of the multiplication operator and the primitive
constraints ¢;= x;xx;=0 and c,= x,-x;=x; are obtained. The CCSP P=(<x;,x,>,D;xD;,{c}) may thus be
transformed into the equivalent CCSP P ’=(<x;x;x;>,D;xDyx[-0..+to],{c;,c2}) where all the
constraints are primitive.

The next step of the constraint decomposition method is to solve algebraically each primitive
constraint wrt each variable in the scope and to define an interval function enclosing the respective
projection function. This is always possible because the constraints are primitive. However an extra
care must be taken due to the indefinition of some real expressions for particular real valued
combinations (for example: x;xx,=x; is not equivalent to x;,=x;/x;, if x, and x; are both zero, in which
case the expression x;/x; is not defined). The later problem is naturally handled by considering the
natural interval extension of the obtained real function, which includes all the defined real valued

combinations (in the above example X;cX5/X5).

Definition 4.2.1-2 (Inverse Interval Expression). Let c=(s,p) be a primitive constraint expressed in
the form e.<¢ e, where e.=e; or e=0(e,,...,e,) (P is an m-ary basic operator and e; a variable from s or

a real constant). The inverse interval expression of ¢ with respect to e, denoted Ve, is the natural
interval expression of the expression obtained by solving algebraically, wrt e;, the equality e.=e if ¢ is
an equality or e=eytk if ¢ is an inequality (with k<0 for inequalities of the form e.<e, and k>0 for

inequalities of the form e >ey). a

Table 4.1 shows the inverse interval expressions of primitive constraints with no operators or with one
of the four basic arithmetic operators defined in 3.1-1. The inverse interval expressions associated with

primitive constraints including other basic operators could be defined similarly.

Table 4.1 Inverse interval expressions of some primitive constraints.
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Ve, Ve, Ves oe{<=2>}
erte,oe; | (EstK):-E> | (EstK)-E; | (E/tE>)-K e;1s a real variable or a real constant
eexoe; | (EstK)TE; | E~(EstK) | (E-E>)-K E;is the natural interval extension of e;
exeyoe; | (EstK)E; | (EstK)E; | (E/xE>)-K [0.0] ifo =<
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Table 4.2 presents the inverse interval expressions associated with the primitive constraints of the

decomposed CCSP P’ described in the previous example.

Table 4.2 Inverse interval expressions of ¢;= x;xx;=0 and c,= x,-x;=x;3.

Ve, Ve, Ve;
X1><X3:0 0/X3 O/Xj X[XX3
Xo-X1=X3 XitX; XX XX,

The inverse interval expression wrt a variable allows the definition of the projection function of the

constraint wrt to that variable.

Theorem 4.2.1-1 (Projection Function based on the Inverse Interval Expression). Let P=(X,D,C)

be a CCSP. Let c=(s,p)eC be an n-ary primitive constraint expressed in the form e < e, where e.=e; or

e=D(ey,...,e,) (With ® an m-ary basic operator and e; a variable from s or a real constant). Let Vx; be
the inverse interval expression of ¢ with respect to the variable x; (e; = x;). The projection function n,:
of the constraint ¢ wrt variable x; is the mapping:

nxip(B) = VYx(B) N B[x/] where B is an n-ary real box a

An enclosure of the projection function wrt a variable x; is obtained by firstly applying the evaluation

rules of the basic operators (see section 3.1) to obtain the respective inverse interval expression Wx;
with the real box B, and secondly by intersecting the result with the projection of B wrt x;.
Table 4.3 shows the projection functions obtained by this method for the primitive constraints of the

previous example.

Table 4.3 Projection functions of ¢;= x;xx;=0 and c,= x,-x;=x;.

xxx3=0 X-X]=X3
o (<L1L5>) = (0/1;) N 1, o (<LpDod5>) = (Ir-Ls) O 1
m(<Lpl5>) = (0/1) O I (<L L>) = (L) O I
Ttxj(<1 1, 05>) = (1) N 1

The soundness of the interval evaluation rules guarantees the enclosure of the projection function.
However, the quality of this enclosure depends on the evaluation rules used (as discussed in section
3.1) and the restrictions imposed on the result (a single F-interval or the union of multiple F-intervals).
The best possible enclosure (the RF-set approximation of the projection function) is obtainable by

using extended interval arithmetic and allowing the result to be composed of multiple F-intervals.
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The inclusion monotonicity property of interval arithmetic evaluation guarantees the monotonicity
of the box narrowing functions defined by the decomposition method.

In the case of the above example, the interval evaluations will always result in a single F-interval
and so these could directly define the narrowing functions that will be considered by the propagation

algorithm for pruning the variable domains of the decomposed CCSP P’ (see Table 4.4).

Table 4.4 Narrowing functions of CCSP P ’=(<x;,x,,x5>,DxD;x[-00..400],{x;xx3=0, x,-x;=x3})

NF; | BNF(<ILLI>) = <(0/L3) N L L5>
xPo=0 NF, BNFX§(<11,12,13>) = <I,1,,(0/1;) N 13>

NF3 | BNF(<ILLL>) = <(Lr-ls) O 1D d5>
X»X;=X3 | NF, BNFX§(<I 1,10,05>) = <l,(Is+) N L,13>

NFs | BNF (<, 105>) = <Ip.L(L-1) O 15>

If the original goal is, according to the CCSP P=(<x;x;>,D;xD,{x;x(x>-x;)=0}), to prune F-box
B=<l;,I,>eD;xD,, then, using the decomposition method, the narrowing is executed on the
decomposed CCSP P’=(<x;,x2,x5>,D;xD,x[-00..4+0],{x;xx3=0, x,-x;=x3}) by applying the propagation
algorithm (prune) to the initial F-box B;=<I,[5,[-..+c0]> and using the narrow functions defined in
table 4.4. From the resulting F-box B; =<I[,;’,1,’,I;"> a box B’=<I,’,I,”> can be obtained by considering

only the domains of the variables appearing in the original CCSP P. Table 4.5 summarises the pruning

results obtained by this method for four different initial domains.

Table 4.5 Examples of the application of the decomposition method on a CCSP. The CCSP is

P:(<XJ,X2>,D]XD2, {XIX(XZ-)Q):O}) and Q: {NF],NFZ,NF3,NF4,NF5} (see table 44)

p B=<I;,I,> - DN Q<X X oo o)) f,—<X1 XzZ’
Case 1: [-0.5..2.5] [0.5..1.5] <[-0.5..2.5],[0.5..1.5],[-2.0..2.0]> | [-0.5..2.5] | [0.5..1.5]
Case 2: [0.25..1.0] [0.5..1.5] <[0.5..1.0],[0.5..1.01,[0..0]> [0.5..1.0] [0.5..1.0]
Case 3: | [-1.0..0.25] [0.5..1.5] <[0..01,[0.5..1.5],[0.5..1.5]> [0..0] [0.5..1.5]
Case 4; | [-1.0..-0.25] | [0.5..1.5] %) %)

Note that in the first case the original variable domains could not be pruned by the decomposition
method. However, in this case, the smallest box within B that encloses all the CCSP solutions is
<[0.0..1.5],[0.5..1.5]> (as can be checked in figure 4.2). In the other three cases the results obtained
were the narrowest possible results without loosing solutions (in particular, in case 4, it was proven

that box B is inconsistent).
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4.2.2  Constraint Newton Method
Instead of decomposing each complex constraint into a set of primitive constraints, the constraint
Newton method [BMV94, VMK97] manipulates complex constraints as a whole by using a technique
based on the interval Newton’s method for searching the zeros of univariate functions (see 3.3.1).

The approach is based on a set of auxiliary functions, that we will denote interval projections, one

for each variable of each constraint.

Definition 4.2.2-1 (Interval Projection). Let P=(X,D,C) be a CCSP. Let c=(s,p)eC be an n-ary
constraint expressed in the form e, ¢0 (with ¢ €{<,=>} and e. a real expression). Let B be an n-ary

B
F-box. The interval projection of ¢ wrt x;es and B is the function, denoted fo , represented by the

expression obtained by replacing in e, each real variable x; (xj#x;) by the interval constant B[x;]. a

B B . .
Xf and ij , associated with the constraint x;x(x>-x;)=0 and an F-box

The interval projections, [
B=<[-0.5..2.5],[0.5..1.5]> (see example of figure 4.2) are the family of univariate real functions
represented by the expressions x;x([0.5..1.5]-x;) and [-0.5..2.5]x(x,-[-0.5..2.5]), respectively.

From the properties of the interval projections, a strategy is devised for obtaining an enclosure of

the respective projection function.

Theorem 4.2.2-1 (Properties of the Interval Projection). Let P=(X,D,C) be a CCSP. Let c=(s,p)eC
be an n-ary constraint and B an n-ary F-box. Let Hxl_pB be the interval projection of ¢ wrt variable x;es
and B. The following properties are necessarily satisfied:

() if 0 ="="then V,ep[y]rem, ()= 0cll, (Ir])
(i) if ©="S"then V,cpy]rem. (B)= lefill, (1) <0
(iii) if ©=“>"then V,cp[y renxf (B) = right(foB([r])) 20

We will say that a real value r satisfies the interval projection condition if the right side of the

respective implication (i), (ii) or (iii) is satisfied. a

Property (i) claims that in equality constraints each element of a projection function wrt a variable
must be a zero of the interval projection, that is, zero must be within the interval obtained by its
evaluation. Properties (ii) and (iii) claim that in inequality constraints each element of a projection
function wrt a variable when evaluated by the complex interval projection will produce an interval
where at least some elements are smaller/larger (or equal) than zero.

The key idea of the strategy used in the constraint Newton method is to search for the leftmost and
the rightmost elements of the original variable domain satisfying the interval projection condition. The

next theorem guarantees that these elements define an interval that contains the projection function.

59



CONSTRAINT PROPAGATION

Theorem 4.2.2-2 (Projection Function Enclosure based on the Interval Projection). Let
P=(X,D,C) be a CCSP. Let c=(s,p)eC be an n-ary constraint, B an n-ary F-box and x; an element of s.
Let a and b be respectively the leftmost and the rightmost elements of B[x;] satisfying the interval

projection condition. The following property necessarily holds:

i (B) C [a..b] Q

From the above theorem, the natural strategy to obtain a new left (right) bound is firstly to verify the
interval projection condition in the left (right) extreme of the original variable domain and secondly,
only in case of failure, to search for the leftmost (rightmost) zero of the interval projection. This
strategy assumes the continuity of the interval projection function since in case of failure of an
inequality condition, it assumes that the leftmost (rightmost) element satisfying the interval projection
condition must be a zero of the interval projection.

Figure 4.3 presents the pseudocode of function narrowBounds, which implements this narrowing
strategy. It uses the function intervalProjCond for verifying whether the interval projection condition
is satisfied at the original interval bounds and uses the searchleft and searchRight functions for
finding new bounds. The unique argument of the function narrowBounds is an F-interval representing
the domain of a variable x;. The result is a smaller F-interval enclosing the projection function (or the

empty set if it is proved that the interval projection condition cannot be satisfied).

function narrowBounds(an F-interval [a..b])
(1) if a = b then if intervalProjCond([a]) then return [a] else return J; end if; end if;

@) if not intervalProjCond([a..a™]) then a < searchLeft([a*..b]);
@) if a =D then return J;
4) if a = b then return [b];

(5) if not intervalProjCond([b"..b]) then b < searchRight([a..b™]);
(6) return [a..b];
end function

Figure 4.3 The narrowing algorithm for finding an enclosure of the projection function.

The algorithm works as follows. If the original F-interval [a..b] is degenerate (line 1) then, it either
satisfies the interval projection condition and cannot be further narrowed or it doesn’t and the empty
set is returned because the constraint cannot be satisfied. If [a..h] is not degenerate then the algorithm

proceeds (line 2) by inspecting the satisfiability of the interval projection condition in the left bound
([a..a™]) and, in case of failure, a is updated to the left bound of the leftmost canonical interval (within

[aT..b]) that zeros the interval projection. If there are no zeros (line 3), the constraint cannot be
satisfied and the empty set is returned. If the only zero is the right bound b (line 4) then the degenerate
F-interval [b] is returned. Otherwise the algorithm proceeds (line 5) by inspecting the satisfyability of

the interval projection condition within the right bound ([67..5]) and, in case of failure, b is updated to

the right bound of the rightmost canonical interval (within [a..b7]) that zeros the interval projection. In
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this case, the empty set cannot be returned since the left canonical bound is a zero of the interval

projection, and so, the F-interval [a..b] is returned (line 6).

B
Function intervalProjCond is described in figure 4.4. It uses the interval projection fo and

assumes that the constraint is expressed in the form e.¢0. Its unique argument is a canonical

F-interval [ and the result is a boolean which is set to false iff it can be proved that the interval
projection condition cannot be satisfied by any real value within /.

function intervalProjCond(a canonical F-interval /)
(M [a--b]<—foB(1);

) case ¢ of

—

@3) “=": return Oe[a..b];
“) “<”: return a<0;
©) “>”. return b>0;

6) end case;
end function

Figure 4.4 The function that verifies if the interval projection condition may be satisfied.

In line 1 the interval projection function is evaluated for the canonical F-interval / and the result is the
interval [a..b]. Lines 3, 4 and 5 verify if the appropriate interval projection condition (see theorem
4.2.2-1) may be satisfied for a real value within / returning true in that case and false otherwise.

The algorithm for searching for the leftmost zero of an interval projection is specified in function
searchLeft, implemented in pseudocode in figure 4.5 (function searchRight is defined similarly). The

algorithm is analogous to the ShrinkLeft and LNAR algorithms proposed in [BMV94] and [VMKO97]
respectively. It uses the interval projection function foB and an associated Newton Narrowing

function NN as described in subsection 3.3.1 (see definition 3.3.1-3).

function searchLeft(an F-interval /)
M O« {I};
@ while O #J do
3) choose /; € O with the smallest left bound (V¢ g left(l))< lefu(]));
@ 0«0\
¢ if0ell,” (1) then

(6) I; <= NN(I));

(7 if /; # & then

8) R cleft(l;); I« [Vlght(lo)rlght(lj)],

) if OeHXfB(IO) then return /lefi(l));

(10) else O « O U {[lefi(l)). Lcenter(l))]], [Lcenter(1)) 1..right(1;)]}; end if;
1) end if;

12) end if;

(13) end while;
(14) return J;
end function

Figure 4.5 The algorithm for searching the leftmost zero of an interval projection.
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The only argument / of the function searchLeft is an F-interval representing the domain of the variable

x; where the search takes place. The returned result is either the empty set if it is proven that there are
B B
no zeros of fo within /, or else is an F-number « satisfying: Oe]_[xf ([a..a™)).
The algorithm is based on a recurring cycle (lines 2 through 13) where, in each cycle, a partition /;

B
of the original interval [ (/;c/) is inspected for its leftmost zero of fo . During the whole process, a

B

set O will contain partitions of the original interval that might include zeros of H,: . This set is

initialised with the whole original interval / (line 1). If O becomes empty then it is proved that there
B

are no zeros of fo within / and so the cycle terminates and the empty set is returned (line 14). If Q is

not empty then its member with the smallest left bound is chosen for inspection (line 3) and is

removed from Q (line 4). The inspection of an interval /; proceeds as follows. Line 5 verifies if zero is

B
contained in the interval evaluation of Hxip with I; as argument. In case of failure, /; cannot contain a
B
zero of Hxip (see theorem 3.2-2) and will not be further considered (a new cycle begins). In case of

success, /; might contain zeros of H,:B and so, the Newton Narrowing function is applied (line 6) for
obtaining a smaller interval without losing any existing zero (see theorem 3.3.1-1). Line 7 verifies if
the obtained interval is not empty. If it is empty then /; cannot contain a zero of ]_[,:B (see theorem
3.3.1-2) and a new cycle begins. Otherwise a canonical F-interval [, (enclosing the left bound of /;) is
isolated for inspection (line 8). If zero is contained in the interval evaluation of foB with [, as

argument then the left bound of /, is returned (line 9); else /; is split at its mid point and both intervals
are added to Q (line 10).

The algorithm, which takes advantage from the efficiency of the Interval Newton method (see
theorems 3.3.1-5 and 3.3.1-6), is correct and terminates.

Correctness is guaranteed in the sense that the returned real value is smaller (or equal) than any
possible real value within the original domain that is a zero of the interval projection function. On the
one hand, the fact that sub-regions of the original domain are only discarded by applying the Newton

Narrowing function guarantees that no existing zero is lost. On the other hand, the returned real value
is the left bound of a canonical F-interval [, that “zeros” HXfB (its interval evaluation contains zero)
and this value is smaller than any real value contained in any partition in Q°.

However, the fact the interval evaluation of HxipB(]o) contains zero does not guarantee that the left

bound of /, is a zero of the function (the returned real value may not be the leftmost zero of the
function). Moreover, it does not even guarantee the existence of a real value within /, that zeros the

function (it could be a consequence of the approximate nature of interval arithmetic evaluation).

¢ Due to the splitting strategy (line 9) and the choosing criterion (line 3), all values of the inspected partition /; are smaller (or
equal) than any value of any other partition in Q
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Termination is guaranteed because at each cycle a sub-region of the original domain is discarded or
split into two smaller sub-regions which is a finite process that necessarily ends when canonical sub-
regions are obtained.

As a consequence of the above properties of the searchleft/searchRight functions, the interval
obtained by applying the narrowBounds function to a domain of variable x; within a box B, necessarily
encloses the interval [a..b] whose bounds are the leftmost and the rightmost elements of B[x;]
satisfying the interval projection condition. Hence, and accordingly to theorem 4.2.2-2, the

narrowBounds function computes an enclosure of the projection function:
n,:(B) c [a..b] < narrowBounds(B[x;])

In the unrealistic case where the interval arithmetic evaluations were performed with infinite
precision, [a..b] is the interval obtained by the narrowBounds function. However, in this case, the
termination property of the searchlLeft/searchRight functions is no longer guaranteed.

The box narrowing functions defined by the narrowBounds functions are not guaranteed to be
monotonic. On the one hand, the Newton Narrowing functions used in the searchlLeft/searchRight
functions are non monotonic since the Newton function (definition 3.3.1-1) is not monotonic (due to
its dependence on the centre of an interval). On the other hand, they may be able to prove the
non-existence of zeros on entire sub-regions of a domain where the interval evaluation of particular
canonical intervals within this region may be insufficient to discard this possibility. Consequently, the
interval obtained by the narrowBounds function is not necessarily the smallest interval containing all
canonical intervals whose evaluation satisfy the interval projection condition. It may be even smaller
than this interval because, during the narrowing process, the Newton Narrowing functions may be able
to prove that some of these canonical intervals cannot satisfy the interval projection condition.

However, with infinite precision, the monotonicity of the narrowBounds functions is guaranteed
since the obtained interval is bounded by the leftmost and the rightmost elements of the original

interval satisfying the interval projection condition.

Consider the example of the CCSP P=(<x;x,>,D;xD,,{x;x(x-x;)=0}) presented in figure 4.2.

Using the constraint Newton method, since there is no need to decompose the unique constraint into
primitives, the pruning results over the original box B=<[-0.5..2.5],[0.5..1.5]> are much better than the
obtained by the previous method. The following is a step by step description of the application of the
narrowBounds function for narrowing the domain of variable x;. As in the example of figure 3.6, it is
assumed a three digits precision, that is, the distance between two consecutive F-numbers is 0.001.

The narrowBounds function is applied over the original interval [-0.5..2.5] with the associated
interval projection I—[XfB represented by the expression x;x([0.5..1.5]-x;) (represented in figure 3.2).
Since the original interval is not degenerate, the intervalProjCond function is applied to its left

canonical bound [-0.5..-0.499]. Because 0gHXfB([-O.S..-0.499])=[-1..-0.499], this bound does not
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satisfy the interval projection condition and the search for a new left bound within [-0.499..2.5] is
accomplished by function searchLeft.

Table 4.6 summarises the process, each line illustrating the principal actions executed at each cycle
within the searching algorithm described in figure 4.5. The first column shows the set of interval
partitions that are considered at the beginning of the cycle. The second column is the verification that
the leftmost interval partition /; may contain zeros of the interval projection (fig. 4.5, line 5). The third

column is the interval obtained by applying the Newton Narrowing function to this partition (fig. 4.5,
line 6) where the Newton function is defined accordingly definition 3.3.1-1 with F = X 1—X§ and
F’p=1-2X; (see example of figure 3.6). The fourth column is the verification if the left canonical

bound of the previously obtained interval may contain zeros of the interval projection (fig. 4.5, line 9).

Table 4.6 Searching a new left bound for x; within the interval [-0.499..2.5].

searchLeft([-0.499..2.5])
O={1,,...1,} 0el1,”(1)) NN 0ell," ()
{[-0.499..2.5]} 0€[-5..4.998] [-0.499..2.5] 0¢[-0.998.. -0.497]
{[-0.498..1.001],[1.001..2.5]} 0€[-0.995..2] [-0.498..1.001] | 0#[-0.997..-0.496]
{[-0.497..0.252],[0.252..1.001],[1.001..2.5]} | 0&[-0.992..0.504] [0..0.001] 0€[0..0.002]
return 0

In the first two cycles, the Newton Narrowing function was unable to reduce the leftmost interval and
the algorithm proceeded by considering smaller partitions. However, in the third cycle, the Newton
Narrowing function was powerful enough to isolate a canonical zero of the interval projection. The

final returned value is the left bound (0) of this canonical interval.
After verifying that OeEHXfB([2.499..2.5])=[—5..—2.497], the search for a new right bound was

performed similarly, by applying function searchRight to the interval [0..2.499], obtaining the new
bound 1.501. Consequently, the final result obtained by the narrowBounds function for narrowing the
domain [-0.5..2.5] of variable x; is the new and smaller interval [0..1.501].

The pruning achieved by using the constraint Newton method to solve any of the cases presented in
table 4.5 is identical to the pruning achieved by the decomposition method. An exception is the first
case, presented above, where the x; domain was narrowed into a smaller interval [0..1.501] which is a
fairly good approximation of [0..1.5] (the smallest interval enclosing the projection function —see

figure 4.2).

4.2.3 Complementary Approaches
Several variations of the two basic methods for obtaining box-narrowing functions have been
considered. The idea is to take advantage of the properties of these methods when applied to
constraints that are expressed in a particular form.

A modification of the Newton’s method, firstly presented in [VMK97], is to use other interval
extensions of the interval projection function associated with a constraint.
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As defined in the previous subsection, the interval projection is a univariate function obtained from
the original constraint expression by a process similar to the one presented in the definition of the
natural interval extension (see definition 3.2-6) except that some variables are replaced by their
interval values. Consequently, the interval arithmetic evaluation of this function with an interval
argument, which computes an enclosure of the function range, corresponds to the evaluation of its
natural interval extension. If instead of this natural interval extension, other interval extension
(expressed in some other form) is considered, then its interval arithmetic evaluation would still
compute an enclosure of the function range (see section 3.2). Moreover, the quality of this enclosure is
dependent on the form of the interval extension.

Pascal V. Hentenryck et al propose in [VMK97] the use of the Distributed and the Taylor” interval
extensions together with the natural interval extension for obtaining different enclosures of the interval
projection function. This way, different box-narrowing functions are simultaneously defined wrt the
same variable of the same constraint and may be applied at different stages of the pruning process

accordingly to their specific properties.

A modification of the decomposition method, presented in [Hyv92] and known as global tolerance
propagation, does not require the complete decomposition of the whole set of constraints into
primitive constraints. It transforms the original set of constraints into an equivalent one where for each
constraint (not necessarily primitive) the inverse interval expressions can be easily computed by
interval arithmetic evaluations. Moreover, for enforcing global consistency it is sufficient to obtain a
set of constraints whose variables are not connected circularly to each other by a chain of mutually
different constraints [Hyv92].

In practice, this equivalent set of constraints is often impossible to obtain, either due to algebraic
limitations or the imprecision of the interval arithmetic evaluations, and the approach may only be

applied in a few special situations.

Another modification to the general basic methods is the introduction of a pre-processing phase
preceding the definitions of the box-narrowing functions. The goal is to define an equivalent CCSP by
applying symbolic rewriting techniques over the original set of constraints. The obtained equivalent
CCSP will be expressed in a more suitable form for applying efficiently the narrowing propagation
algorithm.

Benhamou in [Ben96] characterised the pre-processing techniques in terms of constraint rewriting
operators. Practical proposals for applying these techniques aim at improving propagation efficiency
by introducing redundant constraints. In particular, for CCSPs addressing the solution of multivariate
polynomials over the reals, rewriting approaches were defined where Grobner bases are computed

[BGY6] (or partially computed [BG97]) from the original set of constraints.

7 The Taylor interval extension does not require the usage of the narrowBounds function because it can be solved wrt the
variable. However it requires that the constraint must be of the form E.=0 where E,. denotes a function which has
continuous partial derivatives [VMK97].
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Another variation based on the two basic methods for obtaining box-narrowing functions was
presented in [BGG99]. In this work, the authors developed an algorithm, denoted HC4revise, capable
of implementing a narrowing function associated with any complex constraint without decomposing it.
Moreover, the narrowing results achieved by HC4revise are the same as those that would be obtained
if the decomposition method were applied to this constraint and the narrowing propagation executed
with the resulting box-narrowing functions. This allowed the implementation of a more efficient
algorithm, denoted HC4, with the same results as the decomposition method, which does not require
the decomposition of complex constraints into primitives.

Based on the HC4revise algorithm, a complementary approach was proposed in [BGG99], which
may take advantage of the way that a complex constraint is expressed. The idea is that having an
algorithm, such as the HC4revise algorithm, that does not require decomposing complex constraints,
makes it possible to combine the essence of both basic methods, and choose either one or the other,
according to the form of the expression of the interval projection.

The evaluation error of the interval projection function is a consequence of the dependency problem
(see definition 3.2-7) and so, when there are no multiple occurrences of the same variable (the unique
variable) the HC4revise may be applied without introducing errors, otherwise, the Newton’s method
may be preferable. The resulting algorithm, denoted BC4, integrate the efficiency of the HC4revise
algorithm (and efficacy without dependency) with the efficacy of the Newton’s method for the

narrowing propagation of complex constraints.

Finally, some approaches [SKL97], complementary to the box-narrowing functions associated with
each variable of each constraint, consider narrowing functions capable of narrowing several variable
domains simultaneously.

These functions are based on the multivariate interval Newton’s method (see subsection 3.3.2) and
require the grouping of constraints into a square subsystem (the number of considered constraints
equals the total number of variables within their scopes) which can be seen as a single complex
constraint. Despite the inherent complexity of this multivariate approach, it may be particularly
effective where the projection approaches may fail, namely, in pruning space regions in the

neighbourhood of a root [SKL97].

4.3 Summary

In this chapter the generic constraint propagation algorithm was described in terms of narrowing
functions associated with the constraint set. Its properties were derived from the properties of the
narrowing functions. The main methods used in the interval constraint framework for associating
narrowing functions to constraints were presented. Their extensive use of interval analysis techniques
for guaranteeing correctness of the resulting narrowing functions was emphasised. The next chapter
defines local consistency as a property that depends exclusively on the narrowing functions associated

with the constraint set, and overviews the main consistency criteria used in continuous domains.
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Chapter S

Partial Consistencies

The fixed-points of a set of narrowing functions associated with a constraint characterize a local
property enforced among the variables of the constraint scope. Such property is called local
consistency since it depends exclusively on the narrowing functions associated with a single (local)
constraint and defines the value combinations that are not pruned by them (consistent). Section 5.1
characterizes the main types of local consistency types used in continuous domains.

Local consistency is a partial consistency, in the sense that imposing it on a CCSP is not sufficient
to remove all inconsistent value combinations among its variables. Stronger higher order consistency
requirements may be subsequently imposed establishing global properties over the variable domains.

Higher order consistencies will be discussed in section 5.2.

5.1 Local Consistency

Local consistencies used for solving CCSPs are approximations of arc-consistency, a local consistency
developed in Artificial Intelligence [Mac77, Mon74] for solving CSPs with finite domains. A
constraint is said to be arc-consistent wrt a set of value combinations iff, within this set, for each value

of each variable of the scope there is a value combination of these variables that satisfy the constraint.

Definition 5.1-1 (Arc-Consistency). Let P=(X,D,C) be a CSP. Let ¢=(s,p) be a constraint of the CSP

(ceC). Let A be an element of the power set of D (4€2”). The constraint ¢ is arc-consistent wrt A4 iff:
Vxies Vd.eAlx;] 3ded[s] ([dxil=di n d €p)

which, extending the definition of a projection function to any element of 2°, is equivalent to:

Vyes Alx] = {dx]|d epn Als] } = m,(A[s]) Q

Consider the example of figure 4.2 with box B;=<[-0.5..2.5],[0.5..1.5]>, box B,=<[0..1.5],[0.5..1.5]>
and the element 4=<[0..0],[0.5..1.5]>U<[0.5..1.5],[0.5..1.5]>. In this example the variables of the
CCSP are all represented in the constraint scope s=<x;,x,> thus B,[s]=B;, B,[s]=B; and A[s]=A. The

boxes B, and B, are not arc-consistent since, in both, there are x; values (for example x,=0.25) without
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any corresponding x, value satisfying the constraint (nxf(B 1)=7rxf(Bg)={O}u[0.5..1.5] is different from
their respective domains B,[x;]=[-0.5..2.5] and B;[x,]=[0..1.5]). However, element A4 is arc-consistent
because 7, (4)=A[x,]={0}U[0.5..1.5] and 7.;(4)=A[x2]-[0.5..1.5].

In continuous domains, arc-consistency cannot be obtained in general due to machine limitations for
representing real numbers. In practice, each real value must be approximated by a canonical F-interval
and so, the best possible approximation of arc-consistency wrt a set of real valued combinations is the
RF-set approximation of each variable domain within this set.

This is the idea of interval-consistency, which can be defined by replacing, in the definition of
arc-consistency, the notion of a real value by the notion of a canonical F-interval. A constraint is said
to be interval-consistent wrt a set of real valued combinations iff for each canonical F-interval
representing a sub-domain of a variable there is a real valued combination of the variables of the scope
satisfying the constraint.

Restricting F-intervals to closed form, a non degenerate canonical F-interval will only be
considered within a variable domain if there is a real valued combination satisfying the constraint in its
interior. However, due to the closed form imposition, a degenerate canonical F-interval will be
considered either if there is a real valued combination satisfying the constraint with this value for that

variable or if this real valued combination is within the interior of the adjacent canonical F-intervals.

Definition 5.1-2 (Interval-Consistency). Let P=(X,D,C) be a CCSP. Let c¢=(s,p) be a constraint of the
CCSP (ceC). Let 4 be an element of the power set of D (4<2”). The constraint ¢ is interval-consistent
wrt A iff:
Vyies Va.atlcAlx] IdeA[s] (dx]e(a.a®) A dep) A
V[a]gA[x,-] HdeA[s] (dxi]e(a..a*) A dep) (where a is an F-number)
which, extending the definition of a projection function to any element of 2°, is equivalent to:

Vy,es Al = Sun({ dlx] | d € p A A[s] }) = Supu(ms (A[5]) Q

Consider again the example of figure 4.2 and a three digits machine precision. The boxes B; and B, of
the previous example, which were not arc-consistent, are also not interval-consistent since they
include, in the domain of x;, non degenerate canonical F-intervals with no corresponding x, value in its
interior satisfying the constraint (for example [0.250..0.251]c<B;[x,]<B,[x;] and if x;(0.250..0.251)
there is no x; value satisfying the constraint). The element 4 of the previous example, which was arc-

consistent, is also interval-consistent since it is representable by a three digits machine precision and
0 Sun(m(A)=m/(A)=Alx]]  and  Syu(m(A)=m(4)=Clx;].  However, the  box

B;=<[0.5..7/2],[0.5..7/2]>, which is arc-consistent, is not representable and the smallest

interval-consistent F-box including Bj is B; =<[0.5..1.571],[0.5..1.571]>.
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Interval-consistency was one of the first local consistency types used in continuous domains
[Hyv92, SH92]. It can only be enforced on primitive constraints (decomposition method) where the
RF-set approximation of the projection function can be obtained by using extended interval arithmetic.
Structures, like divisions in [Hyv92] and taxonomies in [SH92], must be considered for representing
each variable domain as a non-compact set of real values. The narrowing functions are defined from
the application of a box-narrowing function to each F-box obtained by all possible F-interval
combinations between the domains represented in each structure.

In practice, the enforcement of interval-consistency can be applied only to small problems [Hyv92].
In order to maintain the RF-set approximation of the projection functions, the number of
non-contiguous F-intervals represented within each structure may grow exponentially, requiring an
unreasonably number of computations for each box-narrowing function.

Because it may be computationally too expensive to keep a structure for representing multiple F-
intervals, the approximations of arc-consistency most widely used in continuous domains assume the
convexity of the variable domains, in order to represent them by single F-intervals.

Hull-consistency (or 2B-consistency), firstly introduced by Lhomme in [Lho93] and extensively
used in continuous domains [Ben95, HEW98, BO97], is a coarser approximation of arc-consistency
than interval-consistency, which requires the satisfaction of the arc-consistency property only at the
bounds of the F-intervals that represent the variable domains.

A constraint is said to be hull-consistent wrt an F-box iff, for each bound of the F-interval
representing the domain of a variable there is a real valued combination of the variables of the scope
satisfying the constraint. Due to machine limitations for representing real numbers, the notion of a
bound of an F-interval must be extended to a canonical bound (an extreme canonical F-interval) which
also includes all non-representable real values within two consecutive F-numbers.

The definition of hull-consistency can be derived from the definition of interval-consistency by
simply considering, for each variable domain, the two extreme canonical F-intervals instead of all
possible canonical intervals. Consequently, the hull-consistency approximation of arc-consistency wrt

a set of real valued combinations is the RF-hull approximation of each variable domain within this set.

Definition 5.1-3 (Hull-Consistency). Let P=(X,D,C) be a CCSP. Let ¢=(s,p) be a constraint of the
CCSP (ceC). Let B be an F-box which is an element of the power set of D (B2”). The constraint ¢ is
hull-consistent wrt B iff:

Vy,es HdleB[s] (dxiela..a™) Adep) A
3d, e B[s] (dxi1€(b7..b] A d.€p) (where B[x;]=[a..b])

which is equivalent to:

V. es B = Lul{ dix] | d € p O Bls] }) = Ll (Bls]) 0
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In the previous example (with three digits machine precision) box B; is not hull-consistent because
within the x; bounds there are no corresponding x, values satisfying the constraint (for example, if
x;€[-0.500..-0.499) there is no x, value satisfying the constraint). However, box B, is hull-consistent
since, for example, if x;=0.000€[0.000..0.001), any x, value satisfies the constraint and if
x;=1.500€(1.499..1.500], then x,=1.500 satisfies the constraint (and similarly wrt the domain of the
other variable). Element A4 and real box B; are not F-boxes, so the hull-consistency criterion is not

applicable in these cases. Box B;’, which was interval-consistent, is also hull-consistent since any

interval-consistent box is hull-consistent. In this case, nxf(B[s]) must be a single F-interval and so

Sapn(te, (BISD)=ln(, (BIs]))-

The existing approaches to enforce hull-consistency are all based on the constraint decomposition
method where the RF-hull approximation of the projection function of each primitive constraint is
obtained by using extended interval arithmetic complemented with union hull operations to avoid
multiple disjoint F-intervals.

The major drawback of this decomposition approach is the worsening of the locality problem,
which is a direct consequence of the dependency problem (see definition 2.2.2-7). The existence of
intervals satisfying a local property on each constraint does not imply the existence of value
combinations satisfying simultaneously all of them. When a complex constraint is subdivided into
primitive constraints this will only worsen this problem due to the addition of new variables and the
consequent loss of dependency between values of related variables. Hull-consistency enforcement is
particularly ineffective if the original constraints contain multiple occurrences of the same variables.

An example of the bad results obtained by the decomposition approach was given in subsection
4.2.1 for pruning the domains of box B=<[-0.5..2.5],[0.5..1.5]> (figure 4.2). As seen above, box B is
not hull-consistent. However, the enforcement of hull-consistency in the decomposed CCSP did not
prune its domains (<[-0.5..2.5],[0.5..1.5],[-2.0..2.0]> is hull-consistent in the decomposed CCSP — see
table 4.5, case 1).

The drawbacks of the decomposition approach motivated the constraint Newton method, which can
be applied directly to complex constraints. The local consistency achieved by this method, known as
box-consistency and firstly characterized in [BMV94], has been successfully used in many
applications on continuous domains [VMK97, VMDO7]. It was developed with the goal of providing a
better trade-off between efficiency (of the enforcing algorithm) and pruning (of the variable domains).

Box-consistency is a coarser approximation of arc-consistency than hull-consistency. Instead of
requiring the existence of a consistent real valued combination within each bound of each scope
variable, it replaces the real valued combination by an enclosing box and requires a weaker form of
consistency. The box is formed by the respective bound together with the F-intervals of the other

variables of the scope. The weaker form of consistency is associated with a particular interval
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extension of the left side (e.) of the constraint (e.<©0) and is satisfied iff the F-interval obtained by

applying this interval extension to the box contains at least a real value satisfying the constraint'.

Definition 5.1-4 (Box-Consistency). Let P=(X,D,C) be a CCSP. Let c=(s,p) be a constraint of the

CCSP (ceC) expressed in the form ¢.¢0 (with ¢ e€{<,=>} and e. a real expression). Let Fz be an

interval expression representing an interval extension F of the real function represented by e.. Let B be

an F-box which is an element of the power set of D (Be2”). c is box-consistent wrt B and Fy iff:
Vxies Ir1€Fp(B;) 190 A 3r,e Fy(B,) 1200

where B; and B, are two F-boxes such as:

Bj[xi|=cleft(B[x:]), Bi|x;|=cright(B|x;]) and ije s (x#x =B [x;]]=B:[x;]=B[x]). |

With three digits machine precision, the constraint c=x;x(x,-x;)=0 is not box-consistent wrt
B/=<[-0.5..2.5],]0.5..1.5]> and the interval extension represented by X;x(X>-X;) since
0¢[-0.5..-0.499]x([0.5..1.5]-[-0.5..-0.499])=[-1..-0.498]. However, the constraint is box-consistent wrt
B,=<[0..1.5],[0.5..1.5]> and the same interval extension because, wrt variable x;
0€[0..0.001]x([0.5..1.5]-[0..0.001]) and 0&[1.499..1.5]1x([0.5..1.5]-[1.499..1.5]), and, wrt variable x;,
0€[0..1.5]%([0.5..0.501]-[0..1.5]) and 0<[0..1.5]x([1.499..1.5]-[0..1.5]).

Notice that the notion of box-consistency is always associated with a particular interval extension of
the left hand side of the constraint. Enforcing box-consistency with different interval extensions may
lead to different pruning results. However, if a constraint is hull-consistent wrt an F-box, it must also
be box-consistency wrt the same F-box for any possible interval extension. The reason is that,
independently from the interval extension used, the weaker form of consistency required by
box-consistency is always satisfied when consistency required by hull-consistency is satisfied.

Although box-consistency is weaker than hull-consistency for the same constraint, in practice, the
enforcement of box-consistency may achieve better pruning results since it may be directly applied to
complex constraints whereas hull-consistency is only enforced in primitive constraints implying the
previous decomposition of a complex constraint (see, in subsection 4.2.2, the better results obtained by
the constraint Newton method for pruning the domains of box B=<[-0.5..2.5],[0.5..1.5]>).

For primitive constraints box-consistency and hull-consistency are equivalent if the interval
extension used in box-consistency does not contain multiple occurrences of the same variable and its
evaluation is computed with infinite precision. This was proved in [CDR98] and is a consequence of
the absence of the dependency problem in the evaluation of the interval extension, which guarantees

that no overestimation error is made with infinite precision.

! The satisfaction of this weaker form of consistency for a consistent real valued combination is guaranteed by the soundness
properties of interval extensions and their evaluations (theorem 3.2-2).
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For complex constraints box-consistency is stronger than hull-consistency applied on the primitive
constraints obtained by decomposition [CDR98]. This is a consequence of the amplification of the
locality problem induced by the constraint decomposition. Enforcement of a consistency criterion
directly to a complex constraint is necessarily stronger (or equal) than its enforcement on the primitive
constraints obtained by the decomposition of the constraint. In particular, this is the case for the
box-consistency criterion, and because for primitive constraints box-consistency and hull-consistency
are equivalent, box-consistency on complex constraints must be stronger (or equal) than
hull-consistency on the respective primitive constraints.

Nevertheless, the pruning obtained by box-consistency is often insufficient for non linear
constraints. If there are several uncertain variables, the Newton method to enforce box-consistency
aims at tightening the bounds of each one substituting the other variables by their F-interval domains.
Hence, if there are n uncertain variables, it is still necessary to work with » univariate functions with
n-1 interval values. Depending on the complexity of the constraint, the uncertainty of the n-1 interval
values may cause a wide range of possible values for the univariate functions, preventing possible
domain reduction.

Consider again constraint c=x;x(x,-x;)=0 and a different interval extension of its left side
represented by Fr=X;x(2X,-(X;+X;)). Note that the real function f represented by fr=x;x(x,-x;) is the
same represented by fr=x;x(2x>-(x;+x,)) (the real expressions are equivalent) and Fg- is the natural
interval expression of fz- and consequently an interval extension of f. Constraint ¢, which was not
box-consistent wrt B;=<[-0.5..2.5],[0.5..1.5]> and Fp, is box-consistent wrt B; and Fr. Using the
interval expression Fg- (instead of Fg) for verifying the criterion for each bound of each variable, the
uncertainty of the interval values allows a wider range of possible values. For example, the condition
on the left bound of variable x; is now satisfied since 0€ F(<[-0.5..-0.499],[0.5..1.5]>)=[-1.5..0.001].

Generalising the concept of local consistency from a constraint to the set of constraints of a CCSP,
we can say that a CCSP P=(X,D,C) is locally consistent (interval, hull or box-consistent) wrt a set of
real valued combinations 42" iff all its constraints are locally consistent wrt 4. Since the propagation
algorithm obtains the greatest common fixed-point (of the monotonic narrowing functions) included in
the original domains, then the result of applying the propagation algorithm to a set 4€2” is the largest

subset A 'cA for which each constraint is locally consistent.

Definition 5.1-5 (Local-Consistency). Let P=(X,D,C) be a CCSP. Let 4 be an element of the power
set of D (4€2”). P is locally-consistent wrt 4 iff:

Ve ¢ is locally-consistent wrt A
Let S be a set of monotonic narrowing functions associated with the constraints in C which enforce a
particular local consistency by constraint propagation:

P is locally-consistent wrt prune(S,4)

V 4°c4 (P is locally-consistent wrt 4* = A 'c prune(S,4)) a
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When only local consistency techniques are applied to non-trivial problems the achieved reduction of
the search space is often poor (a problem called early quiescence in [Dav87]).

Consider the CCSP represented in figure 5.1 where there are two real variables, x; and x, with
values ranging within [-5..5] and two constraints, cjzx§+x§—22SO and czz(xj—l)2+(x2—1)2—2.5220. The
thick solid square is the initial domain box. The two circumferences represent the two constraints. The
grey area represents the complete set of solutions. The thin solid square is the box obtained by
enforcing a local consistency, either box-consistency (with the natural interval extensions represented
by F EIEX21+X§—22 and Fr,=(X, 1—1)2+(X2—1)2—2.52 respectively) or hull-consistency (on the decomposed

problem). The dashed square is the smallest F-box enclosing all solutions within the initial box.

5
Box obtained by enforcing a local
consistency on the initial box it
Yy +— / Initial box
X2
Smallest box enclosing all //\
solutions within the initial box
-5

5 X 5

Figure 5.1 Insufficient pruning achieved by local consistency enforcement.

The figure shows that the local consistency criterion cannot prune the search space inside the smaller
circumference — the pruning is the same as it would be without the constraint associated with the
larger circumference. Depending on the decision problem to solve, this may be irrelevant or, on the

contrary, it may justify the enforcement of a stronger consistency.

5.2  Higher Order Consistency

Better pruning of the variable domains may be achieved if, complementary to a local property, some
(global) properties are also enforced on the overall constraint set.

As in local consistency, higher order consistency types used in continuous domains are
approximations of similar concepts originally developed for solving CSPs over finite domains. The
most general concept to capture a global property among the overall constraint set of a CSP is the
definition of strong k-consistency given by Freuder in [Fre78].

A CSP is k-consistent (k>2) iff any consistent instantiation of k-1 variables can be extended by
instantiating any of the remaining variables. A CSP is strongly k-consistent if it is i-consistent for all
i<k.

In particular, strong 2-consistency corresponds to arc-consistency (see definition 4.3-1) and

hull-consistency (see definition 4.3-3) can be seen as an approximation of strong 2-consistency

73



PARTIAL CONSISTENCIES

restricted to the bounds of the variable domains (that is why the original denomination was
2B-consistency: B for bounds).

Similarly, higher order consistency types used in continuous domains are approximations of strong
k-consistency (with £>2) restricted to the bounds of the variable domains.

Strong 3-consistency adapt path-consistency, a higher order extension of arc-consistency [Mac77,
Mon74], to continuous domains. Specifically, 3B-consistency [Lho93] and Bound-consistency
[PV98], are generalisations of hull and box-consistency respectively. In both, the property enforced on
the overall constraint set is the following: if the domain of one variable is reduced to one of its bounds
then the obtained F-box must contain a sub-box for which the CCSP is locally consistent (hull or box-
consistency respectively).

The following is a generic definition for the consistency types used in continuous domains.
Accordingly to this definition local consistency is just a special case of the generic kB-Consistency

with i=2.

Definition 5.2-1 (kB-Consistency). Let P=(X,D,C) be a CCSP. Let 4 be an element of the power set
of D (4€2”) and k an integer number.

P is 2B-Consistent wrt 4 iff P is locally-consistent wrt 4

V>7 P is kB-Consistent wrt 4 iff

Vy,ex (34,cB, P is (k-1)B-Consistent wrt A, A 3 4,p, P is (k-1)B-Consistent wrt 4,)

where B; and B;are two elements of the power set of D such that:

B [x;]=cleft(B[x:]), Bs[x;]=cright(B[x;]) and ij e x (x&x=B,[x;]=B:[x;]=B[x/]). Q

In the rest of this work we will denote by kB-Hull-consistency and kB-Box-consistency the cases
where the local consistency enforced is respectively Hull- and Box-consistency. If k=2 the
designation kB may be omitted and the generic term Local-consistency may be used to designate an
unspecified type of local consistency. kB-Hull-consistency corresponds to the notion of
kB-consistency proposed by Lhomme in [Lho93] and 3B-Box-consistency corresponds to the notion
of Bound-consistency introduced in [PV98].

The algorithms to enforce these stronger consistencies interleave constraint propagation with search
techniques. The price to pay for stronger consistency is thus the growth in computational cost of the
enforcing algorithm, limiting the practical applicability of such criteria.

Figures 5.2 and 5.3 present an algorithm for enforcing kB-Consistency, either kB-Box-consistency
or kB-Hull-consistency. The algorithm is a generalisation of the 3B-consistency algorithm proposed in
[Lho93] with some improvements suggested in [BMBO1]. The input is the order k, a CCSP P=(X,D,C)
and an F-box BcD. The output is the largest kB-Consistent F-box within B or the empty set if it is

proved that there is no such box.
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The main function named kB-consistency uses an auxiliary function with the same name but an
extra parameter (size). This auxiliary function computes the largest F/-box within F-box B with the
following property: if the domain of one variable is reduced to its leftmost/rightmost subinterval (with
width not exceeding size) then the obtained F-box must contain a sub-box for which the CCSP is
(k-1)B-Consistent?. Therefore, when size is small enough to force such subintervals to be canonical,

the auxiliary function computes the largest kB-Consistent F-box within B.

function kB-consistency(an integer k>2, a CCSP P=(X,D,C), an F-box B)
(1) if /=2 then return prune(set of NF' from C,B);
@) size < largestWidth(B);
(3) repeat
4 size < size/2;
&) B < kB-consistency(size,k,P,B);
(©6) if B = J then return J;
(7) until canonical(size,B);
(8) return B;
end function

Figure 5.2 The generic kB-consistency algorithm.

The main kB-consistency function (figure 5.2) first checks (line 1) whether the enforcement of a local
consistency (if &#=2) is sufficient and, in that case, it calls the propagation algorithm with the
appropriate set of narrowing functions for enforcing the local criterion (Box-consistency or
Hull-consistency). Otherwise, if the enforcement of an higher order consistency is required, the size
value is initialised with the largest domain width within the original F-box (line 2) and smaller values
are subsequently considered (line 4) for improving the domain reduction computed by the auxiliary
kB-consistency function (line 5). The procedure terminates when the box is proved to be inconsistent
returning the empty set (line 6) or when the size value is smaller enough to assure the kB-consistency
wrt the current F-box B (line 7), in which case this box is returned (line 8).

Clearly, the generic kB-consistency algorithm is correct and terminates if the auxiliary

kB-consistency function terminates and computes the largest kB(size)-Consistent F-box within B.

2 In the following this property will be denoted kB(size)-Consistency.
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function kB-consistency(F-number size, an integer k>2, a CCSP P=(<x,,...,x,>,D,C), an F-box B)
(1)  if /=2 then return prune(set of NF from C,B);
@  forj=1to 2n do mem[j] < universalBox;
3) j <« 1; unfixedBounds < 2n;
@  while unfixedBounds>0 do

) if mem[j] € B then

6) fixed < FALSE;

) repeat

®) if isOdd(j) then

) i« (j+1)/2;

(10) I, « [left(B[x:])..min(right(B[x:]),] left(B[x])+size )];
(11) I, < [min(right(B [xi]),rleft(B [xi])+size—|). right(B[x;:])];
12) else

13) i<« j/2;

(14) I, < [max(left(B[x])Lright(B[x])-sizel)..right(B[x])];
(15) I, < [left(B[x.])..max(left(B[x:]) Lright(B[x.])-size)];
(16) end if;

a7 Blx;] « 113

(18) mem|j]| < kB-consistency(size,k-1,P, mem[j] N B);

(19) Blx;] <« I; UI;

(20) if mem[j] # & then

@1 fixed < TRUE;

(22) adjustBound(j,mem|j],B);

23) else

(24) if left(l;) = right(l;) then return &;

@5) Blx;] « I

(26) mem|[j] < universalBox;

27 unfixedBounds < 2n;

(28) B’ < kB-consistency(size,k-1,P,B);

(29) if B’=( then return J;

(30) for /=1 to 2n do adjustBound(l,B’,B);

31 end if;

(32) until fixed

(33) end if;
(34) unfixedBounds < unfixedBounds-1;
(35) if j = 2n then j < 1; else j < j +1; end if;
36) end while;
(37) return B;
end function

Figure 5.3 The auxiliary kB-consistency function used by the generic algorithm.

The auxiliary kB-consistency function (figure 5.3) also calls the propagation algorithm if local
consistency is all that is required (line 1). Otherwise, all 2# bounds of the n variables must be fixed
(narrowed) in a round robin fashion until the kB(size)-Consistency property is achieved (while cycle
from line 4 to line 36).

In order to narrow a particular variable bound (lines 6-32), a sub-box is considered (lines 9-11,17
for the left bound and 13-15,17 for the right bound) where the domain of that variable is reduced to its
leftmost/rightmost subinterval with width equal to size (if the original domain is smaller than size then
the whole box is considered). The possibility of (k-1)B(size)-Consistency is verified for this sub-box
(line 18) and if it succeeds (line 20) the bound j may have to be adjusted in line 22 (the procedure
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adjustBound(j,B’,B) verifies if the value of the bound j in B’ is different from the one in B, in which
case the later is updated and mem]j] is reinitialized into the universalBox). In case of failure the
sub-box is discarded from the original box (line 25) and, after narrowing the remaining F-box (lines
28-30), the next leftmost/rightmost subinterval is considered for the same variable bound until its
satisfaction (line 20) or the complete elimination of the original box (line 24).

Once a particular variable bound is changed, all the other variable bounds must be checked again
(line 27) to guarantee that the while cycle (lines 4-36) only terminates when (k-1)B(size)-Consistency
is satisfied simultaneously for all bounds. The above procedure assures the correctness of the
algorithm and termination is guaranteed due to the fact that after any 2x steps of the while cycle either
all the bounds are fixed (and the algorithm terminates) or at least one bound is reduced (and after a
finite number of such reductions the original box will be completely discarded).

The mem vector of F-boxes, one for each variable bound (initialized with the universalBox where
every variable domain ranges between -0 and +o0), implements the improvements suggested in
[BMBOL1] to the original algorithm. The idea is to memorize the result of the previous bound reduction
(line 18) and use it in the next reduction attempt for the same bound, either by guaranteeing the
property satisfaction without checking (in line 5, if mem[j]cB the bound is not narrowed) or, by
reducing the subbox that is checked (in line 18, (k-1)B(size)-Consistency is verified in mem[j]N\B

instead of in B).

All the consistency criteria used in continuous domains, either local or higher order consistencies, are
partial consistencies. The adequacy of a partial consistency for a particular CCSP must be evaluated
taking into account the trade-off between the pruning it achieves and its execution time. Moreover, it
is necessary to be aware that the filtering process is performed within a larger procedure for solving

the CCSP and it may be globally advantageous to obtain faster, if less accurate, results.

5.3 Summary

In this chapter Interval-, Hull- and Box-consistency were identified as the main local consistency
criteria used in continuous domains. Their definitions were presented and the methods for enforcing
them discussed. Higher order consistency criteria were defined as generalisations of the local
consistency criteria, and a generic enforcing algorithm was presented. In the next chapter Global Hull-
consistency is proposed as an alternative consistency criterion in continuous domains. Several

alternative enforcing algorithms are suggested and their properties derived.
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Chapter 6

Global Hull-Consistency

The pruning of the search space achieved by local consistency techniques on non-trivial problems is
often poor. Nevertheless, the computational cost of enforcing stronger consistencies may limit their
practical applicability.

In this context we propose a strong consistency criterion, Global Hull-consistency, and show that its
use in some such problems has reasonable computational costs. The need for a strong consistency
requirement originated on solving constraint problems which include parametric ordinary differential
equations [CB99a, CB99b, CB00], which will be addressed in part II.

The key idea of Global Hull-consistency is to generalise local Hull-consistency criterion to a higher
level, by considering the set of all constraints as a single global constraint. Hence, it must guarantee
arc-consistency at the bounds of the variable domains for this single global constraint: if a variable is
instantiated with the value of one of its bounds then there must be a consistent instantiation of the
other variables, and this complete instantiation is a solution of the CCSP.

If real values could be represented with infinite precision, Global Hull-consistency would be similar
to the notion of e-consistency (e- for external) presented in [CDR99Db]. In this case, enforcing Global
Hull-consistency (or e-consistency) on a real box corresponds to obtaining the smallest external real
box enclosing all solutions of a CCSP within the original box.

However, due to limitations of the representation of real values, the result of enforcing Global
Hull-consistency on a box of domains must be an F-box, enclosing the real box obtained by enforcing
e-consistency. These limitations prevent the enforcing algorithms from dealing directly with real
valued instantiations, requiring them to operate with their canonical F-box approximations. Because
within a canonical solution there might be a solution of the CCSP (and this possibility cannot be
discarded due to the system limitations), the best thing that can be done is to guarantee that for each
bound of each variable there is a canonical F-box instantiation which is a canonical solution. This is

formalised in the following definition of Global Hull-consistency.
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Definition 6-1 (Global Hull-Consistency). Let P=(X,D,C) be a CCSP. Let B be an F-box which is an
element of the power set of D (B2”). P is Global Hull-consistent wrt B iff:

Vy,eX 3BcB (Bi[x;]=cleft(B[x:]) A B, is a canonical solution of P) A
3B B (B/[xi|=cright(B[x:]) A B, is a canonical solution of P) a

Any strategy to enforce Global Hull-consistency must be able to localise the canonical solutions
within a box of domains that are extreme with respect to each bound of each variable domain. Global
Hull-consistency is the strongest criterion for narrowing a box of domains into a single smaller F-box
that looses no possible solution. Narrowing the obtained F-box further would necessarily exclude one
extreme canonical solution, possibly discarding a solution.

Figure 6.1 shows the box obtained by enforcing Global Hull-consistency on the example presented
in figure 5.1. The small boxes (1, 2, 3 and 4) represent the extreme canonical solutions (wrt each

variable bound) that were found by the enforcing algorithm.

Box obtained by enforcing a Global

Box obtained by enforcing a local Hull-consistency on the initial box

consistency on the initial box

an|dfuunnnnmnnnnnnns

Smallest box enclosing all
solutions within the initial box

X

NIIIIIIIII‘IIIII

o

Figure 6.1 Pruning achieved by enforcing Global Hull-consistency.

The obtained F-box is an approximation of the smallest real box enclosing the solution space and the
quality of the enclosure depends on the width of the canonical F-boxes (the available precision for the
representation of two consecutive real values). Narrowing this F-box further would result in the
elimination of at least one of the extreme canonical solutions (1, 2, 3 or 4) and all the real solutions
that it might contain.

The existing constraint systems developed for continuous domains are able to enforce some kind of
partial consistency (usually Local-consistency or eventually 3B-Consistency) and use it for isolating
solutions of a CCSP through a branch and bound strategy, implementing a backtrack search of the
space of possibilities (see chapter 2). Thus, the ultimate goal of these systems is to find individual
solutions and not to enclose the complete solution space within a single box.

In CCSPs where the number of solutions is small the strategy aiming at identifying them all could
be used for enforcing Global Hull-consistency, and the resulting box should enclose the complete set

of solutions. However, in the case of under-constrained CCSPs, the huge number of solutions (usually
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infinite in continuous domains) makes this strategy inadequate and specialised algorithms are needed
for enforcing Global Hull-consistency within reasonable computational costs.

In the rest of this chapter several algorithms will be presented for enforcing Global
Hull-consistency. The next section discusses the relations between Global Hull-consistency and kB-
Consistency and shows how the former can be obtained by an algorithm that enforces an appropriate
higher order consistency. Section 6.2 addresses algorithms which can be easily implemented by the
existing backtrack search systems without significant modifications of their propagation mechanisms.
Section 6.3 proposes the substitution of backtrack search by ordered search and discusses which of the
previous algorithms may profit from it. Section 6.4 presents a specialised algorithm which uses a
binary tree for the representation of the search space and includes a local search procedure for

anticipating the localisation of extreme canonical solutions.

6.1 The Higher Order Consistency Approach

If a CCSP contains only a single variable then enforcing a Local-consistency (2B-Consistency), either
Hull-consistency or Box-consistency, is sufficient to guarantee that each bound is a canonical solution
of the CCSP and so, the resulting box is Global Hull-consistent. The reason for this is that according to
the definitions of Hull and Box-consistency (definitions 5.1-3 and 5.1-4) if the variable is instantiated
with its leftmost/rightmost canonical subinterval then each constraint must be satisfied (in the sense
that within the interval obtained by its interval arithmetic evaluation there is a real value satisfying the
constraint). Because there is only one variable in the CCSP, its instantiation is a complete instantiation
which satisfies all the constraints and, consequently, is a canonical solution of the CCSP.

When a CCSP contains two variables, enforcing 3B-Consistency guarantees that if the domain of
one variable is reduced to one of its (canonical) bounds the resulting F-box (with at most one
non-canonical domain) must contain a sub-box for which the CCSP is locally consistent (see definition
5.2-1). But if this sub-box is locally consistent, the instantiation of the non-canonical domain to one of
its bounds satisfies all the constraints and, consequently, there is at least a canonical solution within
the sub-box. Therefore, enforcing 3B-Consistency on a CCSP with two variables guarantees Global
Hull-consistency.

The above property between Global Hull-consistency and kB-Consistency may be generalised for

any number of variables occurring in a CCSP and is formalised in the following theorem.

Theorem 6.1-1 (Equivalence between Global Hull-consistency and (n+1)B-Consistency). Let
P=(X,D,C) be a CCSP with n variables (X=<x,,...,x,>>). Let B be an F-box which is an element of the
power set of D (Be2”). The following property necessary holds:

P is Global Hull-consistent wrt B iff P is (n+1)B-Consistent wrt B a
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6.1.1  The (n+1)B-consistency Algorithm
Given theorem 6.1-1, a straightforward approach for enforcing Global Hull-consistency is to use the
kB-consistency algorithm (Chapter 5, section 5.2) and choose an appropriate value for the order £ (it
must be equal to the number of variables plus one).

Figure 6.2 illustrates this approach whose algorithm will be denoted (n+1)B-consistency to
emphasise its dependency on the number of variables of the CCSP.

function (n+1)B-consistency(a CCSP P=(<x,,...,x,>,D;x...xD,,C), an F-box B)
(1) return kB-consistency(n+1,P,B);
end function

Figure 6.2 The (n+1)B-consistency algorithm.

The input is a CCSP P with n variables and an F-Box B (with Bc<[,,(D)),..., L,x(D,)>). The result
(line 1) is the largest (n+1)B-Consistent F-box within B (which is equivalent to the largest Global
Hull-consistent F-box within B) or the empty set if it is proved that there is no such box. The

correctness of the algorithm is guaranteed by theorem 6.1-1.

6.2 Backtrack Search Approaches

Most interval constraint systems provide a search mechanism (alternating pruning and branching
steps) which implements a backtracking search for obtaining canonical solutions. The pruning is
normally achieved by enforcing some Local-consistency (Hull/Box-consistency or eventually
3B-Consistency) but it can be generalised for any kB-Consistency criterion (with 1<k<n+1, n being
the number of variables). The branching is normally achieved by choosing a variable domain
(according to a split strategy) and to separately consider the two boxes obtained by dividing this
domain at the mid point. In order to keep track of search space regions that may contain canonical
solutions, a stack of F-boxes is maintained and explored throughout backtracking.

Figure 6.3 presents the function backtrackSearch which implements this generic algorithm. It
assumes that the pruning is achieved by the kB-consistency function with some predefined value for
the order k£ and a predefined type of local consistency (Hull or Box-consistency). It also assumes that
the branching is implemented by procedure sp/itBox according to some, not shown, split strategy (LW,
RR or x;) and a side (LEFT or RIGHT). The procedure receives the F-box to split and returns the
branches that will be explored subsequently. The split strategy determines the variable to split: if LW,
the chosen variable is that with the largest domain width; if RR, each variable is chosen accordingly to
a round-robin strategy; and if x;, variable x; is chosen if its domain is not canonical, otherwise one of
the other split strategies is used. The side determines which branch will be explored first.

Function backtrackSearch has two arguments, the first is a CCSP P and the second a stack S of
F-boxes where the canonical solutions of P will be searched from. The second argument is also an

output argument returning the remaining values of S, which account for the reduction of the search
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space achieved during the search. The result of the function is a canonical solution of P within one of

the F-boxes of S or the empty set if no such canonical solution exists.

function backtrackSearch(a CCSP P=(X,D,C), inout a stack S of F-boxes)
(1) while S.size()>0 do
@ B« Spop();
3) B <« kB-consistency(P,B);
) if B # & then

) if isCanonical(B) then return B;
(6) splitBox(B,B;,B>);

) S.push(By);

®) S.push(B;);

©) end if;

(10) end while;
(11) return J;
end function

Figure 6.3 The generic backtrack search algorithm for finding canonical solutions.

During the execution of the backtrackSearch function the stack S of F-boxes representing the
remaining search space is maintained by a set of functions which implement the usual stack
operations: size returns the number of elements; pop returns the top element and removes it from the
stack; push adds a new top element.

The function is implemented as a while cycle (lines 1-10) executed as long as there are F-Boxes in
the stack (line 1) and no canonical solution was found. If the stack becomes empty then there are no
more canonical solutions and the empty set is returned (line 11). Otherwise the top element is removed
from the stack (line 2) and narrowed by the pruning function (line 3). If it is inconsistent then nothing
is done in this cycle and a new one is started with the next top element. If the resulting box is
canonical then a canonical solution has been found and the box is returned (line 5). Otherwise, if the
pruning function could not discard the F-box obtaining a smaller F-box which is not canonical then
the box is split by the splitBox function (line 6) and the two resulting F-boxes are added to the top of
the stack (lines 7 and 8).

The algorithm is correct and terminates. On the one hand, the narrowing of the search space is
achieved by enforcing a partial consistency requirement (kB-Consistency) which does not eliminate
canonical solutions. On the other hand, the split of the boxes that cannot be further pruned guarantee
that canonical F-boxes are eventually analysed, either reducing the search space (if such boxes violate
the partial consistency criterion), or returning the canonical solution found. The finite number of

canonical F-boxes within any search space guarantees termination of the algorithm.

The following subsections present four different algorithms, based on the above generic backtrack

search mechanism, for enforcing Global Hull-consistency.
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6.2.1 The BSy Algorithm
The simplest backtracking algorithm, BS,, for enforcing Global Hull-consistency on an F-box uses
backtrackSearch for finding all the solutions within the box and returns the smallest F-box enclosing
them.

The algorithm is presented in Figure 6.4. The input is a CCSP P and an F-Box B (with
Bc<l,,((Dy),..., 1;p(D,)>). The result is the smallest F-box containing all the canonical solutions
within B (which is equivalent to the largest Global Hull-consistent F-box within B) or the empty set if

B does not contain any canonical solutions.

function BSy(a CCSP P=(X,D;x...xD,,C), an F-box B)
1) S« B;
@ By, < backtrackSearch(P,S);
@) if By,;= < then return J else B;, < B,,;
(4) repeat
) Bsoy < backtrackSearch(P,S);

(6) if B,,; # & then B,, < B;, & By,r;
(7) until By, = J;
(8) return B;,;

end function

Figure 6.4 The BS) algorithm.

The algorithm maintains an inner box B;, that is the smallest box enclosing all the currently found
canonical solutions. When all the canonical solutions have been found this inner box must be the
largest Global Hull-consistent /-box within the original domains and is returned as the final result of
the algorithm (line 8).

A stack S of F-boxes is initialised with the single box B (line 1) and a canonical solution is searched
through backtracking on this stack (line 2). If no canonical solution is found the empty set is returned;
otherwise, the inner box is initialised to the obtained canonical solution (line 3). The algorithm
proceeds with a repeat cycle, where new solutions are searched within the remaining search space
(line 5) and the inner box is enlarged to include them (line 6)!, until there are no more solutions
(line 7).

The correcteness of the algorithm is guaranteed by the correcteness of the backtrackSearch
algorithm and by definition 6-1 which implies that the smallest box containing all the canonical
solutions is the largest Global Hull-consistent F-box.

Termination is guaranteed by the termination of the backtrackSearch function that reduces the finite
search space in each invocation (at least the box associated with the new canonical solution is removed

from §) thus requiring a finite number of steps of the repeat cycle.

! The symbol W represents the union hull operation - see definition 2.2.2-1.
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6.2.2 The BS; Algorithm

The previous brute-force algorithm blindly searches for new canonical solutions ignoring those
already found. Consequently, many space regions which are searched are irrelevant to Global
Hull-consistency. In particular, canonical solutions inside the inner box (which encloses all known
solutions) are useless regarding Global Hull-consistency.

The backtrack search algorithm, BS;, thus avoids searching regions within the inner box. To achieve
this, it separately searches extreme canonical solutions with respect to each variable bound and adds a
new constraint whenever a new canonical solution is found to narrow the relevant search space.

Figure 6.5 presents the algorithm. The input is a CCSP P and an F-Box B&<ly,(D)),..., Ipd(D,)>,
and the result is the largest Global Hull-consistent F-box within B or the empty set if it does not

contain any canonical solutions.

function BS;(a CCSP P=(<x,,....x,>,D;x...xD,,C), an F-box B)
(1) S« B; splitSide < LEFT;
) By < backtrackSearch(P,S);
3) if By,; = @ then return O else B;, < By,;;
4 for i=1 to n do
5) while left(B[x;]) < left(B;,[x;]) do

(©6) By < backtrackSearch((<x,,...,x,>,Dx...xD,,CU{x; < left(Bi,[x:])}),S);
7 if By, = & then B[x;] < [lefi(Bi,[x])..right(B[x:])];

®) else B, < B;, W B, ; end if;

©) end while;

(10) S < B; splitSide < RIGHT;
an while right(B[x;]) > right(B;,[x;]) do

(12) Byoi < backtrackSearch((<xy,...,x,>,Dx...xD,,CU{x; > right(B;,[x;])}),S);
(13) if By, = & then B[x;] < [lefi(B[x.])..right(Bu[xi]));

(14) else B, < B;, W By, ; end if;

(15) end while;

(16) S < B; splitSide < LEFT;
17) end for;
(18) return B,,;

end function

Figure 6.5 The BS; algorithm.

Similarly to BSy, function BS; maintains an inner box B, that is returned as the final result when a
solution exists (line 18).

The initialisation of the stack S of F-boxes (line 1), the search for a first canonical solution (line 2)
and the initialisation (line 3) of the inner box (or returning of the empty set) are identical to BS,.
However, BS; proceeds by considering each variable domain separately (the for cycle between lines 4
and 17), to search the extreme canonical solutions with respect to its left (lines 5-9) and right (lines
11-15) bounds.

The search for the leftmost canonical solution for a variable is executed in a while cycle (lines 5-9)
within the regions of the current search space where this variable has values which are less than any

known solution (line 6). While new solutions are found, the inner box is updated to enclose them
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(line 8) and the cycle continues. Eventually, the last canonical solution found is the leftmost solution
and the original search box is updated accordingly (line 7) terminating the cycle. The search for the
rightmost solution is similar.

Before every search for an extreme canonical bound, the search space S must be reinitialised with
the current domains box (lines 1, 10 and 16) in order to disregard all the previous additional
constraints that were considered for restraining the search space in other search contexts and the side
branching option used by function backtrackSearch is redefined towards the appropriate direction
(variable splitSide).

The algorithm is correct since each while cycle obtains an extreme canonical solution wrt the
variable under consideration. This is achieved in a finite number of steps because the backtrack search
either fails, terminating the algorithm at once with the correct result, or finds a new solution and

reduces the finite search space for the following iteration.

6.2.3  The BS; Algorithm

The key idea of the next algorithm, BS,, (suggested by Frédéric Benhamou in a personal
communication), is to control the branching strategy to direct the search towards the extreme
canonical solutions. Instead of constraining the search space whenever a new canonical solution is
found, the branching strategy guarantees that the first solution found is already an extreme canonical
solution with respect to some variable bound. The search is separately executed for each bound of
each variable domain and the branching options, of strategy and side, adopted by function
backtrackSearch, are explicitly controlled by variables splitStrategy and splitSide, respectively
Figure 6.6 illustrates the BS, algorithm. The input is a CCSP P and an F-Box B
(Bc<Iyp(D)),....Lsp(Dy)>), and the result is the largest Global Hull-consistent /-box within B or the
empty set if it does not contain any canonical solutions.
function BS;(a CCSP P=(<x,...,x,>,D;x...xD,,C), an F-box B)

1 S« B;

@) splitStrategy < x;; splitSide < LEFT; B, < backtrackSearch(P,S);

3) if By,; = & then return & else B;, < By,;;

@ for ;=2 to 2n do
5) if isOdd(j) then

(6) splitSide < LEFT; i < (j+1)/2;

@) Blx;.;] < [left(B[x:.1])..right(Bis[xi.1])];
) else

) splitSide < RIGHT; i < j/2;

(10) Blx;] <= [left(Biu[xi])..right(B[x:])];

1) end if;

12) S < B;

(13) splitStrategy < x;; By, < backtrackSearch(P,S);

(14) Bin <~ B[n W Bsol;
15) end for;
(16) return B,,;

end function

Figure 6.6 The BS; algorithm.
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When the splitStrategy and the splitSide are respectively x; and LEFT/RIGHT, the backtrackSearch
function returns the leftmost/rightmost canonical solution wrt the variable x;. Consider the stack S of
F-boxes, representing the search space at a given moment, as a sequence of k F-boxes By,...,By, with
By its top element. If S is obtained from an original F-box B after several iterations of the while cycle
of the backtrackSearch function and during the process only variable x; was split then for any two
consecutive F-boxes within S, B; and Bj.;, right(B;.[x;])<left(Bj[x;]) if splitSide=LEFT and
right(B)[x;])<left(B;+[x;]) if splitSide=RIGHT. Thus, if there are no other split variables, when a
solution is found, it must be the result of narrowing the top element into a canonical box and so any x;
value must be smaller/larger or equal than any other x; value of any other F-box implying that the
canonical solution is the leftmost/rightmost canonical solution wrt the variable x;. With an x; split
strategy the only possible cases where the split variable is not x; is when the domain of x; is already
canonical and so both subboxes will have the same x; domain which must contain the smallest/largest
possible value for x; within S. Therefore, with an x; split strategy, the search space at any given
moment may be represented as a sequence of k+m F-boxes Bj,...,Bi,Brii1s. . ,Brem, With By, its top
element and where all the By.,...,B+, boxes have the same smallest/largest x; canonical domain (for
some m=>0) and for any two consecutive F-boxes B; and B;,;, with 1<j<k, right(B; [x;])<left(Bj[x;]) if
splitSide=LEFT and right(B;[x;])<left(B;+[x;]) if splitSide=RIGHT. Thus, in any case, if a solution is
found within the top element it must be the leftmost/rightmost canonical solution wrt the variable x;.

During the whole execution of the BS, algorithm, exactly 2»n canonical solutions are found (if there
are any canonical solutions, otherwise the empty set is returned in line 3), one for each variable bound,
and the enclosing inner box B;, that is maintained (line 14) is returned in the end (line 16).

After the initialisation of the stack S of F-boxes with the original box (line 1), the branching options
set the search for the leftmost canonical solution of variable x; (line 2). Then, the algorithm proceeds
by separately searching the extreme canonical solutions of the remaining 2r-1 variable bounds (for
cycle, in lines 4-15).

The search for the leftmost (rightmost) canonical solution wrt a particular variable is executed by a
single function call to the backtrackSearch algorithm over the current domains box (line 13) whose
branching options (variable and side) must be appropriately set (lines 13 and 6/9).

Before every new search for an extreme canonical bound, the current search space S must be set to
the current domains box (line 12) that considers the latest update on its bounds (lines 7/10).

Clearly the algorithm terminates (it does not contain any possibly infinite cycles and the
backtrackSearch function terminates) and is correct. As proved before, with an x; split strategy for a
particular split side, left or right, the first canonical solution found by the generic backtrack search

algorithm is the leftmost/rightmost.

6.2.4  The BS; Algorithm
All previous approaches independently search for each extreme variable bound. In BS;, the addition of

new constraints improve the search by preventing search on irrelevant space regions. In BS,, the
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branching strategy exploits a partition on the search space that guarantees that the canonical solutions
found are indeed extreme canonical solutions.

The last of the backtrack search algorithms, BS;, tries to reuse the computational effort as much as
possible within the limitations imposed by a stack data structure for representing the search space. It is
a branch and bound algorithm where the extreme canonical solutions with respect to each bound of
each variable domain are searched simultaneously within a round robin scheme.

The basic idea is to maintain an outer box that includes all possible canonical solutions and an inner
box that is the smallest box enclosing all currently found canonical solutions. The search for extreme
canonical bounds is restricted to the region between these two boxes.

The algorithm stops when the inner box equals the outer box returning it as the largest box within
the original domains satisfying the Global Hull-consistency criterion.

Figure 6.7 shows BS;. From a CCSP P and an F-Box B, the function BS; computes the largest
Global Hull-consistent F-box within B or the empty set if it does not contain any canonical solutions.

function BS;(a CCSP P=(<x,...,x,>,D;x...xD,,C), an F-box B)
(1) S <« B; By, < backtrackSearch(P,S);
@) if By,;= < then return & else B;, < B,,; B, < B; end if;
(3) repeat

“) fixed « TRUE;
) for j=1 to 2n do

(©6) if isOdd(j) then

@) i« (j+1)/2;

®) splitSide < LEFT;

©) 1> < [left(Boulxi])..left(Bi[x:])]; Iz <[left(Biu[x:])..right(Boulxi])];
(10) 1 < [left(1}>). .|—center(1 ] 2)—|] ) (—[rcenter(l I 2)-|..right(l 12)];

an else

12) i<« j/2;

13) splitSide < RIGHT;

(14) 115 <[ right(Bin[xi])..right(Bou[x:])]; 15 < [left(Boulxi]).. right(Bia[xi])];
(15) I <—[|_center(1 ; 2)J. right(1;,)]; L < [left(l; 2)..|_center(1 ; 2)J];

16) end if;

a17) if width(l;;) > 0 then

(18) fixed < FALSE,;

(19) B < B,.s; Bi|xil< I;; S < Bj; By < backtrackSearch(P,S);

(20) if B,,; = & then

@1 Boulxi] < LU I3

22) if width(l,) > 0 then

(23) By < By Bo[xi|« ;S < B»; By, < backtrackSearch(P,S);
(24) if By, = & then B, [x;] < I;; else B;, < B;, ¥ By, end if;
(25) end if;

(26) else B, < B;, W B, end if;

@7 end if;

(28) end for;

29) until fixed;

(30) return B;,;
end function

Figure 6.7 The BS; algorithm.
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Initially, the generic backtrack search mechanism is applied to the original box to obtain a first
canonical solution (line 1). If no canonical solution is found then the CCSP has no solutions and the
empty set is returned. Otherwise the inner box is initialised to the canonical solution and the outer box
is initialised to the original box (line 2).

The algorithm searches extreme canonical solutions for each variable bound in round robin until all
of them are found. This is implemented as a for cycle (lines 5-28) (with 2 iterations, one for each
bound) within a repeat cycle (lines 3-29) which terminates when the inner box equals the outer box,
returning it (line 30).

In each iteration for searching the left/right bound of a particular variable x; the following steps are
accomplished.

Firstly, the branching option of side (splitSide) is set appropriately (lines 8/13).

Secondly two F-intervals, /;; and I3, are considered, where the first defines the portion with values
smaller/larger than the left/right bound of the inner box and the second contains the remaining values
(lines 9/14). Interval I;, is subsequently split at its mid point originating two subintervals /; and [,
(lines 10/15).

If the width of [, is zero, the inner and outer boxes have equal bounds, that of the extreme
canonical solution already found, and nothing else needs to be done in the iteration. Otherwise (line
17), the relevant search space is set to that between the inner and the outer boxes. More precisely, to
an F-box equal to the outer box but for the domain of x;. To improve efficiency, a canonical solution is
searched within this search space, with the domain of x; firstly set to /; (line 19) and subsequently set
to I; (line 23). If no canonical solution is found, the x; domain of outer box is updated to the remaining
interval (lines 21 and 24 respectively). Otherwise the inner box is updated to include the newly found
canonical solution (lines 24 and 26 respectively).

Notice that each iteration for a left/right bound of a particular variable x; eliminates at least half of
the relevant search space. In fact, the search space is divided into two halves, the F-boxes B; and B,. If
a canonical solution is found within B, then the inner box is enlarged to include it and F-box B, will be
considered no further. Otherwise, B is eliminated from the search space.

The algorithm is correct and terminates. Correcteness is guaranteed by the correcteness of the
backtrackSearch algorithm and because the termination of the repeat cycle implies that for every
bound it is proved that there are no more canonical solutions outside the inner box (which is returned
in the end). Termination is guaranteed by the reduction of the finite search space performed at each

iteration.

6.3 Ordered Search Approaches

All the previous algorithms use a generic backtrack search mechanism for finding individual canonical
solutions, in order to enforce Global Hull-consistency. Thus the ultimate goal is not merely finding

canonical solutions but among them the most extreme with respect to a variable bound. However, the
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simple generic backtrack search mechanism makes no preferences on the order in which the boxes of
the search space are explored, following the natural backtracking sequence.

If an ordered search is performed instead, the Global Hull-consistency enforcing algorithms might
anticipate the exploration of preferable space regions, thus compensating the extra computational cost
of such strategy.

The algorithms in the following subsections are variations of the backtrack searching algorithms
that use instead a generic ordered search mechanism for finding canonical solutions.

The generic ordered search mechanism is implemented by the function orderedSearch represented
in figure 6.8. Its overall functioning is similar to the backtrackSearch function except that in this case
the search space is represented by a different data structure, which is a list of F-boxes sorted by a
particular variable bound. It is assumed that the variable and the bound are determined by the global
parameters orderedVariable and orderedSide respectively.

The function orderedSearch has two arguments, the first is a CCSP P and the second an ordered list
L of F-boxes where the canonical solutions of P will be searched. The second argument is also an
output argument allowing multiple calls to this function with the side effect of reducing the remaining
search space. If the orderedSide parameter is set to LEFT/RIGHT, then the F-boxes within L are in
ascending/descending order of their left/right bounds of the domain of the variable defined in the
orderedVariable parameter. The result of the orderedSearch function is a canonical solution of P
within one of the F-boxes of L or the empty set if there are no such canonical solutions.

function orderedSearch(a CCSP P=(X,D,C), inout an ordered list L of F-boxes)
(1) while L.size()>0 do
) B < L.pop fron«);
3) B « kB-consistency(P,B);
) if B # J then

Q) if isCanonical(B) then return B;
() splitBox(B,B,B>);

@) L.insertOrdered(B.);

@®) L.insertOrdered(B));

) end if;

(10) end while;
(11) return I,
end function

Figure 6.8 The generic ordered search algorithm for finding canonical solutions.

During the execution of the orderedSearch function the ordered list L of F-boxes representing the
remaining search space is maintained by a set of functions which implement the usual list operations:
size returns the number of elements; pop front returns the first element and removes it from the list;
insertOrdered adds a new element in its appropriate position with respect to the order determined by
the orderedVariable and orderedSide parameters.

The only differences between this algorithm and the backtrackSearch algorithm result from the

maintenance of the different data structures for representing the search space. The pop and push
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functions, which are typical for stack data structures, are replaced, in the orderedSearch algorithm, by
the pop_front and insertOrdered functions, which are common in list data structures.

The algorithm is correct and terminates due to the same reasons that guarantee the correcteness and
termination of the backtrackSearch algorithm. The only difference between the algorithms is the order
in which the F-boxes are explored and this cannot affect their correcteness or termination properties.

The following two subsections present ordered search algorithms which are variations of the BS;
and BSj; backtrack search algorithms. Algorithms BS, and BS, would not profit from an ordered search.
In algorithm BS, every F-box must be explored and so it is indifferent the order by which this is
accomplished. In algorithm BS,, the stack of F-boxes used in each backtrackSearch function remains

ordered due to the branching strategy, and no specialised data structure for that purpose is needed.

6.3.1 The OS; Algorithm
BS; may benefit from an ordered search since finding better (wrt to a variable bound) canonical
solutions improves the pruning of the search space.

The modified algorithm, OS;, is obtained from the original BS; function (see figure 6.5) by calling
function orderedSearch (lines 2, 6 and 12) whose parameters must be previously defined. The
orderedSide parameter must be set instead of the now useless splitSide parameter (lines 1, 10 and 16).
The orderedVariable parameter is initialised to variable x; (line 1) and updated to the current variable
X; at the beginning of each iteration of the for cycle (between lines 4 and 5).

Again the correctness and termination of the OS; algorithm are guaranteed by the correctness and
termination of the BS; algorithm since the only difference between them is the order by which the

F-boxes are explored.

6.3.2 The OS; Algorithm
The BS; algorithm may also take advantage from an ordered search in that better (wrt to a variable
bound) canonical solutions may cause a faster approximation of the inner box towards the outer box.
The new algorithm, OSj, is obtained from the original BS; function (see figure 6.7) by simply
calling (in lines 19 and 23) function orderedSearch whose parameters must be previously set. The
orderedSide parameter must be set instead of the splitSide parameter (lines 8 and 13). The
orderedVariable parameter is updated to the current variable x; before the function call in lines 19 and
23.
The correctness and termination of the OS; algorithm are guaranteed by the correctness and

termination of the BS; algorithm.
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6.4 The Tree Structured Approach

In all previous algorithms the search for a different variable bound does not take full advantage from
the search for previous bounds. The main reason for such behaviour is that the data structures used for
representing the search space, either a stack or a list of F-boxes, are optimised during the search for a
particular bound and cannot be easily reused in the search for different bounds.

Alternatively, a different data structure for the representation of the search space may be used,
which is simultaneously optimised with respect to each variable bound, enabling an efficient search on
any of these dimensions. In this section we present a tree data structure for the representation of the
complete search space which is complemented by a set of ordered lists, one for each variable bound, to
keep track of the relevant F-boxes and the actions that must be executed on each of them.

The next subsections describe the data structure in more detail, and its use by an improved tree

structured algorithm (7:SA4) for enforcing Global Hull-consistency.

6.4.1  The Data Structures
Besides the inner box, the F-box enclosing all known canonical solutions already used before, the
basic data structures maintained by the algorithm are a binary tree and a vector of ordered lists.

Each node of the binary tree is an F-box which represents a sub-region of the search space that may
contain solutions of the CCSP. By definition, each parent box is the smallest F-box enclosing its two
children. Consequently, the union of all leaves of the binary tree determines the complete search space
and the root of the tree defines the smallest F-box enclosing it.

The binary tree of F-boxes is maintained by the following set of basic operations: size returns the
number of elements; delete(B) removes leaf B from the tree; update(B,B;) changes the value of leaf B
into B;; split(B,B;,B;) turns leaf B into the parent box of two new leaves B; and B.,.

The vector of ordered lists has 2n elements (where n is the number of variables of the CCSP) each
being an ordered list associated with each bound of each variable. Each element of a list is a pair
(F-box, Action) where Action is a label representing the next action (PRUNE, SEARCH or SPLIT) to
perform on the F-box. The list associated with the left (right) bound of variable x; maintains the leafs
of the binary tree in ascending (descending) order of their left (right) bounds for the x; domain.

The ordered lists are maintained by the following set of basic operations: size returns the number of
elements; front returns the first element; delete(B) removes the element with F-box=B;
insertOrdered(B) adds a new element (B,PRUNE) in its appropriate position; deleteOrdered(B)
removes all the elements with F-boxes following F-box=B in the ordered list; update(B,A) changes
into A the Action label of the element with F-box=B; reset(B) changes into PRUNE the Action labels
of all the elements in the list whose F-box is intersected by B;

The coordination between the different data structures is guaranteed by a set of procedures,
illustrated in figures 6.10 and 6.11, and is based on the notion of relevance which is related with the

inner box basic structure and is implemented by the functions in figure 6.9. To avoid oversized lists of
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parameters, it is assumed that the basic data structures are accessed through global variables, namely,

B, T and L to represent respectively, the inner box, the binary tree and the vector of ordered lists.

The notion of relevance with respect to a variable bound is a key concept in the enforcing algorithm.
Only regions of the search space outside the inner box (that encloses all the known canonical
solutions) are relevant. Therefore before exploring a particular F-box, it is necessary to check whether
this F-box includes some relevant region with respect to a variable bound, and eventually to extract it
from the F-box. Figure 6.9 presents a function (isRelevant) for checking the relevance of an F-box
with respect to a variable bound and a complementary function (relevantSubbox) to extract the
relevant sub-box. Both functions have two arguments, an F-box B and a bound represented by an

integer value j between 1 and 2n (where 7 is the number of variables).

function isRelevant(an F-box B, a bound ;)

a1y if B;,=2 then return TRUE;

@ ifisOdd(j) then i< (j+1)/2; return lefi(B|x;])<left(B.[x:]);

3) else i< j/2; return right(B[x;))>right(B,[xi]);
end function

function relevantSubbox(an F-box B, a bound ;)
(1) B; < B;
@ if B;, # & then

?3) if isOdd(j) then i< (j+1)/2; B;[x;] < [left(B[x:])..min(right(B[x;]),left(B[x:]))];
4) else i<« j/2; Bi[x;] < [max(left(B[x;]),right(B;.[x;]))..right(B[x:])];
(5) return Bj;

end function

95

Figure 6.9 The relevance of an F-box with respect to a variable bound.

Function isRelevant returns a boolean value indicating if B is relevant with respect to the bound j.
When the inner box is empty (i.e. no canonical solutions were found yet) all boxes are relevant with
respect to any variable bound, and so the true value is returned (line 1). Otherwise, since bound j refers
to the left/right bound of variable x;, box B is relevant if the left/right bound of its x; domain lies
outside the inner box (lines 2/3).

Function relevantSubbox assumes that B is relevant and returns the largest sub-box for which all the
values of the x; domain are outside the inner box (smaller/larger for a left/right bound of variable x;).
When the inner box is empty, the whole box is relevant and is returned without changes (line 1
followed by line 5). Otherwise, it returns the original box B discarding the right/left subinterval of its

x; domain which lies inside the inner box (lines 3/4).

Whenever a new canonical solution is found, the inner box must be enlarged to enclose it, and the
ordered lists associated with each variable bound must be updated to remove irrelevant elements.
Moreover, if the relevant search region of some element is narrowed, the next action to be executed

over it must be a prune (propagating the domain reduction of the search region).
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Figure 6.10 shows the procedure updatelnnerBox to enclose a new canonical solution into the inner

box B,,. Its unique argument is a canonical F-box B;,, representing the new found canonical solution.

procedure updatelnnerBox(a canonical F-box B,,)

@) if B;,= < then B,,,, < B, ; else B,,,, < B;, & By, ; end if;
) for j=I1 to2n do
@3) if isRelevant(B,.,.,j) then

) L[j).deleteOrdered(B,..);
5) L[j].reset(Bey);

(©6) end if

(7) end for

(3) Bin <~ Bnew;
end procedure

Figure 6.10 The procedure that updates the inner box to enclose new canonical solutions.

Procedure updatelnnerBox firstly computes the new inner box B,.,: an enlargement of the current
inner box B, that encloses the new canonical solution (line 1).

Subsequently, for each variable bound (the for cycle lines 2-7), if the inner box changed that bound
(line 3), the ordered list associated with it is updated accordingly. All its elements that became
irrelevant are eliminated (line 4) and the Action label of those with a changed relevant sub-box is reset

to PRUNE (line 5). Finally the inner box is updated with the new value (line 8).

The procedures illustrated in figure 6.11 coordinate the changes, on the binary tree and on the vector

of ordered lists, that result from the deletion, narrowing and branching of a leaf of the tree.

procedure deleteLeaf(an F-box B)

(1) T.delete(B);,

@ for j=1 to 2n do if isRelevant(B,j) then L[j].delete(B);
end procedure

procedure narrowlLeaf{an F-box B, an F-box B;)
() T.update(B,B));
@ for ;=1 to 2n do
?3) if isRelevant(B,j) then L[j].delete(B);
4) if isRelevant(B,,j) then L[j].insertOrdered(B));
(5) end for;
end procedure

procedure branchlLeaf(an F-box B, an F-box B;, an F-box B))
) T.split(B,B;,B>);
@ for ;=1 to 2n do
?3) if isRelevant(B,j) then L[j].delete(B);
4) if isRelevant(B,,j) then L[j].insertOrdered(B));
5) if isRelevant(B,,j) then L[j].insertOrdered(B.);
6) end for;
end procedure

Figure 6.11 The procedures for deleting, narrowing and branching a leaf of the binary tree.

When a leaf is deleted from the tree, any associated element in the ordered lists must also be removed.

When a leaf is narrowed, any associated element may be reordered and eventually eliminated if it
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becomes irrelevant. When a leaf is split into two new leaves, then its associated elements must be
removed and two new elements considered for insertion in the lists. The first argument of all the
procedures in figure 6.11, deleteLeaf, narrowLeaf and branchLeaf, is a leaf of the binary tree (an F-
box). The second argument of procedures narrowLeaf and branchLeaf, and the third argument of
procedure branchLeaf are F-boxes, B; and B,, which are sub-boxes of B.

All three procedures firstly change the binary tree (line 1) and subsequently consider the ordered list
associated with each variable bound and change their elements if needed (the for cycle).

The changes on the binary tree are respectively, to remove leaf B from the binary tree (deleteLeaf),
to update the value of leaf B into B; (narrowLeaf) and to make leaf B as the parent box of the two new
leaves B, and B, (branchLeaf).

The changes on each ordered list are the following: if B is a relevant box (wrt the bound associated
with the ordered list) then the element of the list with F-box=B is removed (deleteLeaf. line 2;
narrowlLeaf and branchLeaf: line 3); if B; is a relevant box then procedures narrowlLeaf and
branchLeaf (line 4) insert a new element with F-box=B; in the appropriate position; if B, is a relevant
box then procedure branchLeaf (line 5) inserts a new element with F-box=B, in the appropriate

position.

6.4.2 The Actions

The tree structured algorithm for enforcing Global Hull-consistency alternates prune, search and split
actions performed over specific sub-regions (F-boxes) of the current search space. The pruning of an
F-box is achieved by enforcing a kB-Consistency criterion (either kB-Hull-consistency or
kB-Box-consistency). The search action is performed with the goal of finding a canonical solution
within an F-box (previously pruned) and may be implemented as a simple check of an initial guess or
as a more complete local search procedure (see next chapter). The split of an F-box (previously
searched) is done by splitting one of its variable domains at the mid point.

Any action is performed over some leaf of the binary tree, and in particular over a subbox which
must be relevant with respect to some variable bound. Its consequences must be propagated
throughout the data structures maintained by the algorithm. The resulting procedures implementing the

prune, search and split actions are presented in figures 6.12-14.

The first action, PRUNE, must be performed before any other action in order to reduce the relevant
search space.

Figure 6.12 shows procedure pruneAction, which has three arguments. The first, B, is the leaf of the
binary tree where the pruning takes place. The second, B, is a subbox of B, on which the
kB-Consistency requirement is enforced. The last argument, integer j, represents the bound for which
the sub-box B is relevant. The search space discarded in the pruning is removed from the binary tree.
This may imply to eliminate, narrow or branch leaves from the tree, which is achieved by procedures

deleteLeaf, narrowLeaf and branchLeaf previously presented.
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procedure pruneAction(an F-box B,, an F-box B, a bound ;)
(1) B’ <« kB-consistency(P,B);
@ if B’=J then
3) if B~B then deleteLeaf(B,); else narrowlLeaf(B,,B,\B); end if

@) else

) if B’=B then L[j].update(B,, SEARCH);

(6) else

) if B=B then narrowLeaf(B,,B’); else branchLeaf(B,B’,B\B); end if
®) L[j].update(B’, SEARCH);

©) end if

10y end if

end procedure

Figure 6.12 The procedure for pruning a subbox of a leaf of the binary tree.

Initially, pruneAction narrows the subbox B into B’ through the kB-consistency algorithm (line 1).

If the result is the empty set (line 2) then subbox B must be completely discarded from the binary
tree (line 3): if B is the whole leaf B,, then it must be removed; if it is only a part of B,, this leaf must
be narrowed to B\B obtained by removing B from B,.

If the pruning of sub-box B did not narrow the box (line 5) then the next action to be executed over
leaf B, wrt bound j must be a SEARCH. Thus, in the ordered list associated with bound j, the Action
label of the element with F-box=B,; is changed into SEARCH (line 5).

Otherwise, if sub-box B is narrowed into the non empty F-box B’ then, either B is the whole leaf B,,
which must be narrowed into B’, or B is a fraction of the leaf B,, which must be branched into B’ and
the F-box remaining after removing B from B, (line 7). In either case, since the new leaf B’ was

already pruned wrt to bound j, the respective Action label is changed into SEARCH (line 8).

The next action is the search action, which must only be performed over a space region if this region
cannot be further pruned. This action precedes the split action in order to avoid unnecessary over
branching of the binary tree.

Figure 6.13 shows the searchAction procedure with the same three arguments: a leaf of the binary
tree B, its subbox B where the search takes place, and an integer value j representing the searched
bound. It is assumed that the search for a canonical solution of the CCSP P within the F-box B is
accomplished by the searchSolution function which may be implemented as a simple check of an
initial guess or as local search procedure. Together with the CCSP P and the F-box B, the
searchSolution function includes a third argument specifying the bound j, to allow its implementation
in the context of finding an extreme canonical solution with respect to this variable bound (the details
of the searchSolution function will be presented in the next chapter).

procedure searchAction(an F-box B,, an F-box B, a bound j)
(1) By, < searchSolution(P,B.j);

@ if By, # & then updatelnnerBox(B,); else L[j].update(B,SPLIT); end if
end procedure

Figure 6.13 The procedure for searching a canonical solution within a subbox of a binary tree leaf.
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Initially procedure searchAction uses the searchSolution function to search a canonical solution of P
within subbox B (line 1). If a new canonical solution is found then the inner box must be updated to
enclose it (line 2). Otherwise, the next action to perform over leaf B, wrt bound j must be a split action.
Thus, in the ordered list associated with bound j, the Action label of the element with F-box=B; is

changed into SPLIT (line 2).

The last action is the split action, which must only be performed over a space region if this region
cannot be further pruned and the search for a canonical solution within it had failed.

Figure 6.14 presents the splitAction procedure. It has three arguments, a leaf of the binary tree B, its
subbox B that is going to be split, and a bound j. It is assumed that there is a splitBox procedure
identical to the one described in section 6.2 for branching an F-box B into two subboxes B; and B,
(except that it contains an additional output parameter indicating which variable domain was split).

procedure splitAction(an F-box B,, an F-box B, a bound j)
(1 if isOdd(j) then i < (j+1)/2; splitSide < LEFT; else i < j/2; splitSide < RIGHT; end if;
@ splitBox(B,B,B2.x1);
@) if izk then [ < B[x;]; B; < B Bi[xi] < 1,

@) branchLeaf(B,,B;,B)\B));
end procedure

Figure 6.14 The procedure to split a subbox of a binary tree leaf.

Initially the procedure splitAction determines which variable x; and which side splitSide is associated
with bound j (line 1). Then, the sp/itBox procedure is used to split the subbox B into B; and B, (line 2).
If the split variable x; is not that associated with bound j, then all the domains of box B, except the
domain of variable x;, are redefined to their respective values in the leaf B, (line 3). Finally, the leaf B,
is branched into B; and the F-box remaining after removing B; from B, (line 4). Note that the
redefinition of B; in line 3 is necessary since otherwise the search space remaining after removing B;

from B, (B\B;) would not be necessarily an F-box.

6.4.3 The TSA Algorithm

The 7SA4 algorithm for enforcing Global Hull-consistency takes advantage of the binary tree
representation of the search space which allows the dynamic focussing on specific relevant regions
without losing information previously obtained in the pruning process.

Within a round-robin fashion, the most relevant sub-region, with respect to each variable bound, is
chosen for performing an adequate action. As a result, the binary tree structure will evolve updating
the most relevant sub-regions and the respective adequate actions (see previous subsections). The
algorithm stops when there are no more relevant space regions to analyse, that is, all the search space
is contained within the inner box (or is proved that there are no canonical solutions).

Figure 6.15 shows the 754 algorithm. From a CCSP P and an F-Box B (BC<[,,(D)),..., Lyp(D,)>),
function 7SA computes the largest Global Hull-consistent F-box within B or the empty set if it does

not contain any canonical solutions.
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function 7SA(a CCSP P=(<x,,...,x,>,D;x...xD,,C), an F-box B)
(1) B, <« O, T« B;
@ forj=1 to 2n do L[] < (B,PRUNE);
(3) repeat
4 fixed-point < TRUE;
©)) for j=1 to 2n do

(6) if 7.size()=0 then return J;

) if L[j].size()>0 then

®) fixed-point < FALSE;

) (B,Action) < L[j].front();

(10) B « relevantSubbox(B,y);

1) if Action=PRUNE then pruneAction(B,,Bj);
(12) if Action=SEARCH then searchAction(B,,B);
(13) if Action=SPLIT then splitAction(B.,B,));

(14) end if

15) end for;
(16) until fixed-point=TRUE;
(17) return B;,;

end function

Figure 6.15 The 754 algorithm.

At the beginning, the data structures are initialised: the inner box is empty (line 1); the binary tree
contains only a single box with the original domains (line 1); each ordered list associated with each
variable bound contains a single element which points to the unique leaf of the tree and defines the
next adequate action to be a prune action (line 2).

The algorithm proceeds by alternating, the most relevant action with respect to each variable bound
until all canonical bounds are found. This is implemented as a for cycle (lines 5-15) (with 2n
iterations, one for each bound) within a repeat cycle (lines 3-16) which only terminates when the inner
box encloses all the search space (returned at line 17), or the search space becomes empty (line 6).

Each iteration of the for cycle is only executed if the associated ordered list is not empty (line 7),
otherwise the respective extreme bound would have already been found. If the bound was not found
yet then, its most relevant leaf B, and the respective next action Action are determined from the first
element of the associated ordered list (line 9). Subsequently, a relevant subbox is computed by the
relevantSubbox function (line 10) and the appropriate action is performed on it (line 11, 12 or 13).

The correcteness of the algorithm is guaranteed by the correcteness of the kB-Consistency function
for pruning the search space and the properties of the ordered lists which only become empty when the
respective canonical bound is found. Since the algorithm only terminates when all the lists become
empty, this guarantees that all the canonical bounds have been found when the algorithm stops.

The algorithm is guaranteed to terminate since at least after 3 iterations performing different actions
on the same leaf of the binary tree, either the relevant search space is reduced (either by the prune or
the search action) or the leaf is split into two smaller leafs. After a finite number of these iterations the
relevant search space must necessarily be reduced since the leafs eventually become canonical, and
either the prune or the search action must then succeed. Since the relevant search space is finite,

eventually it will be completely eliminated, terminating the algorithm.
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6.5 Summary

In this chapter Global Hull-consistency was proposed as an alternative consistency criterion in
continuous domains. Several different approaches were suggested for enforcing Global
Hull-consistency, their enforcing algorithms were explained and its termination and correctness
properties were derived. In the next chapter a local search procedure is proposed for interval

constraints and its integration with the Global Hull-consistency enforcing algorithms is described.
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Chapter 7

Local Search

The definition of Global Hull-consistency, demanding the existence of extreme canonical solutions
with respect to each variable bound, requires enforcement strategies not only to prune the search
space, proving the non-existence of canonical solutions, but also to localise canonical solutions within
a box.

In the approaches of the previous chapter, whereas the pruning of the search space is achieved by a
specialised partial consistency enforcement algorithm, the localisation of new canonical solutions has
no specific method and is a consequence of reducing a sub-region of the search space into a canonical
box that cannot be further pruned.

However, the enforcing algorithms that maintain an inner box enclosing all the known canonical
solutions, might benefit from anticipating the localisation of new canonical solutions since the outward
relevant search space would be reduced as a result of the enlargement of these inner box.
Consequently, these algorithms could take advantage from the integration of a specialised approach
for searching new canonical solutions.

A natural approach for searching new canonical solutions is to apply local search techniques. Local
search techniques navigate through points of the search space by inspecting some local properties of
the current point, and choosing a nearby point to jump to. In the CCSP context, the points of the search
space are complete real valued instantiations of all its variables (degenerated F-boxes) and the
navigation should be oriented towards the simultaneous satisfaction of all its constraints (the solutions
of the CCSP).

Local search techniques are commonly used for solving optimisation problems, which may be seen
as CSPs where the goal is to find solutions that optimise (minimise or maximise) an objective
function. In general, these are based on numerical methods working on floating point arithmetic
[DS83, GMWS81, MW93] for efficiently obtaining local optimisers, which may be embedded within an
interval branch and bound approach [Moo79, Ske74, Han92, IF79, RR&8, Jan92, CGM9I3] to
guarantee global optimality.

! An exception must be made to the 754 algorithm which includes the searchSolution function for finding new solutions.

101



LOCAL SEARCH

Within the context of Global Hull-consistency enforcement, the goal is not necessarily to minimise
a given objective function but rather to satisfy the set of constraints of a CCSP. Nevertheless, from
some initial point chosen within an F-box, a floating point numerical method may be used for
converging to another point of the F-box which is a local minimiser of some function representing
how “distant” is a point from satisfying all the constraints?.

In the next section a local search approach is proposed for integration with the Global
Hull-consistency enforcement algorithms described in the previous chapter. In section 7.2 alternative
local search approaches are analysed. Section 7.3 discusses which algorithms could benefit from such

integration and how this could be implemented.

7.1 The Line Search Approach

The local search approach proposed for finding canonical solutions within an F-box is a line search
approach, that is, the movement is always done along lines of the multidimensional space. From a
particular current point, a convenient direction must be defined, determining a line on which the new
point is searched. The chosen direction is obtained by the Newton-Raphson method for
multidimensional root finding of nonlinear systems of equations. The new chosen point along this
direction must lie within the original F-box and ensure a sufficient decrease of the distance function.
Figure 7.1 presents function searchSolution that implements the local search approach. It uses the
kB-consistency algorithm for verifying if a canonical F-box is a canonical solution of the CCSP.
Function Newton-Raphson (explained in the next subsection) calculates the vector that defines the line
search direction and function lineMinimisation (presented in the subsection 7.1.2) computes a new
point along that line. Function searchSolution has three arguments, a CCSP P, an F-box B (with
Bc<l,(D)),..., Iyp(D,)>), and a bound j. The output is a canonical solution of P within B or the
empty set if no solution was found.
function searchSolution(a CCSP P=(<xj,...,x,>,D;x...xD,,C), an F-box B, a bound j)
1y for i=1 to n do r{i] « Lcenter(B[i])J;
@ if isOdd(y) then r[(j+1)/2] < left(B[(j+1)/2]); else r[j/2] < right(B[j/2]); end if;
(3) repeat

@) for i=1 to n do if 7[i]# right(B[i]) then B,,[i] < [#[i]..r{i]"] else By, [i] < cright(B[i]);
%) if kB-consistency(P,By,) # & then return B,;

6) Vold <=1
) Or < Newton-Raphson(P,B,j,r);
@®) r < lineMinimisation(P,B,r,0r);

© until r,;,;=r;
(10) return J;
end function

Figure 7.1 The local search algorithm.

2 In the following this function will be denoted the distance function.
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Initially a starting point (a degenerate /-box) within the search box B is chosen to be the current point
r. If the goal is to find the left (right) bound of variable x;, the point is the mid point of the box (line 1)
except that the i™ domain is instantiated with the smallest (largest) x; value within B (line 2). This
heuristic bias the search towards the extreme bound that characterises the context in which the search
is performed.

The remainder of the algorithm (lines 3 through 9) is a repeat cycle that implements the local
navigation from point to point until a convergence point is reached (line 9) or a canonical solution is
found (line 5).

At each iteration of the repeat cycle, the current point is firstly enlarged into a non-degenerate
canonical box (line 4). If the empty set is not obtained when the kB-consistency algorithm is applied to
this canonical box then it must be a canonical solution and is returned (line 5). Otherwise, the current
point is saved (line 6) and a multidimensional vector is obtained based on the Newton-Raphson
method for multidimensional root finding (line 7). Subsequently, a minimisation process obtains a new
point inside the search box and within the line segment defined by the current point and the point
obtained by applying the multidimensional vector to the current point (line 8).

A convergence point is reached when the next point is the same as the previous one. In this case the
repeat cycle terminates (line 9) and the empty set is returned (line 10).

The algorithm is correct in that it either returns a canonical solution within the search box
(guaranteed by the application of the kB-consistency algorithm) or the empty set.

The algorithm terminates since the lineMinimisation function ensures the minimisation of the
distance function for which any solution of the CCSP is a zero, and the convergence to a local

minimum is detected in line 9 terminating the repeat cycle.

7.1.1  Obtaining a Multidimensional Vector - the Newton-Raphson Method

The ultimate goal of obtaining a multidimensional vector is to apply it to the current point to find a
solution of a CCSP. The idea is to reduce the problem of finding a solution of a CCSP into the
problem of finding a root of a multidimensional vector function F, which can be tackled by an
appropriate numerical method, such as the Newton-Raphson Method [OR70, SB92].

If the vector function F is defined in such a way that a zero of each element F; satisfies some
constraint form the CCSP (and a non zero value implies that the constraint is not satisfied) then, any
zero of F must satisfy simultaneously all the associated constraints.

In the case of equality constraints, the associated element on the vector function may be defined by
the real expression of the left hand side of the constraint. For example, if the CCSP has two equality
constraints ¢; = x§+x§—l=0 and ¢, = x;x(x;-x;)=0 then F, Ex§+x§—1 and F, = x;x(x,-x;) would define a
vector function F whose zeros are solutions of the CCSP.

If there are inequality constraints in the CCSP then they will only be included in the vector function
if they are not satisfied in the current point. If an inequality constraint is already satisfied in the current
point then, there is no advantage in forcing it to became zero (transforming the inequality into an
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equality constraint). On the contrary, if the inequality is not yet satisfied then at least the zero value
must be obtained for its satisfaction. Consider the example of figure 5.1 with two inequality
constraints ¢; = x§+x§—22SO and ¢, = (x1—1)2+(x2—1)2—2.5220. If the current point is (2.0,2.0) satisfying
none of the constraints, then the vector function would be defined by the elements F; = x§+x§—22 and
F;= (x1—1)2+(x2—1)2—2.52. However, at the current point (0.0,0.0) only constraint ¢, is not satisfied and
consequently, the vector function would only contain the single element F; = (x1—1)2+(x2—1)2—2.52
associated with it.

Figure 7.2 shows how function F could be obtained for a particular current point. The two
arguments are the CCSP P and a degenerated F-box r representing the current point.

function defineFunction(a CCSP P=(<x,,...,x,>,D;x...xD,,{cj,...,cn}), a degenerated F-box r)

=0,
@ for j=1 tom do

?3) case ¢; =

) e=0: i—i+1;F=e;

5) e;<0: iflefti(E(r))>0 theni<« i+ 1;F;=e;end if;
(©6) e; > 0: if right(E(r))<O0 then i <— i+ 1; F; = ¢;; end if;
©) end case;

®) return F;
end function

Figure 7.2 The definition of the vector function F.

The algorithm is a for cycle (lines 2 through 7), where each of the CCSP constraints is analysed for
deciding whether it must be associated with a component of the vector function F.

For equality constraints (line 4), a new component of the vector function is defined by the real
expression of the left hand side of the constraint expression. Otherwise, (lines 5 or 6), the new
component is only added to the vector function if the constraint is not satisfied at the current point,
that is, its approximate interval arithmetic evaluation (represented as Ej(r)) does not satisfy the

constraint.

Once obtained the multidimensional function F, a multidimensional vector o, corresponding to one
step of the Newton-Raphson iterative method for multidimensional root finding, is computed. The
Newton-Raphson method is known to rapidly converge to a root given a sufficiently good initial
guess. Local quadratic convergence was firstly proved by Runge in 1899 and later, under more general
assumptions by Kantorovich in 1948. The book by Ortega and Rheinboldt [OR70] is a classical
reference for many of the convergence theoretical results of the Newton-Raphson method.

The method aims at computing a multidimensional real vector or (the Newton vector) which
applied to the current point » reaches a root of the multidimensional function:

F(r+or)=0 (1)

Expanding the multidimensional function F in Taylor series around the current point r, and

neglecting the higher order terms, the following approximation is obtained:

F(r+or)=F(r)+ Jr)or (2) (where J(7) is the Jacobian matrix at point r)
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which, due to 1, may be rewritten as:
J(r)or=-F(r) 3)

A solution of (3) in order to or, is an estimation of the corrections to the current point » that move
all functions F; closer to zero, simultaneously. Equation (3) represents a linear system with n
unknowns (the or value with respect to each variable) and m algebraic equations (one for each
component of the vector function F). Depending on the number of linear independent equations, the
system may have zero, one or several solutions. Since there are no guarantees about the non-
singularity of the Jacobian matrix J(r), it may be impossible to solve the system by inverting it by a
classical method as the Gauss-Jordan elimination or LU decomposition.

Hence, it is convenient to use a numerical technique called Singular Value Decomposition (SVD)
adequate for any set of linear equations. The numerical aspects of the SVD technique are discussed in
Golub and Van Loan’s textbook [GV96] whereas practical implementational issues may be found in
[Dem97]. Efficient implementations of the SVD technique are presented in [FMM77] (Fortran
version) and [PTV92] (C version) which are based on the original algorithm introduced by Golub and
Reinsch in [GR71], whereas a new algorithm is presented in [GDD94].

The basic concepts of the SVD technique are introduced next, and its potential application for

finding a suitable multidimensional vector is discussed subsequently.

mxn

A singular value decomposition of a matrix 4€R™" is a factorisation of the form:

A=U"
where Ue R™" and Ve R™" are both orthogonal matrices (U'U=I and V' V=I), and ZeR™" is a matrix
where all the non-diagonal elements ,; (i#/) are zero. The diagonal elements Z;; (denoted ;) are non-
negative, and are called the singular values of 4 and the columns of U and V are the left and right
singular vectors. The singular values of a matrix are uniquely defined, but not the corresponding
orthogonal matrices.

Any matrix AeR™", either singular or non-singular, may be factorised into an SVD where the

diagonal elements of X (the singular values) are in descending order (c:>c; if i<j), the first r
(r<min(m,n)) being positive and the others zero. The value r is the rank of the matrix 4 (the number of
independent rows or columns). The right singular vectors that are columns v; of V' whose same-

numbered singular values o; are zero define an orthonormal basis V), for the null space of 4, which is
the subspace of R" defined by all the elements x that satisfy 4Ax=0.

Any matrix 4eR™", either singular or non-singular, has a unique pseudoinverse 4" R™" (a formal
definition of a matrix pseudoinverse may be found in [SB92]), that can be obtained from its SVD by:
AT=rzfU"
where '€ R™" is a matrix where all the non-diagonal elements X';; (i#/) are zero and the diagonal

elements ZT,-J- (denoted G%,-) are zero if the respective singular value o; is zero, or 1/c; otherwise. When
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. . . . . C . e . i 1
A is a square and non-singular matrix, its pseudoinverse coincides with its inverse, that is, 4" = 4™".

Consider the generic linear system:
Ax=b  with A4eR™" beR” and xeR"
Such system may have zero, one or infinitely many solutions. A least-squares solution of the system
is a vector xeR”, that minimises the least-squares distance between Ax and b, that is:

AX —b|, = mi
|4 -], = min

Ax—b||2

When there are solutions, one or many, the least-squares solutions are the real solutions of the

system (||A)7 - b|| , = 0).When there are no solutions, the least-squares solutions are the vectors, among

all the possible vectors, that, although not solving the system, provide the closest approximation of the
right hand side.

The least-squares solution of minimal norm is the smallest vector X which is a least-squares solution
of the system:

[, = min|],

For any linear system Ax=b there is always a unique least-squares solution of minimal norm x,
which may be obtained by multiplying the pseudoinverse of matrix 4 and the right hand side vector b:
=4

From the SVD, not only the pseudoinverse 4" may be computed, allowing the computation of the
least-squares solution of minimal norm X , but also an orthonormal basis ¥ for the null space of 4 may
be defined, allowing the assessment of other least-squares solutions. This last observation results from
the fact that any vector obtained by adding a linear combination of the vectors within 7, to x must
give an equal approximation of the right hand side b and so, it must also be a least-squares solution of
the system. If V}, contains k vectors, v,, ...,V for any linear combination a, ...,0u:

A(x+ o+ . Fowv)=Ax+advi+ ..+ odviEAx+0+ .. +0=4x%

Moreover, based on the factorisation of the matrix 4 into UV it is easy to assess whether the
least-squares solution of minimal norm X obtained is a real solution of the system, or a mere
approximation. In fact, the original system may be transformed into a diagonal system:

Ax=b < USV'x=b < U'USV'x=U"'b & SV'x=U"b < 3z=d  withz=V'xand d=U 'b

and a solution of the diagonal system exists if and only if d=0 whenever ;=0 or i>n.

In the context of the Newton-Raphson method, the linear system J(r)or=-F(r) must be solved to
estimate the corrections or to the current point » that approximates F to zero. We must take into
account that the quality of the approximation given by the Taylor series of equation 2 will in general

decrease when larger neighbourhoods around the current point are considered.
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If the system has one or more solutions, the application of the SVD technique to calculate the
pseudoinverse J(r)" of the jacobian matrix and computing the least-squares solution of minimal norm
S=-J(r)' F(r), results in the smallest solution vector, corresponding to the smallest correction leading
to a zero of F according to the approximation of equation 2. In this case, besides finding solutions of
the system, that one requiring smaller corrections is chosen, since the quality of the approximation
given by the equation is probably better.

If the system has no solutions, the least-squares solution of minimal norm &=-J(r)'F(r) computed
by the SVD is the smallest vector of those that give the best possible correction leading to a zero of F
according to the approximation of equation 2. Since, in this particular case, the search seems to be
approaching a non-zero local minimum, it may be preferable to choose some other least-squares
solution, which could be obtained by adding to dr a linear combination of the right singular vectors
that define an orthonormal basis for the null space of J(r). Moreover, this linear combination could be
determined to maximise/minimise the extreme bound that characterises the local search context.

The complete algorithm for obtaining the multidimensional vector is implemented as function
Newton-Raphson presented is figure 7.3. From a CCSP P, an F-box B representing the search box, a
bound j representing the local search context, and a degenerate F-box r representing the current point,
it computes the multidimensional vector or based on the Newton-Raphson method. The algorithm uses
function defineFunction for the definition of the vector function F that must be associated with a
CCSP at a given point. A function defineJacobian computes the Jacobian matrix at a given point and a
procedure SVD computes the SVD factorisation of a matrix. This procedure has four arguments, the
first is an input argument representing the original matrix J,, and the remaining are output arguments
representing the matrices U, X and ¥ such that J, = ULV". A function hasSolution is used for verifying
whether the linear system has a solution based on the relevant information (X and d) about the
equivalent diagonal system (Xz=d). A function defineOrthonormalBasis is used to, based on the
singular values in X, extract from the set of right singular vectors J those that constitute an
orthonormal basis V), of the null space. A function /inearCombination is used for obtaining a linear
combination of these vectors in order to redirect the vector dr towards the bound j of the search box B.

function Newton-Raphson(a CCSP P, an F-box B, a bound j, a degenerated F-box r)
(1) F <« defineFunction(P,r);
@ J, < defineJacobian(Fr);
3) SVD(J,UZZ,V);
@ d< -UF@r),
G) o« V2,
6) if not hasSolution(X,d) then
) Vo < defineOrthonormalBasis(Z,V);
®) or < or + linearCombination(B.j,r,or,Vy);
©) end if

(10) return or;
end function

Figure 7.3 The algorithm that computes the Newton-Raphson vector.
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Initially the vector function F, associated to the CCSP P at the current point r is defined (line 1). Then
its Jacobian matrix J, at that point is computed (line 2) and decomposed by the SVD procedure (line 3)
obtaining the matrices U, X and V such that J=UXV".

The computation of the least-squares solution of minimal norm of the linear system J(»)or=-F(r),
which is =J(r)'(-F(r))=VE'U'(-F(r)), is performed in two stages: firstly d=U"(-F(r)) is computed
(line 4) and then the remaining &=VZ'd is calculated (line 5). The reason for these two steps is to
separately obtain vector d, which will be used by the hasSolution function (line 6) to verify whether
the linear system has real solutions.

If the obtained vector or is not a solution of the linear system then an orthonormal basis V) of the
null space is extracted from the vector within ¥ (line 7), and other least-squares solution is obtained by
adding to or a linear combination of these vectors (line 8).

Finally the obtained multidimensional vector or is returned (line 10).

Figure 7.4 illustrates the multidimensional vectors obtained at different points of the search space for
. . . . . 2.2 2
the example presented in figure 5.1, with the two inequality constraints ¢; = x;+x,—2 <0 and

= (o1 +(x—1)=2.5"20.

s (if min x;€[0.4])

.\ (if max x;€[0..4])

Figure 7.4 The multidimensional vectors obtained at different points of the search space.

If the current point is outside both circumferences (P, to P,) then c; is the only constraint unsatisfied (a
solution must be inside the smaller circumference) and the Newton vector points towards the centre of
the smaller circumference.

Similarly, if the current point is inside both circumferences (Ps, P¢) then ¢, is the only constraint
unsatisfied (a solution must be outside the larger circumference) and the Newton vector points
outwards the larger circumference (with a direction opposite to the centre of the circumference).

If both constraints are unsatisfied (P; to P;o) then the Newton vector is some weighted combination
of the two previous cases. In the particular case where x,=x, (Py9), the resulting linear system has no
solutions and the set of least-squares solutions define a straight line like the dotted line presented in
the figure. Which of these points will be chosen for defining the multidimensional vector, depends

upon the search box and the extreme bound which is being searched. In the example, if the search box
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constrain the values of the variable x; to be between 0 and 4 then the multidimensional vector points to

(4,0) or (0,4) depending on whether the goal is to find its upper or its lower bound, respectively.

The Newton-Raphson method requires the computation of a Jacobian matrix at each of the points
considered during the search. Besides implying the existence of the first derivatives at each of these
points with respect to each variable, its computation may be expensive, depending on the number of
variables. An alternative strategy could be based on a Secant method such as the Broyden’s method
[Bro65] which works with cheaper approximations of the Jacobian matrix and still preserves similar

convergence properties.

7.1.2  Obtaining a New Point

One problem of the Newton’s iterative method is that it may fail convergence if the initial guess is not
good enough (see [OR70]). To correct this we followed a globally convergent strategy that guarantees
some progress toward the minimisation of the distance function at each iteration. This kind of strategy
is often combined with the Newton-Raphson method originating the modified Newton method. The
idea is that while such methods can still fail by converging into a local minimum of the distance
function, they often succeed where the Newton-Raphson method alone fails convergence.

The distance function that must be minimised at each iteration of the method is defined at each

point » as the Euclidian vector norm ||F (r)” , of the vector function F{(r) associated with the point (see

previous subsection). With the above definition, the distance function has exactly the same zeros as
the vector function F. Thus, a zero of the distance function is a solution of the CCSP whereas a non
zero value gives a measure of how distant a point is from satisfying simultaneously all the constraints.
If there are one or more solutions of the linear equation J(r)x = -F(r) then the Newton vector or
defines a descent direction for the distance function, that is, the inner product between the gradient of
the distance function and the Newton vector or is always negative. This can be easily verified since the
gradient of the distance function is:
_FM I

1
VIIF()||, =VIF() F(r))? =
which multiplied by the Newton vector gives:
T
Vi), o = 2 I
[F@I,

If or is a solution of the equation then J(r)or must be equal to -F(7) and so:

V|F(, o = FOCFW) _ FOTEC) Gl
’ lF ), F@l, JFe,

= —||F(r)||2

which is necessary a negative value since the Euclidian vector norm ||F (r)||2 is always positive.
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In the particular case where there are no solutions for J(r)x = -F(r), vector or is no longer
guaranteed to be a descent direction for the distance function since J(»)dr is not -F(r) but rather some
approximation of it (which may be represented as -F(r)+e where e is a vector whose size is minimised
at each least-squares solution of the system). In this case the inner product between the gradient of the

distance function and the Newton vector or is:

v|F(, o = F CEO+e) | FO'(F()-e)
2

|7 O/

which is only negative if:

> (F )2 = F(me,)>0

m
i=1

Since, the size of the vector e is minimised at each least-squares solution of the system the odds are

that the above inequality is satisfied. Moreover, since in this particular case a suitable linear

combination of the right singular vectors will be used to choose some other least-squares solution,

different from the minimal norm, the above inequality could be used as an additional constraint to

enforce the resulting vector to be a descent direction for the distance function.

If the Newton vector or defines a descent direction for the distance function ||F (r)" , then it is

guaranteed that it is always possible to obtain along that direction a point closer to a zero of F (in the
sense that its distance function value is smaller than the current one). This new point must lie in the
segment defined by:

r+Aor with Ae[0..1]

The strategy to obtain the new point consists on trying different A values, starting with the largest
possible value without exceeding the search box limits, and backtracking to smaller values until a
suitable point is reached. If the current point is close enough to the solution then the Newton step has
quadratic convergence. Otherwise a smaller step is taken still directed towards a solution (or a mere
local minimum of the distance function), guaranteeing convergence.

Since the current point » must be within the search box B, constraining the new point to be within
the search box limits is the same as imposing

r;+ Aor; € Blx;]

for each variable x; (1<i<n). Defining o, associated to each x; as:

min& lefi(B [x i ]) J’I] if or<0

Or;
o : i 6r=0
min& right;B [x:) Jlj if 6r>0

}"l.
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The new point is kept inside the search box, when A does not exceed any of these a; values:

A€[0.. min(e;) ]

1<i<n
Instead of changing the maximum value of A, an equivalent alternative is to keep the A value

between 0 and 1 but to adjust the Newton vector or by multiplying it by the constant min(e; ).

1<i<n
With this adjusted Newton vector, the backtrack search consists on starting at A=1 and trying
consecutively smaller values of A until an acceptance criterion is achieved or a convergence point is
reached.
The acceptance criterion should not only guarantee that the new point decreases the distance
function, but also that it avoids a too slow convergence rate (see [DS83]). The latter can be achieved

by requiring the average rate of decrease of the distance function ||F (r+ ﬂ,é'r)” , ||F (r)||2 to be at least
some fraction kyccep:€[0..1] of the initial rate decrease V"F (r)||2 or.

A convergence point is reached when the value of A nears the canonical precision, making the
canonical approximations of » and » + Adr indistinct. A practical criterion is to consider that a
convergence point is reached whenever the value of A is smaller than some predefined threshold ki,
(close to the canonical precision).

The choice of the consecutively smaller values of A to be considered during the backtracking search
should be based on some model for the function g(A) defined as:

g =|F(r+aor)|,  with g'(0)=V|F(r)|,o
If a quadratic model is used then:
g(\)=a\*+ b\ +c and g'(A)=2ar+b
From the value of g at A (a previous value of 1) the following equations are obtained:
g(0)=a0’+ b0 +c 2'(0)=2a0+b
gh) = ak®+ br +c
which define the quadratic model:

g(4)—-g'(0)4 —g(0) P

1) =
g(1) e

+2'(0)1+g(0)

The value of A that minimises the above quadratic function can be easily computed by calculating
the unique zero of its derivative:
_ g0

2(g(4)-g'(0)4; —g(0))

With this quadratic model, the value of A that should be considered after A; is Apy,. Since, in

min —

general, there are no guarantees about the value A, it is convenient, in order to avoid too smaller or

too larger steps, to bound the next A value relatively to the previous value A,. For example, A could be
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forced to be between 0.14; and 0.5X; by choosing A, if it is within this range or the closest of these
bounds otherwise.

If instead of a quadratic model, a cubic model or other higher order model is used for representing
function g, then a similar approach would have to be considered. In this case, the complete
characterisation of the model would require the knowledge of the function value at several previous
values of A (k-1 values of A different from zero for a k order model).

The function presented in figure 7.5 implements a backtracking search along the line segment
defined by the current point and the Newton vector. From a CCSP P, an F-box B representing the
search box, a degenerate F-box r representing the current point and a degenerate F-box Jr representing
the Newton vector, it computes the next point to jump to. The algorithm uses function defineFunction
(see previous subsection) for the definition of vector function F associated to a CCSP at a given point.
It is assumed that functions quadraticModel and cubicModel compute the minimum of an univariate
function G assuming a quadratic or a cubic model respectively. These functions need as input the
values of G and its derivative at point zero, as well as the value of G at one or two other points, for the
quadratic and the cubic models, respectively (see [PTV92] for a practical implementation of these
functions).

function /ineMinimization(a CCSP P, an F-box B, a degenerated F-box 7, a degenerated F-box or)

(1) F <« defineFunction(P,r); Gy < F(r);

@ Oin < 1

3) for i=1ton do

@ if 67<0 then ¢y, < min( L lefl(Bx])/5r:)) end if;
) if >0 then d, < min(.Lright(B[x])/5r:)) end if;
6) end for;

(7)  OF <—Qlpinor ;

® Go|F(r)|, o

© if Gy= 0 then return r;

10) A<« 1;

(11) repeat;

(12) F < defineFunction(P,r+\or); G, < F(rtA\or);
(13) if G, < Gy + kyeeee L G then return r+ior;

(14) if A = 1 then A,,, < quadraticModel(Gy, G}, ,\,G);
(15) else Aoy < cubicModel(Gy, Gy A, G 3, Mprevs G aprev);

(16) Morev A5 Giprev < G5
a7 A < max(Apew,0.1Aprey); A <— min(A,0.50y);
(18) until A< ky,,p;
(19) return r;
end function

Figure 7.5 The algorithm that computes a new point along the Newton’s vector direction.

Initially vector function F, associated with the CCSP P at the current point 7 is defined and its value
Gy is computed (line 1). Subsequently, the Newton vector or is adjusted in order to guarantee that the
new point is within the search box B. The minimum of the a; values associated to each variable x; is

determined (lines 2 through 6) and the Newton vector or is updated by multiplying it by the obtained
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value (line 7). The slope G at the current point in the direction of the Newton vector is calculated
(line 8) and, if nonnegative, the algorithm stops returning the current point » (line 9).

The backtrack search along the Newton’s vector direction is implemented as a repeat cycle (lines
11-18). At each iteration of the cycle, a A value is tested and if it does not meet the acceptance
criterion (according to the definition given previously in the current subsection) a new A value is
calculated for the next iteration. The verification of the acceptance criterion implies the redefinition of
the vector function F associated with the respective point »+Adr and the computation of its value G,
(line 12). If the acceptance criterion is satisfied then the new point »+Adr is returned (line 13).
Otherwise a new A value is calculated, which minimises the function G according to its quadratic (line
14 - only used for the first iteration) or cubic (line 15) model. The previous values of A and G, are
saved (line 16) and the new A value is guaranteed to be between 0.1 and 0.5 of the previous A value
(line 17).

The repeat cycle is exited either when a new point satisfying the acceptance criterion is found
(line 13) or when the A value is smaller than the predefined threshold £, (line 18). In this last case,
the current point 7, which is a convergence point, is returned (line 19).

The algorithm is correct since it either returns a new point with an associated value of the distance
function smaller than at the current point (this is guaranteed by the acceptance criterion) or it returns
the current point if no better point was found.

The algorithm terminates because at each iteration of the repeat cycle the A value is at least halved
and in a finite number of iterations the decrease of the A value is such that is necessary smaller than

the threshold £,p.

Figure 7.6 illustrates the new points obtained by applying the lineMinimization algorithm on the
multidimensional vectors exemplified in figure 7.4. The dashed lines represent the original Newton
vectors and the crosses are the points associated with A values that did not satisfy the acceptance
criterion. It is assumed that the search box is big enough to include the complete Newton vector

(except in the case where x; must be minimised or maximised between 0 and 4).

%o (lf min XJE[O..4])

Figure 7.6 The new points obtained by the lineMinimization algorithm over the vectors of figure 7.4.

113



LOCAL SEARCH

As shown in the figure, only for points in the first quadrant, the new point obtained is not the same
obtained by applying the complete Newton vector. These points are too far from a solution of the
CCSP for the quadratic approximation implicit in the Newton method to be effective, and a smaller
step in Newton’s direction is preferable. On the contrary, the other points are close enough of a
solution so that the full Newton step is the best choice, eventually leading to quadratic convergence
towards a solution.

Figure 7.7 shows the number of iterations of the complete local search algorithm (function
searchSolution), necessary for reaching a convergence point (assuming a 4 digits precision) by starting
at each of the previous points. It is assumed that the search box is big enough to include all the full

Newton vectors computed during the local search.

3
.

4
Figure 7.7 Convergence of the local search algorithm.

The number of necessary iterations is shown above the respective starting point, and is smaller when
this is closer to a solution of the CCSP. Moreover, for this particular CCSP, the complete search space
may be partitioned into four different regions (represented in the figure as R; through R,) whose
points share the same convergence behaviour.

From any starting point within the regions R; or R,, the convergence point is a solution near the
closest point of the arcs A; or A,, respectively. If the starting point is within the regions R; or Ry,
excluding the dotted line bordering these two regions, then the convergence points are solutions near
points Py or P,, respectively. In the particular case where the starting point is in the dotted line®, the
convergence point may be to a solution near point P; or P, depending on the context of the local
search: P, if either the x; left bound or the x, right bound is searched; P, if either the x; right bound or
the x; left bound is searched.

Consequently, for this particular CCSP, from any starting point and with a big enough search box,
the local search algorithm converges towards the closest solution of the CCSP, being trapped in no

local minimum.

3 To be precise, the singular point (1,1) must also be included in this case and not within region R;.
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The introduction of the line search minimisation along the Newton’s vector direction is justified to
achieve a globally convergent behaviour which could not be guaranteed by the Newton-Raphson
method alone. However, since the local search is to be integrated within a branch and bound algorithm
orienting and constraining the search into the most relevant regions of the search space, a globally
convergent behaviour is desirable but not strictly necessary.

An alternative strategy could be to use the line minimisation algorithm exclusively for keeping the
new point within the search box bounds and ignoring all the backtracking search along the Newton’s
vector. These simplified version would still present quadratic convergence for good initial guesses and

would rapidly fail for starting points distant from the CCSP solutions.

7.2 Alternative Local Search Approaches

An alternative to the proposed local search approach based on the Newton-Raphson method for
multidimensional root finding, could be based on the collapsing of the multiple dimensions into a
single one by considering a nonnegative scalar function whose zeros are solutions of the CCSP. One
such function could be the distance function defined in the previous subsection.

Once reduced the problem into an unconstrained multivariate minimisation problem, an efficient
minimisation method [DS83] could be applied for searching the solutions of the CCSP. The choice of
the more appropriate method should take into account the computational effort required for the
calculation of the first derivatives of the scalar function and the storage required.

An efficient method not requiring the computation of derivatives is Powell’s method [Bre73], with a
storage requirement of order n” (where n is the number of variables). Alternative methods, both
requiring the computation of first derivatives, are the Conjugate Gradients methods (Fletcher-Reeves
algorithm [FR64], Polak-Ribiere algorithm [PR69]) and the Quasi-Newton methods (Davison-
Fletcher-Powell algorithm [FP63], Broyden-Fletcher-Goldfarb-Shanno algorithm [Fle70]), with a
storage requirement of order n and n*, respectively.

The major drawback of these alternative local search strategies is that the early collapsing of the
various dimensions of the vector function, whose components represent each unsatisfied constraint,
implies the lack of information about each individual constraint and makes them more vulnerable to
local minima. Strictly following a descent path of a scalar function such as the distance function often
ends up in a local minimum which cannot be improved by local refinement.

However, since the local search is to be integrated within a branch and bound algorithm, the
convergence to local minima is not restrictive, making any efficient local search strategy also
competitive.

To avoid the convergence to local minima that are not solutions of the CCSP, other alternative
approaches could be based on strategies used for solving constrained optimisation problems [GM75,
Fle87, Ber99], namely Penalty methods or Lagrange-Multiplier methods. These methods reduce the
constrained problems into one or a sequence of unconstrained multivariate minimisation problems by

adding to the objective function terms that reflect the violation of each constraint.
115



LOCAL SEARCH

The Penalty methods [FM90], which are easier to implement, introduce for each violated constraint
a penalisation term, whose degree of penalisation must be tuned either before of during the
optimisation process. This tuning is not trivial since too large penalties may result in a very irregular
search space whereas too small penalties may lead convergence to unfeasible points.

The Lagrange-Multiplier methods [Ber82], widely used for their numerical stability and accuracy,
use Lagrange multipliers to combine the constraints with the original objective function obtaining a
new multivariate function denoted Lagrangian function. All the minima of the Lagrangian function are
minima of the original objective function which are guaranteed to satisfy the set of constraints. The
price to pay for such nice properties is the increase on the number of variables that must be considered
for the unconstrained minimisation of the Lagrangian function. Besides the original variables an
additional variable (the respective Lagrange multiplier) is introduced for each constraint.

In our context, which does not explicitly requires the minimisation of a particular objective
function, such optimisation methods could be applied, either by considering the distance function as
the original objective function to minimise, or by performing an optimisation with respect to the
variable bound that characterises the context of the local search.

Nevertheless, any of the above alternative approaches would still require the adoption of some
strategy to bound the local search within the original search box limits. In the line search method this
was accomplished by the line minimisation algorithm which avoided the larger Newton steps that
escaped the search box limits. The possible drawback of such strong restriction, eventually avoiding
the convergence to a solution just because the search path is not entirely contained in the search box, is
largely compensated within the branch and bound context that guides the search to the most relevant

subregions of the search space.

7.3 Integration of Local Search with Global Hull-Consistency Algorithms

The local search algorithm was originally conceived for providing the 7S4 algorithm with a
specialised method for the localisation of new canonical solutions within a search box. In this
algorithm the local search function searchSolution is naturally integrated as a step of the searchAction
procedure (see figure 6.13).

The integration of the local search algorithm with the other enforcing algorithms presented in the
previous chapter may be accomplished by minor changes in their generic search mechanisms
(backtrackSearch or orderedSearch).

The functions backtrackSearch (figure 6.3) and orderedSearch (figure 6.8) may easily
accommodate the local search algorithm by including a new argument j for representing the search
context and by changing line 5 into:

) Byoi < searchSolution(P,B,j); if By, # < then return B,

This approach may be adopted for the integration of the local search with the backtrack search

algorithms BS; and BS; as well as with their ordered modifications OS; and OS3;, respectively.
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A similar approach could be used for integrating local search with the BS, and BS, algorithms.
However, the BS, algorithm does not profit from local search since no inner box is maintained, and
with the above change, the BS; algorithm could no longer guarantee that the first canonical solution
found by the generic search is the leftmost/rightmost (which is a crucial property for the correcteness
of the algorithm).

In order to allow a correct integration with the BS, algorithm the first canonical solution found must
be an extreme bound and so, the generic search should not terminate whenever a new solution is
found, but rather when this solution is extreme with respect to the search context.

Figure 7.8 presents the function backtrackSearchWithLocalSearch, which is a modified version of
the backtrackSearch function to integrate the local search algorithm, that may be used by any of the
backtrack search algorithms (including the BS, algorithm). It is identical to the original
backtrackSearch function of figure 6.3 except that it includes an additional third argument, the bound
J, to represent the context of the local search, and the original lines 5-6 are replaced by the lines 5-16.
It assumes that all the algorithms use a splitStrategy LW (largest width) or RR (round robin) except
the BS; algorithm that uses a splitStrategy x; (identifying the variable that must be firstly split).

function backtrackSearchWithLocalSearch(a CCSP P=(X,D,C), inout a stack S of F-boxes, a bound ;)

(1) while S.size()>0 do

@ B« Spop();

©)) B <« kB-consistency(P,B);
) if B = & then

6) By < searchSolution(P,B,j);

(©6) if B,,; # <& then

(7 if splitStrategy = LW or splitStrategy = RR then return B,;;

®) if splitSide = LEFT and splitStrategy = x; then

©) if left(B;./[x:])= left(B[x;]) then return B;,;

(10) else B, < B; B/[x;] « [left(B[x:])..left(Bsoi[x:])]; B2 < Bso; end if;
11 end if;

(12) if splitSide = RIGHT and splitStrategy = x; then

13) if right(B;.[x;])= right(B[x;]) then return B,;

(14) else B; < B; Bj|x;]| < [right(Bsolx:])..right(B[x:])]; B2 < By.; end if;
15) end if;

(16) else splitBox(B,B;,B;); end if;

a7 S.push(B:);

(18) S.push(B));

(19) end if;

20) end while;
1) return J;
end function

Figure 7.8 The modified generic backtrack search algorithm with local search.

The overall functioning of the backtrackSearchWithLocalSearch is similar to the backtrackSearch
function except that a canonical solution is searched through a call to the local search function (line 5)
and if a new solution is found (line 6), its consequences must be processed (lines 7-15). If the

algorithm is not the BS; algorithm then the backtrack search terminates returning the new canonical
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solution (line 7). In the case of the BS, algorithm (lines 8-13) with a splitStrategy x;, the backtrack
search only terminates if the new solution is the leftmost/rightmost wrt x; (line 9/13); otherwise (line
10/14), the two new F-boxes to include in the stack are the new canonical solution B, and the sub-box
B, of B that remains relevant after considering this new solution (notice that B; is inserted at the top of
the stack and so, the new canonical solution will only appear at the top if B, contains no solutions).
The correcteness and termination properties of the algorithm may be derived similarly to the case
of the original backtrackSearch function as long as the searchSolution function is correct and

terminates.

7.4 Summary

In this chapter a local search procedure based on a line search minimisation along a direction
determined by the Newton-Raphson method was proposed for integration with the interval constraints
framework. Its integration with Global Hull-consistency enforcement was presented for each of
algorithms suggested in the previous chapter. In the next chapter preliminary results obtained with the
application of Global Hull-consistency criterion are presented and compared with weaker consistency
alternatives. The integration of local search within the best Global Hull enforcing algorithms is also

illustrated on a simple problem.
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Chapter 8

Experimental Results

In the context of decision making the trade-of between precision in the definition of the solution space
and the computational efforts required to achieve it must be a major concern when solving CCSPs. In
this context, our proposed approach to enforce a Global Hull-consistency may be an appropriate
choice, achieving acceptable precision with relatively low computational cost. Such effort depends of
course on the algorithms used to enforce such consistency. Among the set of algorithms we developed,
the one that integrates constraint propagation within a tree-structured representation of the domain
(algorithm TSA presented in section 6.4), has clearly shown the best performance.

In this chapter we present results obtained by imposing Global Hull-consistency in a number of
problems and compare them with those obtained with (various levels of) alternative high order
consistency requirements. In the first section a simple example motivates the need for strong
consistency requirements such as Global Hull-consistency. Sections 8.2 and 8.3 present two practical
examples illustrating the benefits of using TSA for enforcing Global Hull-consistency. In section 8.4
we compare the efficiency of TSA with the other algorithms for enforcing Global Hull-consistency
presented in chapter 6, and address the potential benefit of including local search.

We implemented all Global Hull-consistency and kB-consistency (section 5.2) algorithms, based on
the procedures for achieving 2B-consistency (Box-consistency) available in the OpAC library (a C++
interval constraint language [Gou00]), and executed in a Pentium III computer at 500 MHz with

128 Mbytes memory.

8.1 A simple example

To understand the pitfalls often arisen with kB-consistency we have considered a small problem

consisting of two constraints:

x>+ y* <1 and X+ y?P =22

Of course, the two constraints are unsatisfiable. Figure 8.1 illustrates the problem, which requires
the solutions to be within the inner circle (first constraint) and outside the outer circle (second
constraint).
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2B-consistency

Figure 8.1 A simple unsatisfiable constraint problem.

However, 2B-consistency (Box-consistency) does not detect such inconsistency, merely pruning the
initial unbounded domains of the variables to the interval [-1.001..1.001] (with 107 precision). With
these domains (obtained by applying 2B-consistency to the first constraint) the second constraint does
not prune the domain of any of its variables when the other is fixed to any of its bounds. Of course,
x = =1 is only compatible with y = 0 in the first constraint whereas it requires y = £ 1 in the second,
but the local nature of 2B-consistency does not detect this situation. Since there are only 2 variables
involved, 3B-consistency is equivalent to Global Hull-consistency and detects the inconsistency.

With an increased number of variables the insufficiency of 2B-consistency also arises in higher

order consistencies. For example, in the following problem
x>+ yP + z7 <2 and x4+ y* o+ oz > 3

rather than detecting inconsistency, as Global Hull-consistency does, 3B-consistency prunes the
variables to [-1.001 .. 1.001] whereas 2B-consistency performs even worse, pruning the domains to
[-1.416..1.415].

In general, the difference obtained with kB-consistency and Global Hull-consistency is not so
significant, but still different bounds are obtained.

For example with the slightly modified problem
x>+ yv2 + z? <2 and (x=0.5)% + y* + z? > 2.25

the results obtained are shown in Table 8.1. Both 2B- and 3B-consistency, although faster than Global

Hull-consistency, report quite inaccurate upper bounds for variable x.

Table 8.1 Pruning domains in a trivial problem.

2B 3B Global Hull
X [-1.416 .. 1.415] [-1.415..1.002] [-1.415..0.001]
y [-1.416 .. 1.415] [-1.415 .. 1.415] [-1.415 .. 1.415]
z [-1.416 .. 1.415] [-1.415..1.415] [-1.415 .. 1.415]
t (ms) 10 50 1860
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8.2 The Census Problem

The Census problem models the variation with time of a population with limited growth by means of a
parametric differential equation (logistic). The equation has an analytical solution of the form:

kx 0 e rt
X (e - 1)+ k

x(1) =

Given a set of observations vy,...,v, at various time points fy,...,t,, the goal of the problem is to adjust
the parameters x, » and k of the equation to the observations.
We used the USA Census over the years 1790 (normalised to 0) to 1910 with a 10 year period.

Table 8.2 shows the population values observed at those time points.

Table 8.2 US Population (in millions) over the years 1790 (0) to 1910 (120).

t] 0 10 20 30 40 50 60 70 80 90 100 | 110 | 120

v; 1 3.929 [ 5.308 | 7.239 | 9.638 [12.866|17.069|23.191{31.433|39.818|50.155[62.947|75.994|91.972

Figure 8.2 illustrates the problem showing its best fit solution (xo = 4.024, » = 0.031 and &k = 198.2).

Such solution minimises the expression: Z (x(t,)-v, )2

1

Population

(millions) Census USA
140
120 -
100 -

T
S & O D S © S S O NS O
T O I SR N e D

Time (years)
Figure 8.2 The best fit solution for the USA Census problem.

In order to adjust the parameters of the logistic equation to the observations, instead of searching for
the best fit solution, we considered as acceptable a distance of up to *1 (million) between each
observed value v; and the respective predicted value x(#;). This is achieved by imposing the following

constraint' at each observed time point #:

kxoeo.oom,-
X; = with x;e[vi—1..vi+1]
i xo(eO‘OOlrti _ 1)+ k

! The parameter 7, with much smaller values than the other parameters, is re-scaled into the interval [1..100] by multiplying it
by a factor of 0.001 (its best fit value is now 31.0).
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In Table 8.3 we show the results of enforcing 2B-, 3B- and Global Hull-consistency on this problem
(with 107 precision). The table shows the poor pruning results achieved by 2B-consistency alone, and

the much better pruning achieved by Global Hull-consistency with respect to 3B-consistency.

Table 8.3 Comparing 2B-, 3B- and Global Hull-consistency in the Census problem.

2B 3B Global Hull
Xo [2.929 .. 4.930] [2.929 .. 4.862] [3.445 .. 4.547]
k [1.1..1000] [102.045 .. 306.098] [166.125 ..260.401]
r [1.1..100] [27.474 .. 39.104] [28.683 .. 33.714]
#(ms) 10 56 990 458 840

Although this improvement is achieved at the cost of a much longer execution time (about 8 times
slower than 3B), it is important to notice that OS; and 7SA algorithms for achieving Global
Hull-consistency are anytime algorithms, and good results may be obtained much earlier.

Table 8.4 shows that the pruning achieved by Global Hull, at approximately 30% of the execution
time spent with 3B enforcing algorithm, is already significantly better than it. For similar execution

times (about 1 minute), the pruning is almost as good as the final one.

Table 8.4 Comparing anytime GH and 3B in the Census problem.

Global Hull Global Hull Global Hull 3B
Xo [3.445 .. 4.547] [3.040 .. 4.775] [3.142 .. 4.567] [2.929 .. 4.862]
k [166.125 ..260.401] | [129.863 .. 282.040] | [148.153 .. 261.157] | [102.045 .. 306.098]
r [28.683 .. 33.714] [27.777 .. 36.730] [28.646 ..35.296] | [27.474 ..39.104]
t (ms) 458 840 15030 55110 56 990

Figure 8.3 illustrates such pruning results. The black area represents the uncertainty about the
trajectory of a logistic function with the parameters ranging within the box obtained by enforcing
Global Hull-consistency on this problem (the second column of table 8.4). A slightly wider uncertainty
(with the extra dark-gray area) is obtained if the Global Hull-consistency enforcing algorithm is
interrupted after 1 minute of execution time (the time for enforcing 3B-consistency). However, a much
wider uncertainty (with the extra light-gray area) must be considered if the box is obtained by

enforcing 3B-consistency (the last column of table 8.4).

Population Census USA
(millions)
200
180 -
160 -
140 -
120 -
100 -
80 -

> 3B,
GH(S’) GH(l’)

N\ O\ Q N\ N} O} N\ A\ Q N} QJ 3
S N S P B & O S S m
& @ W @ & F S K) Time (years)

Figure 8.3 Comparing 3B with GH, and GH with similar execution time (about 1°).
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Also notice that, since there are only 3 variables, imposing 4B-consistency provides the same final
results than Global Hull-consistency. However, as shown in the table 8.5, the algorithm is much
slower. The table compares the pruning achieved during the CPU execution time. The values are given
as a percentage of the area of the box obtained by Global Hull with respect to the area of the box

obtained by 4B at the same execution times (both with 10~ precision).

Table 8.5 Comparing anytime GH and 4B in the Census problem.

GH/4B
¢ (min)

27.1% 43.0% 67.3% 81.6%
0.25 1 8 16

100%
180

When the Global Hull algorithm stops, after about 8 minutes of CPU time, it obtains a domains box
that is approximately 2/3 of current box of the 4B algorithm (at the same time). The equivalent
pruning results, which are theoretically achievable, take in practice about 22 times more CPU time
with the 4B algorithm than with the Global Hull algorithm.

Finally we compare the performance of the TSA algorithm with different precision requirements,
namely, 107, 10, 10° and 102 Table 8.6 shows the results where the unit of time is the execution
time with 10~ precision. The first row indicates the precision & required; the second row shows the
time o at which the pruning results were already identical to those obtained with 10~ precision; the
third row presents the total execution time #g,,; and the fourth row indicates the storage used by the

algorithm in terms of the maximum number of F-boxes considered.

Table 8.6 Comparing GH with different precision requirements in the Census problem.

e 107 10° 10° 10"
fo 1 1.2 1.7 2.4
tfinal 1 2.9 5.0 75
F-boxes 1290 2938 4711 6314

Clearly, for this problem, there is not an explosion of execution time or storage requirements with
increasing precision requirements. Both, time and storage, seem to increase linearly with the number
of significant digits required. Moreover, if we consider the uncertainty obtained with 10~ precision,

identical results may be obtained much before the ending of the algorithm.

8.3

The next problem we report is a simplification of that of finding the structure of a protein from

Protein Structure

distance constraints, e.g. obtained from Nuclear Magnetic Resonance data (see [KB99, KB02]). The
simplified problem uses Euclidean distance constraints similar to those presented in section 8.1 above,
where variables x;, y; and z; represent the centres of atom a;.

In this problem, we place 6 atoms, whose centres must all be, at least, 1A apart. For some atom

pairs, the square of the distances are provided and shown in table 8.7.
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Table 8.7 Square distances between pairs of atoms of the protein.

Atoms a; a, a3 a as ag
a 2 4 - 4 4
a, 2 2 4 2 -
as 4 2 2 4 4
ay - 4 2 2 2
as 4 2 4 2 -
ag 4 - 4 2 -

To solve the problem we placed 3 atoms (a;-a3) arbitrarily in the XY plane and the distances allow that
the other 3 atoms are either above the plane (positive Z) or the corresponding quiral solution below the
plane (negative Zs).

In table 8.8 we show the pruning achieved on the values of atoms a4 to ag by 2B-, 3B- and Global
Hull-consistency (as before, results with 4B-consistency are similar to those with Global Hull but take

much longer to obtain).

Table 8.8 Comparing 2B, 3B and GH in the Protein problem.

2B 3B Global Hull
X4 [-1.001 .. 1.415] [-0.056 .. 0.049] [-0.004 .. 0.004]
V4 [0.585 .. 3.001] [1.942 ..2.047] [1.996 ..2.004]

Z4 [-1.415 .. 1.416] | [-1415.. 1.415] | [-1.415.. 1.415]
Xs [-0.415..2.001] | [0.998..1.002] | [0.999..1.001]
ys [-0.001..2.001] | [0.999..1.001] | [0.999..1.001]
z5 [-1.415..1.416] | [-1415..1.415] | [-1.415.. 1.415]
X6 [-2.001..2.001] | [-1.110..1.053] | [-1.008 .. -0.992]
Ve [-0.001..2.001] | [-0.894..1.169] | [0.999..1.001]
Z6 [-2.001..2.001] | [-1.483..1.483] | [-1.420..1.402]

t (ms) 10 7 380 62 540

Given the uncertainty in the Z value of the atoms, neither 2B- nor 3B-consistency could prune the size
of their other dimensions to the amount that Global Hull-consistency does. The most important
difference between 3B- and Global Hull-consistency lies on atom as. Whereas the x¢ and y¢ are
“fixed” (respectively at around —1 and 1) by Global Hull, 3B-consistency could not prune the value of

these variables beyond the typical [-1 .. 1] interval.

8.4 Local Search

In the above experiments Global Hull-consistency was enforced with the TSA algorithm without local
search, a precision & = 10~ and an underlying 2B-consistency procedure. To check whether the above
timings were truly representative of Global Hull enforcement, we decided to test the efficiency of the
different algorithms presented in chapter 6.

The results presented in Table 8.9 refer to another instance of the Protein structure (with 8 atoms),
more representative of the kind of problems Global Hull is aimed at, in that they have many adjacent

solutions, i.e. the final domains of all variables are relatively large.
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Table 8.9 Comparing various Global Hull-consistency enforcing algorithms.

Time (s) Max Storage (F-boxes)

k| Ls | e=10" | £=10? | e=10" e=10" | £=107 | £=10"

a | 734 ] 600+ | 600+ 407 | 55711 | 63465

2 y | 8752 ] 78.48 | 600+ 407 414 | 25580

oS, n | 2357 [139.84 | 600+ 27 339 1584
3 y | 12:80 | 5039 [191.41 2 15 51

o | 299 [ 1137 | 600+ 30 47 60

2 y | 1497 | 38.46 | 600+ 14 16 24

BS; n | 4101 15021 | 359.69 22 37 53
3 y | 1914 | 75.98 | 234.65 3 8 25

n | 519 ] 600+ | 600+ 132 | 66410 | 63445

2 [Ty 172329 [ 2072 | 600+ 51 104 | 25037

0S; o | 2551 [185.99 | 600+ 19 695 1676
3 y | 13.08 | 45.41 [162.50 2 10 32

a | 1016 [ 60.96 | 600+ 332 6786 | 76506

2 y | 4479 | 4759 | 600+ 221 621 16764

sS4 n | 4252 [ 18438 600+ 52 207 843
3 y | 3863 [ 97.88 | 275585 99 185 392

The first thing to notice is the importance of the precision used. Of course, with less precision, all
algorithms are faster, since less canonical F-boxes are considered. More interestingly, as precision
increases (smaller €) local search becomes more important. The reason for this is that with larger
canonical F-boxes the underlying 2B-consistency algorithm does not prune them and so accepts them
as canonical solutions, making the local search for “real” solutions useless. With higher precision,
canonical F-boxes are smaller and the 2B-consistency algorithm does not detect solutions as easily, as
the pruning of most F-boxes does not result into canonical F-boxes. Hence, the advantage of local
search in such situations.

Local search is also shown to improve the memory requirements, since it often finds solutions near
the intended bounds of the variables in the F-boxes under consideration, rather than simply bisecting
them (thus originating additional boxes).

Memory requirements are also much lower when the underlying enforcement procedure is
3B-consistency (rather than 2B), as the pruning achieved in any F-box is much more significant.
Because of its better pruning, and despite its higher complexity, enforcing 3B-consistency provides in
general better results than 2B-consistency, as precision increases.

Regarding the variety of Global Hull-consistency enforcing algorithms, their differences are less
evident. Given the discussion above it might be important to impose some thresholds on the execution
time of the algorithms, in which case the OS; and BS, have the disadvantage of not being anytime
algorithms. Although OS; proved better than 7SA in this problem, this behaviour is not observed
consistently in other problems, and 754 offers the advantage of keeping a tree-based compact
description of the feasible space, which is very convenient for an interactive use as envisaged in
[HF96]. Moreover, and although not visible in the table, the anytime results of 754 are consistently

better than those obtained with OS;.
125



EXPERIMENTAL RESULTS

8.5 Summary

In this chapter our proposals were tested on simple examples such as the USA census problem and the
protein structure problem. The pruning and time results obtained with the Global Hull-consistency
approach (with 7S84 algorithm) were compared with those obtained by enforcing 2B-, 3B- and
4B-consistency. The integration of local search within the best Global Hull enforcing algorithms was
discussed. This ends the first part of this dissertation. The next part is dedicated to handling constraints

over ordinary differential equations, where the constraint methods discussed so far will be used.
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Chapter 9

Ordinary Differential Equations

Differential equations are equations involving derivatives. Ordinary Differential Equations (ODEs)
involve derivatives with respect to a single independent variable. The order of an ODE is determined
by the highest derivative appearing in the equation.

A first-order ODE will be generically represented as:

b _
A

where, for historical reasons, the independent variable, often associated with time, is denoted as ¢. If it
is clear from the context, the above representation may be shortened to:
yi=f0
A system of n first-order ODE:s is the set of equations:

1= S1 s Vs 1)

y}"l :fn(yl,""ynat)
which, if there is no ambiguity with the single equation case, may be represented in vector notation as:
y{ fl(yla'":ynit)
y'=f(p,1) with y'=| ... | and f(y,t)=
y;l fn(ylﬁ"'ﬁynﬂt)
Any explicit! differential equation of order m defined as:

(m) _

ron -1
Y _f(yvy’y 7"'7y(m ):Z)

may be transformed into an equivalent system of m first-order ODEs:

z] 22
z'= f(z,1) with z'=| 7 | and f(z,0)=
Zm-1 Zm
z, S (21,2952, 1)

! A differential equation is called explicit if the highest derivative is isolated in the left-hand side.
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Given the above property we will only consider, without loss of generality, systems of first-order

ODE:s and will denote them as ODE system:s.

Definition 9-1 (ODE system). An ODE system O is a system of » first-order ODEs defined as:
y{ fl(yl""’yn’t)
y'=f(y,t) with y'=| ... | and f(y,t)=
y;1 fn(ylﬂ'“’ynat)

When the independent variable ¢ does not appear explicitly in function f, that is, y'= f(y), the ODE

system is called autonomous?’. a

An ODE system may be regarded as a restriction on the sequence of values that y can take over ¢.
Informally, for any particular instantiation of y and ¢, it determines the evolution of y at time ¢
associated with an increment of . An ODE system does not determine a unique sequence of values of
y associated with ¢; it rather characterises a family of functions whose slope must satisfy the equations

for all values of . This family of functions are the solutions of the ODE system.

Definition 9-2 (Solution of an ODE system). Consider an ODE system O as defined in 9-1. The
s1(2)

function s(¢) =| ... | is a solution of O wrt the interval [,..¢;] iff: Vte[to..tj] % = f(s(2),1)
8, (2) Q

In order to uniquely identify a particular function from the solutions of an ODE system, further
information must be added. Traditionally this is accomplished either by completely specifying the
value of y associated with a particular value of ¢ (initial condition), or by partially specifying the value
of y associated with different values of # (boundary conditions).

Given an ODE system and a value for y at a given ), the initial value problem (IVP) aims at
determining the value of y for other values of 7. A solution of the ODE system that satisfies the initial

condition is a solution of the IVP.

Definition 9-3 (Solution of an IVP). Consider the [VP [ defined by the ODE system O as expressed

V1o s1(2)
in 9-1 and the initial condition y(¢,)= yy =| ... |. Function s(#)=| ... | is a solution of / wrt an

Vo Sy (t)

interval [¢,..t,] that includes ¢ iff s(z5) =y, A Ve[t ts] % = f(s(2),1)

2 Any ODE system with n equations may be transformed into an equivalent autonomous system with n+1 equations by
replacing any occurrence of ¢ with a new dependent variable y,.; and by adding the associated derivative equation: y’,+;=1.
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In general it is not possible to solve an [VP analytically, that is, the function s(¢) that is the solution of
the IVP cannot be represented in a closed-form expression. Consequently, several approaches have
been proposed for solving this kind of problems numerically.

The classical numerical approaches attempt to compute numerical approximations of the solution
s(#) at some discrete points of 7. These methods, addressed in the next section, are usually very
efficient but do not provide any guarantee on the accuracy of the approximations or even the existence
of a unique solution.

Interval approaches, discussed in section 9.2, attempt to produce bounds for the solution s(¢) not
only at some discrete points of ¢ but also for all the continuous range of intermediate values between
any two consecutive discrete points. These methods, also known as validated methods, verify the
existence and uniqueness of a solution for the IVP.

The relative unpopularity of the direct application of interval methods to ODE problems (at least
compared with their numerical alternatives) stems from the additional computational effort required
and, in many early approaches, to the insufficient tightness provided by the enclosing bounds. To
overcome such difficulties, research has been carried out to take advantage of the efficiency and

soundness of constraint technique, as overviewed in section 9.3.

9.1 Numerical Approaches

Classical numerical approaches for solving the initial value problem consider a sequence of discrete
points ¢y, t;, ..., t, for which the solution is approximated. The distances A~=t;:;-t; between two
consecutive points do not need to be equally spaced. At each new point #;.;, the solution s(z;+;) is
approximated by a value s;,; computed from the approximated values at the previous points. Whether
this computation requires only the most recent value (s;) or also other earlier values (s.;, si2, ...)
qualifies if the method is a single-step or a multistep method.

A k-step method provides a formula that approximates the solution function at the next discrete
point #;.; which may be generically? represented as:

Siv1 = DP(S;fs150eS ) where j=i or j=i+1

If the approximate value s;,; does not appear in the right-hand side of the equation (j=i), the formula
is explicit and its evaluation is straightforward. Otherwise (if j=i+1), the formula is implicit since its
evaluation may involve solving the above vector equation (a system of possibly nonlinear equations)
where s;+; appears in both sides.

To avoid solving the vector equation, some methods, known as predictor-corrector methods, use
both an explicit formula and an implicit formula. Initially, the explicit (predictor) formula is used to
obtain a first value approximation for s;.;. Then the implicit (corrector) formula is used, with the s;:;

of the right-hand side replaced by the predicted value, to obtain a final improved value.

3 For simplicity, the values of the discrete points of ¢ are not explicitly represented as arguments of the function ®.
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Although there are many variations within the different numerical methods for solving IVPs they
may be classified into four general categories: Taylor series, Runge-Kutta, multistep and extrapolation
methods.

Taylor series methods are single-step methods that use the Taylor series expansion of the solution
function around a point, to obtain an approximation of its value at the next point. This series is
computed up to a given order, requiring the evaluation of higher order derivatives of the function.

Runge-Kutta methods are single-step methods that approximate the Taylor series methods without
requiring the evaluation of derivatives of the solution function beyond the first. This is accomplished
at the expense of several evaluations of the first derivative of the solution function, whose expression
is given by the ODE. The idea is to compute a linear combination of this function at different points to
match as much as possible the Taylor series up to some higher order.

Multistep methods use a polynomial of degree £-1 to approximate either the solution function (as in
backward differentiation methods) or its derivative (as in Adams methods). The coefficients of the
polynomial are determined from the values of the approximated function at & different points. Implicit
or explicit formulas for approximating the value of the solution function at the next point #,.; may be
obtained depending on whether this point is considered in the determination of the polynomial
coefficients.

In contrast to the previous methods, extrapolation methods (as the Bulirsch-Stoer method [BS66,
SB92]), consider larger steps (non-infinitesimal) between consecutive discrete points of z. To compute
the approximation of the solution function at the discrete point #.; from the previous one, ¢, a
single-step method is used to integrate the differential equation along the interval [¢,..t;+;] considering
an increasing sequence of finer and finer substeps. During this process an interpolating polynomial or
rational function is constructed through the computed intermediate values and in the end the value at
t;+; 1s extrapolated to a zero substep size.

A detailed overview of the above numerical methods may be found in many text books dealing with
the numerical solution of initial value problems. Classical books on this subject are [Hen62, Har64,
Gea71] and more recent overviews can be found in [HNW91, Lam91, Sha94]. Several public domain
software packages provide efficient implementations of the numerical methods, in particular for the
Runge-Kutta (as the RKSUITE [BGS92]) and the multistep methods (as the VODE [BBH89]). For
practical discussions on the software implementation see also [SG75, FMM77, PTV92, AP9S].

In the next subsection the Taylor series methods will be addressed in more detail. Subsection 9.1.2

discusses the different sources of errors and its consequences in solving an IVP numerically.

9.1.1  Taylor Series Methods

The simplest single-step methods are based on the Taylor series expansion of the solution function. If
the solution s(f) of an ODE system, as defined in 9-2, is a function which is p times continuously
differentiable on the closed interval [#,..t;.;] and p+1 times differentiable on the open interval (¢...t:+;),

then, from the Taylor theorem, we have:
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p+l
s(t;) = s(t)+2(—s(k)( )J (1};+1)!S(p+l)(5) with h=t,-4, and &€ [fiti]

Since s(7) is a solution of the ODE system (wrt the interval [¢..t;+;]), then, from definition 9-2,
Vielt.t;,]95/dt = f(s(1),1) , and so:

Ve[l p+1150 @ = £ 4V (s),0

Hence, the Taylor series expansion may be rewritten as:

$(ti1) = s(t; )+Z[ S D s, )J+

p+l

D) FP(s(&),&)  with h=t;;-t; and & €[ti..tre1]

If, additionally, s”"" is continuous throughout the closed interval [#..z;:,], it must be bounded on
that interval and so, the last term of the Taylor series expansion is also bounded on [#..t,1/], being of
order O(h"™).

Consequently, a Taylor method of order p can be obtained by neglecting this last term, providing
the following formula that approximates the value s, of the solution function at the next discrete

point ¢, given its approximated value s; and at the previous point #;:
P h k il
Si+1:Si+z _f( )(Si:ti) with  h=t.,-1
i

The total derivatives of f may be computed recursively in terms of its partial derivatives. Since the
vector function f, as defined in 9-1, is composed by n elementary functions fi(y,...,y..f), the total
derivatives may be obtained component wise as:

voes Vs i (Vioemr Vs
Ji s vy ) = Z(f(yl Y )ym}%

a (yla ayna) ajri(yla'--aynat)

f (ylﬁ"'ﬁyn’t)J"' 8t

u af,.("‘” (Pyseees Vyst) af,.("‘” (P1seees Vyst)
fi(k)(yl""’yn’t)zz 1 fm(yl""aynat) + !
m=1 aym ot

k
fl( )(yla“"ynat)
with £ (y,1)=

k
L (D1 V1)

In the special case of autonomous ODE systems, ¢ does not appear explicitly in f, so neither does the
last term of the above definition of the total derivatives.

Despite the existence of quite efficient methods for the automatic generation of the Taylor
coefficients for autonomous ODE systems (see section 9.3), the Taylor series methods are not as
competitive as other numerical methods such as the Runge-Kutta which do not require higher
derivative evaluations (they do not even require the existence of such derivatives). Hence, existing

software packages for solving numerically an IVP do not usually employ Taylor series methods.
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Nevertheless, methods based on the Taylor series (not neglecting the last term) seem to be more
suitable for interval approaches, which aim at computing reliable interval bounds for the enclosure of

the solution function.

9.1.2  Errors and Step Control

The ultimate goal of a numerical approach for solving an IVP over an interval range of ¢ is to
approximate as much as possible its solution at some discrete points placed along that interval.
Usually, by starting at point ¢, (whose solution value is known: s(#))=)¢) an increasing (decreasing)
sequence of discrete points is considered by adjusting the step size (the gap between two consecutive
discrete points) as the calculation proceeds. The purpose of this adaptive step size policy is to keep
some control over the accuracy of the approximation with minimum computational effort.

Since this effort is proportional to the total number of discrete points considered, such points should
be separate from each other as much as possible. However, too wide gaps may lead to unacceptable
approximation errors.

There are two different sources of errors for the numerical solution of an IVP: the discretization
error (also known as truncation error) and the computational error. Whereas the first depends
exclusively on the properties of the numerical method adopted, the second is due to round-off errors
and errors committed in the approximated evaluation of implicit formulas.

The approximation error committed at a new point ¢ is partially caused in the current step (from ¢
to #;+1) by the chosen method, and partially due to propagation of errors made at previous steps (from #,
to ;). Accordingly, there are two measures of the discretization error, the local discretization error and
the global discretization error.

The local discretization error is the error committed in one step by the approximation method
assuming that the previous values were exact and the absence of computational errors. If s; and s, are
approximations of the correct solution values s(#;) and s(¢+), computed by the numerical method at
two consecutive points, the local discretization error d;+1, from ¢, to ¢, is given by:

diyp =S —ulliyg)
where u is the solution function of an IVP with the original ODE and the initial condition u(¢;) =s; .

The global discretization error is the error accumulated along the whole sequence of discrete points
(starting at the initial condition point %)) again in the absence of computational errors. If s; is the
approximation of the correct solution value s(#;), computed by the numerical method along the
sequence of discrete points ..., t;, the global discretization error e; accumulated so far is given by:

e; =s; —s(t;)

Figure 9.1 illustrates the notions of local and global discretization errors associated with two
different IVPs. The initial condition is defined at point #, and the approximated solution is computed
at three subsequent discrete points, #;, ¢, and #;. The local discretization errors in each of these points
are represented as d;, d, and d;, respectively. The correct solution function is line s(¢) and functions

uit) are the solutions of similar IVPs with initial conditions y(#)=s; respectively. The global
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discretization error accumulated at ¢;, represented as e3, is compared with the sum off all the previous

local errors.

us(0)
uy(t)

uy(t)
€3

d;
d;+dyt+d;

s(t) ?[
Yo

Yo T T T T T T
to 4 ) 15} to 4 6 t3

(@) y'=4 (b) y'=-A

Figure 9.1 Local and global discretization errors for an unstable (a) and a stable (b) differential
equation. In both equations A is a positive real value.

di+dytd;

The concept of stability is associated with the effect of local errors on global errors. Instability occurs
when small local errors introduced during the approximation procedure are magnified into larger
global error (as in Figure 9.1a). On the contrary, when local errors introduced are attenuated into a
smaller global error, the problem is called stable (Figure 9.1b). Unfortunately nonlinear ODE systems
are often unstable, at least in some regions.

The best that can be expected from any numerical method for solving an IVP is to maintain the
inherent behaviour of the actual solution. An unstable problem cannot become stable by any numerical
method. However, instability may be introduced by the numerical method in originally stable regions
of the actual solution. Avoiding such instabilities may require the introduction of additional
restrictions limiting the length of the step sizes.

Roughly speaking, the global error of an approximation corresponds to a sum of local errors
weighted by factors associated with the stability of the equation and, in particular, with the numerical
method adopted. In practice, the control of the approximation accuracy is achieved by controlling the
local error up to a specified tolerance and keeping an estimation of the global error within acceptable
bounds. These estimations, which may be more or less sophisticated, are all based on assumptions
about the global behaviour of the numerical method for solving the IVP, but do not provide any
guarantee on the actual accuracy of the approximation.

Computational errors, which are of a more random nature, increase the difficulty in defining correct
global error estimates, specially for unstable problems. Moreover, this effect imposes practical
limitations on the reduction of the step size. In general, when the step size is decreased, the global
discretization error is decreased by the same factor raised to some power p (where p is defined as the
order of the method), thus reducing the global error. However, more steps are required for covering
the same interval of ¢. If the step size becomes too small, the accumulation of computational errors
eventually exceed the reductions achieved on the local discretization errors. Consequently, smaller
step sizes eventually become useless to reduce the global error, limiting in practice the maximum

precision attainable for the computed approximation of the actual solution.
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9.2 Interval Approaches

The first interval approaches for solving initial value problems had their sources in the interval
arithmetic framework introduced by Moore [Moo66]. They use interval arithmetic to calculate each
approximation step explicitly, keeping the error term within appropriate interval bounds.
Discretization and computational errors are thus encapsulated within bounds of uncertainty around the
true solution function. In addition to providing guaranteed enclosures of the actual solution function,
interval methods also verify the existence of a unique solution for the [VP.

Most interval methods for solving IVPs [Mo066, Krii69, Eij81, Loh88, Rih94, Sta97, Ned99] are
explicit methods based on Taylor series since this provides a simple form for the error term which can
be bound as long as some enclosure of the actual solution function is provided. Moreover, the Taylor
series coefficients can be efficiently computed through automated differentiation techniques, and both
the step size and the order of the method may be easily modified during the approximation process.
Changes on the step size do not require recomputing these coefficients, and to increase or decrease the
order of the method it is sufficient to add or delete Taylor series terms.

In the mentioned approaches, each step between two consecutive points #; and #;+; generally consists
of two phases. The first validates the existence of a unique solution and calculates an a priori
enclosure of it between the two points. In the second phase, a tighter enclosure of the solution function
at point 7, is obtained through interval arithmetic over a chosen numerical approximation step, with
the error term bound as a result of the enclosure of the previous phase.

The next subsection presents the main ideas of the Interval Taylor Series (ITS) methods and how
they take advantage from the automatic generation of the Taylor coefficients. Subsections 9.2.2 and
9.2.3 summarise the principal techniques used by ITS methods during, respectively, the first and the
second phases of the enclosing steps.

It is worth mentioning that, alternatives to the explicit interval Taylor series approaches were
recently proposed. An implicit interval method based on the Taylor expansion was proposed by Rihm
in [Rih98]. An interval Hermite-Obreschkoff method which outperforms the explicit interval Taylor
series methods was proposed by Nedialkov in [Ned99, NJ99] for improving the quality of the
enclosures obtained at the second phase. In [BM98] Berz and Makino present a method, known as
Taylor model, based on Taylor series expansions on both time and the initial conditions for solving
IVPs, and the framework was extended later for dealing with implicit ODEs and differential algebraic
equations [HBMO1]. Work on Runge-Kutta interval methods has been carried out by Hartmann and
Petras, and presented at ICTAM’99 [Har99] and SCAN’2000 [Pet00].

Some widely used software was developed based on the above interval methods. Lohner’s AWA
program [Loh87, Loh88], written in Pascal-XSC [KKNO92], and Stauning’s ADIODES package
[Sta97], written in C++, were the first public domain implementations of the explicit interval Taylor
series methods. Nedialkov’s VNODE [Ned99, NJ00, NJ02], also written in C++, is a more recent
package that includes an implementation of the interval Hermite-Obreschkoff method. Berz’s COSY
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INFINITY [Ber97] is a software package designed for beam physics applications, in a Pascal like

language, which provides an efficient implementation of the Taylor model approach.

9.2.1 Interval Taylor Series Methods
Similarly to the traditional numerical Taylor Series methods (see subsection 9.1.1), ITS methods, are

based on the Taylor series expansion of the solution function s(¢) around point #:
+1
s(t;,) =s(t;) + Z[ s® @, )J TR sP(E)  with h=1t.,-t and &€ [tintiv]

However, instead of neglecting the error term, ITS methods use interval arithmetic to obtain reliable
enclosures not only for the error term but also for every term of the series, allowing the computation of
a reliable enclosure of the solution function at the point #,.

Usually, and without loss of generality, the ITS methods assume that the ODE system is

autonomous and rewrite the above equation into:

i) =5+ S s+ P fP N2y with h=tt and e [ht]

k=1

where f (%] (s(¢;)) denotes the kth Taylor coefficient of function s at the point #;:

st =(66), =50 @)
For any k (>0) differentiable function g(#) the relation between its kth Taylor coefficient and the
(k-1)th Taylor coefficient of its derivative may be expressed as:

e 1 d¥')\da _1f 1 Y1,
(g(z,-))k (t)=— ((k 1)'dk1j g(t) ((k 1)'dk1 g(t,-)—k(g(t,-))k—1

Since function s is the solution of an ODE system y'= f(y), each kth Taylor coefficient of s at

point #; may be computed from the (k-1)thTaylor coefficient of its derivative expressed by the ODE:

sy = % ()i

Vector function f, as defined in 9-1, is composed by n elementary functions fi(y1,...,V,), and its
k-Taylor coefficient may be obtained component wise:
(fl (yl w09 Vi ))k

(S =
(ﬁz (yl sy Vi ))k

In [Mo066], Moore proposed a simple procedure for the automatic generation of Taylor coefficients
of a given function. The method, applicable to functions expressed as in definition 3.2-1, allows the
reliable computation of the Taylor coefficients up to a desired order. An efficient implementation of
this method may be found at the public domain software package TADIFF [BS97] (implemented in
C++).
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The procedure defines recursive rules associated with each of the basic operators (and elementary

functions) and use, as base of recursion, the fact that ( f (y))0 = f(y). For example, the rules

associated with the basic arithmetic operators (+, -, x and /) are:

(g +h()), = (g +(r(»)), (g()—h(»); = (g —(h()),

i k
y " @j 1 [g(y)j
(g(n)xh(»)); Z; &), (h(»),- [ hyy ). h(y) (50)), ; 50) h(¥) )iy

From this set of rules it is always possible to compute the k-Taylor coefficient (with k>0) of a
function through decomposition. Note that when the function cannot be further decomposed (is
expressed as a variable or a constant) its kth Taylor coefficient can be obtained from the (k-1)th Taylor
coefficient of its derivative. The derivative of constant functions is 0 and so is the corresponding kth
Taylor coefficient. Otherwise, if the function is represented as a variable, and in the case of an

autonomous ODE system y' = f(»), the variable must be an y; and its kth Taylor coefficient may be

computed from:

()’i )k

An efficient method using the above rules for computing the Taylor coefficients up to an order p

1, 1
= ;(yi )k—l = ;(f, (V15 Y ))k—l

firstly considers the Taylor coefficients of order &=0 for any variable and constant appearing in the
expressions, then computes the kth Taylor coefficients for their compositions (accordingly to the
expressions) and increments the order k=k+1, repeating the process until ki=p.

The above computations may be performed either in real arithmetic (with finite precision), with real
values representing the variables y; and the constants appearing in the expressions, or in interval
arithmetic where interval enclosures for these values are used instead. Whereas in the former an
approximation of the Taylor coefficients is obtained, in the later reliable enclosures are computed.

With reliable enclosures for the Taylor coefficients, interval extensions (as defined in 3.2.1-1) of the
Taylor series expansion of ODE solution functions may be computed. This is extensively used in ITS
methods not only for enclosing the value, at point #.,, of a single solution function s(f) with initial
condition s(#,)=s;, but also to enclose such value for the set of solution functions whose values at the

point ¢; are within interval S;.

9.2.2  Validation and Enclosure of Solutions Between two Discrete Points
Usually the validation and enclosure of solutions of an ODE system between two discrete points ¢ and
t;.+; 1s based on the Banach fixed-point theorem and the application of the Picard-Lindel6f operator
(see [NJC99, Sta96] for details).

The following theorem (proved in [Eij81, Loh88]) may be used for defining a first order enclosure

method based on the (first-order) interval Picard operator.
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Theorem 9.2.2-1 (Interval Picard Operator). Let O be the autonomous ODE system of # equations

defined by y'= f(»). Let fbe continuous and with first order partial derivatives over t€[t,..t;1,]. Let S;

and S be n-ary real boxes with S,=S. Let F be an interval extension of /. The interval Picard operator @
is a vector interval function:
O(S)=S;+[0.A]F(S) with h=ty-4
If ©(S)c=S then for every s;€S8;, the IVP defined by O and the initial condition y(#)=s; has a unique
solution s and V¢ [ttis] s(t)e D(S) a

Based on the interval Picard operator, algorithms to obtain an enclosure for the set of solution
functions whose values at ¢; are within the box S; may be described as follows. Firstly, a desired step
size & is chosen together with an initial guess S” for the enclosure (with S,=S”). Then the interval
Picard operator is applied to obtain the box S = ®(S%). If S=D(5”)=S’ then, by theorem 9.2.2-1, S is an
enclosure for the set of solution functions between ¢; and #+h. Otherwise, two different strategies may
be recursively applied: either the initial guess S’ is inflated to enclose more solutions of the ODE for
the same step size; or the step size is reduced to satisfy ®(S”)=S’ (note that for a small enough step 4
this property can always be satisfied). The final result of such algorithms is a box S; ;+1;and a step size
h (not necessarily the initially one) for which the box is an enclosure of the set of solution functions
whose values at ¢; are within the box S;.

Several ITS proposals [Krii69, Eij81, Loh88, Sta97] rely on the use of a first order enclosure
method for the validation and enclosure of ODE solutions at its first phase. The major drawback of
these approaches is that the step size restriction imposed by the (first-order) interval Picard operator is
often much more severe than the limitations imposed in the second phase, based on higher order
Taylor series expansions.

Alternative higher order enclosure methods were also proposed for this first phase, allowing larger
step sizes more compatible with the second phase algorithms. A polynomial enclosure method was
proposed by Lohner in [Loh95] and several high-order Taylor series enclosure methods [CR96,
Ned99, NJPO1] were proposed after the original work of Moore [Moo66]. The main advantage of the
latter proposals is the possible reuse of the Taylor coefficients computations in both the first and the

second phases of the ITS method.

9.2.3 Computation of a Tight Enclosure of Solutions at a Discrete Point
Once obtained an enclosure box S ;:1 of the set of solutions between two points, ¢ and f.;, a

straightforward ITS method for computing a tight enclosure at ;. is directly based on:

p
St =S+ Y W FM(s ) +nP PGS ) with  h= g4
k=1
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where §; and S;., are enclosing boxes at points ¢; and #,.; respectively, and F[k](B) is a reliable enclosure
(computed as described in subsection 9.2.1) of the kth Taylor coefficient of the solution function at

any point within the box B (V)¢ g M)eFH(B)).

The above method usually leads to large overestimations of the enclosing box at point #.,. Since
this box is computed from S; (the enclosing box at point #;) enlarged as a result of the addition of the
other Taylor terms, from ¢ to ¢, the size of the enclosing box cannot decrease as it would be expected
if, for example, the ODE system is stable within that region (see figure 9.1b).

A better approach is to use a Mean Value interval extension of the Taylor series with respect to the
box §;. This form, presented in subsection 3.2.1 of chapter 3 for scalar interval functions, can be easily
extended component wise for vector interval functions. In this case, a method known as the ITS direct

method is obtained:

S, =c+ fk"F["](c) R A {1 + ith( s, )]x(s,. —¢) with h = i1,
k=1 k=1

where ¢ is the mid point of box S; and J(f”‘],S,-) is the Jacobian of jfk] evaluated at box S;. The Jacobian
may be obtained by automatic differentiation of the Taylor coefficient [BS96, BS97].

The above form allows the decrease in size of consecutive enclosing boxes and provides a quadratic
approximation (see subsection 3.2.1), quite advantageous when the boxes are small. However, the
overestimation of enclosing boxes at the consecutive points may accumulate as the integration
proceeds (a phenomenon known as the wrapping effect) and lead to unreasonable results.

In [Eij81] and [Ned99] it is shown that the overestimation made in one step of the ITS direct

method for the last two terms of the expression which contains interval arguments, that is,

p EPs ) and |:1+ith( f[k],Si)}x(Si —¢), is O(hP*Y) and  O(hxwidth(S)?),
k=1

respectively.

A consequence of this analysis is that whereas the error induced by the first term may be controlled
by adjusting the step size and the order of the method, on the contrary, the error induced by the last
term is highly dependent on the initial box S;, which may be oversized due to previous errors. This
dependency on the size of S; may be insignificant for initial conditions represented as points or small
boxes but may become quite significant with the accumulation of errors during the integration process.

In interval methods for solving IVPs, the accumulation of errors at each integration step is
magnified by the effect of always enclosing (wrapping) the set of solutions at each discrete point
within boxes regardless of its correct shape. In practice this means that, at each step, besides the
overestimation due to the interval arithmetic evaluation of some interval extension (such as the above
Mean Value form) of the real set of solutions, additional overestimation is introduced because entire

boxes must be considered for representing the domains.
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Several strategies have been proposed for reducing the overestimation and, in particular, for
handling the wrapping effect [Moo66, Krii69, Eij81, Loh88, Rih94]. They choose an interval
extension of the Taylor series suitable for the interval arithmetic evaluation (for example minimizing
the multiple occurrences of the interval variables) complemented with an effective enclosing method
for representing the intermediate values of the set of solutions. The most successful enclosing methods
(the Lohner’s QR-Factorization method [Loh87, Loh88] and its simplifications [NJO1]) are based on
changes of the coordinate system at each step of the integration process, aiming at reducing as much as

possible the overestimation of the representation of domains by means of boxes.

9.3 Constraint Approaches

The application of the interval constraints framework for validated ODE solving was firstly suggested
by Older [O1d94] and Hickey [Hic94]. Both approaches are extensions of the constraint programming
language CLP(BNR) [OB93, BO97] for handling constraints expressed as ODE systems. They
represent an ODE system by a constraint network determined by a set of discrete points of ¢ and the
restrictions between the respective enclosing boxes derived from a chosen approximation step (as in
the interval approaches).

In these early approaches, the goal was not to improve efficiency (compared to the interval
approaches) but rather to extend the generality of a constraint approach. Once an ODE system is
translated into a constraint network, the solving mechanism of a constraint language such as
CLP(BNR) may efficiently propagate any restriction imposed on any of its variables (see chapter 4).
Hence, not only can IVPs be solved, but also any additional information (e.g. final or boundary
conditions) may propagate throughout the constraint network, reducing the enclosures, with the
guarantee that no possible ODE solution function is lost.

The major drawbacks of both approaches, which limit its practical application on real world
problems, are the huge number of constraints that must be maintained in the constraint network and
the required specification of additional a priori information about the solutions of the ODE system.

More recently, the research group of Jansen, Deville and Van Hentenryck developed a new
alternative constraint satisfaction approach to ODEs [DJV98, JDV99, JVDO01a, JVDO01b]. Their goal is
to extend the interval approaches with constraint propagation techniques to enhance the quality of the
enclosure bounds for the solution of the IVP and to improve the efficiency of the computations.
Therefore, their work focuses on overcoming the main difficulties presented by the interval
approaches for IVPs and not on the full integration of ODE systems into the interval constraint
framework.

The next subsections summarise the main characteristics of each of these constraint approaches.

141



ORDINARY DIFFERENTIAL EQUATIONS

9.3.1 Older’s Constraint Approach

The constraint approach proposed by Older in [O1d94] allows the definition of an ODE* as an interval
arithmetic expression F(S,7) which is extensively used for the generation of interval constraints
(processed by the CLP(BNR) language) relating an enclosure S for the set of solution values at a
discrete point ¢ (or an interval 7 of values of 7) with an enclosure of its derivative.

In order to solve an ODE problem, in addition to the specification of the ODE, it is also required the
definition of the initial and final integration points, ¢, and # respectively, the number d of recursive
subdivisions that will be considered between these points, and an a priori enclosure Sy, 5 for the set of
solution functions between these points.

Between the initial and final integration points, a sequence of 2¢ —1 equally spaced intermediate
points are considered. Two interval variables, S; and F;, representing enclosures of solution values and
of its derivatives, are associated with each discrete point ¢; and the respective interval constraints ¢; are
generated restraining their possible value combinations according to the ODE specification:

¢;=F;=F(S,t;)

Moreover, between each two consecutive discrete points ¢ and ¢+, two additional constraints, ¢; ;|
and ¢; ;+1, are generated based on second order Taylor series expansions around these points. With
h=t;+;-t; the second order Taylor series expansions of a solution function of the ODE around ¢ and -,

arc:

2

S(ti00) = s(t;) + A (st ) 17) + ”7 FUSEDE) with & € [ftr- 1]

2
s(t)=5(t) = (s(t140), ti+1)+h7f’(5(§2 ):$2) with & € [#;..t:14]

Taking the difference between the two above equations, it follows:

2
s(tiy) —s(t;) =%h(f<s<ti),ti)+f<s(r,-+l),r,-+1))+h7(f'(s(§1 ), &) = f1(5(62),5,))

which is an equation relating the values of a solution function and of its derivative at the two discrete
points ¢ and 7;4;.

A reliable enclosure Rj; ;1 of the difference (f’(S(cf]),f])—f'(S(fz ), & )) appearing in the last

term of the equation may be obtained from the interval evaluation of the derivative of f with the

argument s(&) replaced by the a priori enclosure Sy 5 and & replaced by the interval [f..5;4,]. If the

result of such evaluation is an interval /'’ ;;;; then the magnitude of the difference, which is between
two real values belonging to this interval, cannot exceed its width. Consequently a reliable enclosure is
given by the interval R i+ ;/=[-width(F"ji i+ 7). width(F i i+ 17)].

Reliable enclosures for s(#), s(ti+1), fs(t).t;) and f(s(¢+),t:+;) are represented by the interval

variables S;, S;1;, F; and F,; that were initially associated with the points ¢; and #;+;.

4 For simplicity a single differential equation is considered, as in the original work. However, this framework can be easily
extended component wise for ODE systems.

142



INTERVAL CONSTRAINTS FOR DIFFERENTIAL EQUATIONS

Given these reliable enclosures for each term of the above equation, a first constraint ¢;;4; is directly

obtained:

2

1 h
Ciin1 =81 =8 = Eh(Fi +F )+T(R[i..i+l])

Moreover, generalizing the equation for any intermediate point of ¢ between ¢ and #.;, and

representing the enclosure for vte[t,-..m 1 s(¢) by a new interval variable S;; ;+;; initialised with the a

priori enclosure Sy y, a second constraint ¢; ;1 is obtained:

[0.4]
4

Ciivt =S[iip] —Si = % [O"h](Fi +F(S[i.in]> [ ]))+ (R[i..i+1])

With this approach the problem of integrating an ODE is transformed into a CCSP with:

@) 3x2%4+2 variables, S; (0<i<2%), F; (0<i<2%) and S}, ;+;; (0<i<2%;

(i)  3x2%1 constraints, ¢; (0<i<2%), ¢;;+; (0<i<2%) and ¢; ;+; (0<i<2%).
There are several drawbacks with this constraint approach. Firstly, the number d of subdivisions must
be specified in advance and the interpolation points must be homogeneously distributed along the
whole interval of integration. Thus, the approach has no error control mechanism and is insensitive wrt
the stability of the differential equation (see subsection 9.1.2).

Secondly, given the lack of an error control mechanism, the number d of subdivisions needs often to
be very large, leading to a constraint network with a huge number of variables and constraints, which
is difficult to handle, even for a specialised constraint programming language such as CLP(BNR).

Thirdly, the constraints between any two consecutive discrete points contain an interval constant
Ry i+1y which is only computed once and is not updated by propagation, even when the range of the
enclosure S;; ;+;; for the set of solution functions between these points is changed.

Finally, the approach is highly dependent on the specification of a tight enough a priori enclosure
S0z for the set of solution functions between the initial and the final integration points. This is a main
problem since there is usually no clue for the specification of such enclosure which must hold along
the whole interval of integration. Moreover, if the values of the solution functions vary considerably
along this interval then there is no single tight enclosure for the complete interval, limiting the

practical applicability of such approach.

9.3.2  Hickey’s Constraint Approach

Independently from Older’s work, Hickey in [Hic94] proposed a somewhat similar constraint
approach for solving constrained ODE problems. It shares the same ideas of associating interval
variables for representing the enclosures of solutions and their derivatives at discrete points of ¢ (or
between two consecutive points) and generating constraints to bound its possible values. However,
instead of considering only enclosures for the solution function and its first derivative, it considers
enclosures for all the derivatives of the solution function up to a given order and uses constraints based

on Taylor series expansions whose remainder term does not exceed that order.
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From the specification of the ODE?, together with a sequence of integration points (between ¢, and
t) and an integer p (representing the maximum order of the Taylor expansions used for generating

constraints), the following variables are considered (for which a priori enclosures may be specified):

@) S, S;,S,-”,...,Sl.(p ) associated with each discrete point #; (0<i<f) and representing the
enclosures for s(z;) , fis(t),t:) , f(s(t),t) ..., | (p=D) (s(¢;),t;) respectively;

() Spiia]s Sfist]s Sfist] o Sy associated with each interval [f.i/] (0<i</) and
representing the enclosures for vte[ti..ti+ I]S(l‘) , vte[ti..tH I]f(s(t),t) , vte[ti..tH z]f (s(H),0) ...,

Vet tng] S (5(0),1) respectively;

Expressions for each of the derivatives associated with the above variables are computed through
automated differentiation and the corresponding constraints are generated, relating its value at each
point (¢) or interval ([£...;+,]).

Between each two consecutive discrete points ¢; and 7;+;, several additional constraints are generated
based on Taylor series expansions around these points. For any pair of integers k and m such that
0<k<m<p, the following four constraints are generated® (assuming that the solution function s is p+1
times continuous differentiable and s=t;,;-t,):

ok W S ey ) T

m Jj m

Ciiv1 = Sl+1 - Z 7Sl + (m—k+1)! R[i..i+1]
j=0

C.k,m. = Sj(k) :mz_fc[( h) SU‘*J)J MR("”‘H)

i+1,i = i i+1 (m k+1)' [l..l+1]
—k+1
ckm g 0.2 cwipy |, [0.A]" (m+1)
l [l hL1] S[l l+1] Z()[ ]' S + (m — k + 1)' R[ll+1]
J

m—k+1
ke k) _ [-7.0) e [ h..0] (m+1)
CitL[i,i+1] [i.i+1] = JZ(:)[ I Siv —(m kD) R[i,.i+1]

where the R[(l"::ll]) are different interval variables representing the enclosure S[(,”,l:ll]) These new

variables are introduced to avoid the narrowing of the remainder term as a result of propagation of the
Taylor series expansion. This narrowing can only be achieved through the last two constraints and is
propagated to the remainder terms via an additional unidirectional CLP(BNR) constraint defined as:

m _ p(m+l) (m+1)
= Rjj ] 18 [

Note that the constraint cl P, is the natural interval extension of the Taylor series expansion of
order p around #;, which is the base of the ITS methods (see subsection 9.2.1). Note also that the ranges

of the variables S [(lp :1)] are not constrained, implying the specification of their a priori enclosures.

5 Again only a single differential equation is considered. The generalization for ODE systems is straightforward.
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This approach presents the same general drawbacks of the previous approach. It lacks an error
control mechanism, generates a huge constraint network and requires the specification of the
integration points and tight a priori enclosures for the values that each variable can take along the

whole interval of integration.

9.3.3 Jansen, Deville and Van Hentenryck’s Constraint Approach

The approach proposed by Janssen et al [DJV9S8, JIDV99, JVDOla, JVDOI1b] is a more direct extension
of interval approaches for solving [VPs. It does not translate the IVP into a CCSP through a constraint
network, but rather follows the traditional methods. It performs the integration step by step, from the
initial to the final integration point, using reliable interval methods improved with constraint
propagation techniques.

Each integration step is quite similar to the two phases process of the interval methods. Firstly, the
validation and enclosure of solutions between the two discrete points is achieved by a first order
enclosure method based on the interval Picard operator ( cf. 9.2.2). Afterwards, a tight enclosure of the
solution at the next discrete point is computed. The novelty of the approach is the subdivision of this
second phase into a predictor process, for computing an initial enclosure, and a pruning (corrector)

process, for narrowing this enclosure, both based on constraint techniques.

The predictor process is based on a traditional ITS method for the generation of an interval extension
of the Taylor series (see subsection 9.2.3). In particular, [DJV98] suggests the ITS direct method
complemented with a co-ordinate transformation strategy, based on Lohner’s QR-factorisation method
[Loh87], to reduce the wrapping effect.

As aresult, some (vector) interval expression E(S;,S[; i+13.t:,t; +1) 1s obtained for the computation of an
enclosure S;;; at the next point #,; from the enclosure at the previous point ¢; and the enclosure Sj; ;11
between the two points obtained in the first phase.

A major difficulty of the interval methods is the overestimation obtained from the direct interval
evaluation of such expression. In this approach, the overestimation is reduced by the application of
constraint techniques for the decomposed evaluation of the interval expression (see theorem 3.2.1-4),
and several such techniques are proposed [DJVIS].

A first technique is based on the piecewise interval extension of the solution function, defined as the
smallest enclosure for the expression E(S;,S[; i+13.t:4 +1) When evaluated at each element of S;:

Sir1 = Bl {EBuan(5:),Spi.iv11:Listi +1) | $:1€8; })
where B;,(S) is the smallest F-box enclosing S.

To compute such enclosure, 2n unconstrained optimisation problems are generated for finding the
minimum/maximum possible value of each component of S;;;. For the practical implementation of
these optimisation problems, an appropriate constraint programming language such as Numerica

[VMD97] is used.

6 In practice, these constraint are generated in a different form, more suitable for the interval arithmetic evaluation.
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Since the above multidimensional optimisation problems may be computationally expensive,
alternative coarser approximations of the piecewise interval extension were proposed, using
projections into a smaller number of variables.

A box-piecewise interval extension is defined as the intersection on every component ;j of the
piecewise interval extensions obtained when all the other components are replaced by the respective

interval constants:

Sit1= ﬂ Buul({ELy,. .., Ligy L), L gy, LSty Stioti 1) | 1€l }) - with S;=<[y,..., [,>

1<j<n
Despite providing a less accurate enclosure, this is computationally less expensive, only requiring
the solution of unidimensional unconstrained optimisation problems.
Other alternative techniques lie half-way between the two extreme alternatives above. If instead of
using projections into a single component, any & components are considered then, box(k)-piecewise

interval extensions may be obtained from the solution of A-dimensional optimisation problems.

For the pruning process, two alternative techniques were proposed: a one-step method which uses the
forward step backwards [DJV98] and a multistep method that uses Hermite interpolation polynomials
[IDV99, JVDOla, JVDO1b].

The one-step method generates a constraint ¢; from each component j of the vector interval
expression £, which is the same used in the predictor process but applied backwards (from ¢, to ),
and enforces box-consistency wrt the enclosure S;;:

¢; = 1;= E(Si1,80. i1t 1,17) with S; = <[,,..., >

The multistep method aims at narrowing the predicted enclosure S;.; for the solution functions at
time ¢+, from the knowledge about reliable enclosures at & previous discrete points. It is based on the
fact that if a real function at #.i,...,t;t+1 passes through s;i1,...,5,8:+1, with the derivatives
S idr15e -8 58 i1, then there is a unique polynomial of degree 2k+1, the Hermite polynomial, which
simultaneously interpolates both the real function and its derivative at these points (see [SB92] for
details). Moreover, it is possible to bind the error of the Hermite polynomial for the approximation of
the real function at some €[t 4..t;+1] and so, it is possible to derive an interval extension of the
original real function based on the Hermite polynomial. Consequently, denominating
HP(S; 41, ..,5,S1+1,f) the Hermite interval polynomial obtained from enclosures at k+1 discrete points
(and their respective derivative satisfying the ODE) the following relation holds for any solution
function s of the ODE:

Vet ti] Uikt ESikrt A o A S(t+1)ESi1 = 8(t) € HP(Sikt15- - -550Si4151)
Additionally, through differentiation on HP, an interval extension DHP of the derivative of any

solution function s may be obtained:

ds(t)
d

vtE[ti_k+1..ti+1] S(Zi-kﬂ)esi-kﬂ VANRVAN S(tj+])€Sj+] = € DHP(S,'_kJr],...,S,',S,'ﬂ,l)
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The multistep pruning methods use the interval expressions HP and DHP together with the interval

expression F defining the ODE to generate a set of constraints based on:

DHP(S; js1,- - 5SiSi+1,8) = F(HP(Si k415 - - - 5Si,Si4151) 1)
which can be rewritten in a suitable Mean Value form (see [JDV99]). By choosing a particular value
for te(t;+1..ti+1], and enforcing box-consistency (or other type of consistency) on the enclosure S,
this box may be effectively narrowed.

The method is improved in [JVDOla] by considering several successive multistep constraints
together for pruning simultaneously several enclosing boxes. The best choice of the particular value
for te[t;t+1..t+1] 1s independent from the ODE and may be precomputed before the integration process
starts [JVDOlb]. Experimental results on several benchmarks were presented confirming the

advantages of the constraint approach compared with the best interval approaches.

9.4 Summary

In this chapter ordinary differential equations and initial value problems were introduced. Classical
numerical approaches for solving IVPs were overviewed, and sources of errors and its consequences
were discussed. Interval approaches for solving IVPs were reviewed and, in particular, Interval Taylor
Series methods were fully described. The existing approaches that apply interval constraints for ODE
solving were surveyed. In the next chapter our proposal of Constraint Satisfaction Differential

Problems for handling differential equations is presented.
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Chapter 10

Constraint Satisfaction Differential Problems

In this work, we propose an interval constraint approach for dealing with differential equations, by
considering each ODE system together with related additional information as a special kind of CSP.
We will refer such approach as a Constraint Satisfaction Differential Problem (CSDP).

Whereas in a CCSP the values of all the variables are real numbers and their domains are sets of
real numbers represented by real intervals, in a CSDP there is a special variable whose values are
functions and whose domain is a set of functions. Such special variable is named the solution variable
and represents the functions that are solutions of the ODE system and satisfy all the additional
restrictions.

The other variables of the CSDP are all real valued variables, and will be denoted as restriction
variables, which represent each of the required restrictions. Solving the CSDP may be seen as a correct
narrowing procedure for reducing the domains of the restriction variables without loosing any possible
solution.

The full integration of a CSDP within a CCSP (as defined in 2.2-2) is accomplished by sharing
common variables (the restriction variables of the CSDP) and by considering the CSDP as a special
constraint restraining the possible value combinations of those variables. For pruning the domains of
its variables, this constraint has an associated narrowing function derived from the procedure for
solving the CSDP.

This chapter characterises a CSDP. The next section identifies its variables and restrictions. Section
10.2 addresses its integration within a larger CCSP framework. Section 10.3 discusses some modelling

issues. The procedure for solving a CSDP is presented in the next chapter.

10.1 CSDPs are CSPs

A CSDP is a CSP with a special variable (the solution variable xopg), a special constraint (the ODE
constraint copg) and other constraints and variables for representing additional required restrictions.
Before presenting the definition of a CSDP, the special variable and constraint must be characterised

together with the type of constraints allowed for the representation of additional restrictions.
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Let Sy, be the set of all n-ary vector functions s from the real interval [#..t;] to R":
Si,an = s | s:[tp.t]]lcR—>R"}
The association of an n-ary ODE system y' = f(y,t) (as defined in 9-1) with a real interval [#,..1;]
may be seen as a restriction on the set of functions S[’o-~’1] to a subset defined by those functions that are
solutions of the ODE system with respect to [#..t;] (as defined in 9-2). This is represented in the CSP

framework (see definitions 2-1 and 2-2) by considering the solution variable xopg with the initial

domain Dopg = S| [tyt,] and the ODE constraint copg=(<xopg>, Popg) Where

ds
Pove = {<s>€Dopk | Y¢e[4,..4/] o S(s(@),0) }

The specification of additional information, such as initial conditions, boundary conditions, or other
more complex restrictions on the ODE solutions is represented in the CSP framework by a finite set of
binary constraints, denoted ODE restrictions. Each of these ODE restrictions ¢,=(<xopg.X;>,0,) defines
a relation p, between the solution variable xopg and some other interval variable x; of the CSDP. The

relation p, must be defined through a function r : S[fo-~’1] — R in the following way:

Pr = {<8,v>€<Dopg,D> | v=r(s) }

In the following subsection we will define several such functions to account for value, maximum,
minimum, time and area restrictions. First we present a formal definition of a CSDP that summarises

the above concepts.

Definition 10.1-1 (CSDP). Let y'= f(y,¢) be an n-ary ODE system as defined in 9-1. Let [¢..t;,] be a
real interval and S[,o_,,ﬂ be the set of all n-ary vector functions from the real interval [¢,..t;] to R". A
CSDP is a CSP P=(X,D,C) (see definition 2-2) where:

X =<XODE-X1,-+ - X

D =<Dgpg,D1,....Dy> with DODE=S[,0__t1] and D; (1<i<m) real intervals
C={cope} U C,

and:
copE=(<XopE>, PODE) with

ds
PopE = {<s>€<Dopg> | Vte[to,,tI] o = f(s(2),2) }
Ve.eC, ¢~ (<XopeX>,p,)  with 1<i<sm , p, = {<s,y>€<Dopg,D> | v=r(s) } and r: S, .1 —> R

xope 1S called the solution variable, copg is called the ODE constraint, each variable x; (1<i<m) is

called a restriction variable and each constraint ¢, C, is called an ODE restriction. a

The following subsections describe different typical ODE restrictions which can be combined together

within the same CSDP for the specification of many common ODE problems. Several examples of
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CSDPs will be presented for illustration purposes. They are all based on one of the two following

ODE systems and their respective CSDPs.
Example P1:
The first example is the unary ODE system y'(¢) = —y(¢) defined for r€[0.0..4.0]. This is represented
by CSDP PI=(<xops>,<Dopg>,{cops}) Where:
Dope =Sp0.40={s] s:[0.0.40] >R}
copE=(<XopE>, PoDE) with pope = {<s>€Dopk | V¢ [0.0..4.0] s'(t)y=—-s(1)}
Without further constraints, CSDP P/ has an infinite number of solutions which may be represented

analytically as s(¢) = ke™ for any real number k. Figure 10.1 shows CSDP P1 together with some of its

solutions.
P1 = (<Xope>,<Dope>,{copE})
1.0
XODE Dnm: :Smn 40 = {S | S . [0040] —->R ](
s(7) s(t)y=ke™ (keR) copE=(<XopE>, PopE)
0.5 -
pooe = {<s>€Dop | Y1£[0.0..4.0] 8'() ==s(1) }

0.0

0.0 1.0 2.0 3.0 4.0
t

Figure 10.1 CSDP P/, representing the ODE system y'(¢) = —y(¢) for t€[0.0..4.0].

Example P2:
The second ODE system is the following binary system' defined for 1€[0.0..6.0]:

y1(0)=-0.7y,(2)

V(1) =07y, (1) - 22

Vo (1)

This is represented by CSDP P2=(<xopg>,<Dopg>, {copg} ) Where:
Dopg :S[O_OHG,O] = { N | S [0060] - |R2 }
CopE=(<X0DE™, PODE)

In(2
pok = {<5>Done | ¥1¢[0.0.6.0] (51(0) =~0.75, (1) A 5(6) =075, (1)~ 22

5

s,()}

Again, without further constraints, CSDP P2 has an infinite number of solutions. These solutions

may be represented analytically as:

s(t) = {Sl (®) — {(b/a _1)k1e_at

Sz(t) kle_at +kze_bt

In(2)

where a =0.7, b = , and k;, k, are real numbers.

! See section 12.2 for a “physical” justification of the In(2)/5 constant.
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Figure 10.2 shows CSDP P2 together with some of its solutions. For keeping the illustration in two
dimensions, each component (s; and s;) of each solution (s) is represented in a different graphic

sharing the same time axis (in the graphics corresponding solutions share the same line type).

XODE
A
I I
L5 - 0 s1(8) (bla— 1)kle’“’ with ¢=0.7 and b=In(2)/5
. S = =
Sz(t) kleia[ +k2€7bt (klrkZER)
1.0 7 P2 = (<Xope>,<Dope>, {copE})
s1(9)
0.5 1+.. Dope = {s| s5:[0.0..6.0] > R*}
0.0 e ey . . copt = (<XopE>, PoDE)

/\ Pope = {<s>€Dopk | Y¢¢[0.0..6.0]
1.0 //—\ ( 51(1)=-0.7s1(t) A
" 3 s )y

05 1T 50 =075, (0~

0.0 T T T T T 1

Figure 10.2 CSDP P2, representing a binary ODE system for ¢€[0.0..6.0].

In the following subsections, the short notation “P with C and D” is used to designate a CSDP similar
to P but with the additional constraints (and respective variables) appearing in C. The initial domains

of the new restriction variables are specified in D.

10.1.1 Value Restrictions
An initial condition, which together with an ODE system defines an IVP (see definition 9-3), specifies
the value that a solution of the ODE system must have at a particular point of ¢. Hence, if s is such
solution and #, such time point, the initial condition specifies a value sj(¢,) for each component s;
(1<j<n) of s at point =t,. A boundary condition is similar to an initial condition, except that only a
proper subset of the components of s are specified.

In a CSDP, initial and boundary conditions are represented by a set of constraints denoted Value
restrictions. Each of these constraints is an ODE restriction that relates an ODE solution with the value

of one of its components at a particular point of ¢.

Definition 10.1.1-1 (Value restrictions). Let CSDP P=(X,D,C) be defined as in 10.1-1. Let j be an
integer (1<j<n) representing a component of the n-ary system, t,€[f,..t;] a real value representing a
point of ¢, ¢,€ C, an ODE restriction and x; its restriction variable.

(1) ¢, is a Value restriction wrt j and #,, denoted Valuej’tp(xi), iff: r(s) = si(¢p) a

Consider the IVP determined by the ODE of CSDP P/ (see figure 10.1) and the initial condition
¥(0.0) =1.0. This IVP is represented by a CSDP similar to P/ but with an extra restriction variable x,
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with the interval domain D;=[1.0] and an extra value restriction Valuel,o‘o(xl), which associates this

variable with the value of the 1* (and unique) component of the solution at /=0.0. Additionally, if we
are interested in the value of the solution of the above IVP at /=4.0, then a new restriction variable x,

and a new value restriction Value] 4 ((x2), associating that variable with such value, are required.
Since there is no a priori information about this value, the initial domain D, of the new restriction
variable is the interval [—oo..+o0]. The result is CSDP Pla as follows:

Pla=PI with {Valuey  o(x1) ,Valueq 4 0(x2)} and {D,=[1.0],D,=[—c0..+o0]}

4

CSDP P/a has a single solution <e™*,1.0, e~ 0> shown in figure 10.3. Therefore, solving problem

Pla completely would narrow D, from [—o0..+0] to [ e *0 ] which is the required value at =4.0.

Pla= Pl with {Valuey ( 0(X1) ,Value] 4 0(X2)}

@:_1'9 | and {D,=[1.0],Dy=[—0..+c0]}
X
s(f) X,
f_%
‘ ‘ : € = 5(4.0)

0.0 1.0 2.0 3.0 4.0

Figure 10.3 CSDP P/a, representing the IVP: 3(0.0) =1.0 and y'(¢) = —y(¢) for t[0.0..4.0].

A real interval [ (or a real box B for multidimensional ODE systems) may be used instead for the
specification of the initial condition at some point £, of £. In this case a solution of the ODE must have
at time #, a value within interval / (or within box B). This can be easily accommodated in the CSDP
framework by considering the interval / as the initial domain of the respective variable restriction (or,
in the multidimensional case, by initializing each variable restriction with the correspondent
component of B).

Considering the previous example with y(0.0) = [0.5..1.0] (instead of y(0.0) =1.0), the solutions of

this problem may be expressed analytically as s(¢) =ke™" for any k€[0.5..1.0]. CSDP P1Ib, illustrated

in figure 10.4, represents the problem.

PIb =PI with {Valuey o (X)) ,Valuey 4 0(X2)}

1.0+ XopE
_ — and {D;=[0.5..1.0],Dy=[—c0..+o0]}
X1=5(0.0) s(t)=ke™" (ke[0.5.1.0)
0.5
s(f)
| | ‘ Xy =5(4.0)=[05¢7*0..1.0e7*0]
0.0 1.0 2.0 3.0 4.0

Figure 10.4 CSDP P/b, representing the IVP: »(0.0) =[0.5..1.0] and y'(r) = —y(¢) for £€[0.0..4.0].
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The grey area in the figure represents the set of all solutions of P/b. Solving this CSDP, would narrow

D, from [—o..+%0] to [0.5¢*0..1.0e7*°], the smallest interval containing all the real values of these

solutions at time =4.0.

A boundary value problem may be derived from CSDP P2 (see figure 10.2) by adding boundary
restrictions specifying the value of the solutions components at different points of time. The
specification of real values for y, at any two different time points #,; and #,, completely determines the
values of k; and k, of the analytical solution, restricting the infinite set of solutions of P2 to a single
solution.

For example, let us consider the boundary conditions »,(0.0)=0.75 and »,(6.0)=1.0 for the ODE
system of CSDP P2, for which we are interested in solution values at time =3.0. This new CSDP,
P2a, is derived from P2 by adding one value restriction for each boundary condition and two more
value restrictions (for obtaining the solution value of each component at time /=3.0). Figure 10.5

illustrates the problem and shows its single solution.

XODE
— — - ~ a=0.7  b=In(2)/5
1.5 s(t) = {S‘(t) = {(b/a_l)kletz with: 1.0-0.75¢ 760
$2(0) | kye ™™ +kye ky = ————con"

1.0 e e
s1(0) kh=1.0-k

0.5

X, P2a= P2 with {Valuep o o(X1),

00 I I I I I I Val”62,6.O(X2) )

= X, Value) 3 0(Xs),

1.0 X, Valu62’3.0(X4)}
500 X, and { D\=[0.75],

0.5 Dy=[1.0],

D3:[—OO,,+OO],
0.0 ' ' ' ' 1 ! D= [~o0. +o0]}

0.0 1.0 2.0 3.0 4.0 5.0 6.0
t

Figure 10.5 CSDP P2a, representing a boundary value problem.

Similarly to the previous examples, instead of real values, interval values may be used for the

specification of the boundary conditions.

10.1.2 Maximum and Minimum Restrictions
Traditionally, the numerical problems dealing with ODEs are initial and boundary value problems,
which, as we have seen in the previous subsection, can be easily represented in the CSDP framework
through an adequate set of Value restrictions.

However, thinking of an ODE solution as a continuous vector function, and in particular thinking of
each of its components as a continuous real function, several other conditions of interest may be

imposed.
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Important properties of a continuous function are its maximum and minimum values. In the CSDP
framework, a Maximum restriction is an ODE restriction that relates an ODE solution component with

its maximum value within an interval of time2. A Minimum restriction is similar.

Definition 10.1.2-1 (Maximum and Minimum restrictions). Let CSDP P=(X,D,C) be defined as in
10.1-1. Let j be an integer (1<j<n) representing a component of the n-ary system, [¢,..t,;]]<[#)..t;] be a
real interval, ¢,.€ C, be an ODE restriction and x; its restriction variable.

(1) ¢, 1s a Maximum restriction wrt j and [#,..t,;] (denoted Maximum i [0ty 1](xi)) iff:

r(s) =si(t,)  with t,€[ty..1,;] and Vte[t,, it si(f) < si(tp)
(i1) ¢, is a Minimum restriction wrt j and [#,..t,;] (denoted Minimumj,[tp . 1](xi)) iff:

r(s) =si(t,)  with t,€[ty..1,;] and Vte[tp orbtl] si(f) = si(ty) a

Consider CSDP P2 (figure 10.2) with boundary condition 5,(0.0)=1.25 specifying the value of the first
solution component at =0.0 and an additional restriction requiring the maximum value of the second
solution component between /=1.0 and =3.0 to lie within interval [1.1..1.3]. Moreover, let us assume
that we are interested in the value of the second solution component at /=6.0.

Figure 10.6 illustrates the problem, CSDP P2b, showing its solutions (represented in the figure by
the grey area).

1.5 7 P2b= P2 with {Value] ( (X)),
X Valu62’6.0(X2) ,
® o Maximum) [1.0..3.0](X3) ,
) 0.5 and {D,=[1.25],
' Dy=[—0.+0],
0.0 ; . . , , , Ds=[1.1..1.3]}
1.5 1
X3
1.0 v
$:(0) pe
0.5 -
OO T T T T T 1

0.0 1.0 2.0 3.0 4.0 5.0 6.0
t

Figure 10.6 CSDP P2b, representing a problem with a Maximum restriction.

By solving CSDP P2b exactly, domain D, would be narrowed from [—co..+o0] to the smallest interval

containing the second component values at time /=6.0 of all possible solutions.

2 In finite domains a similar type of constraint, the global commulative constraint, may be imposed for requiring that the
usage of some resource cannot exceed some threshold during some interval of time.
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10.1.3 Time and Area Restrictions
Other important property of a continuous real function, particularly useful for modelling many
biophysical problems, regards the length of time in which its value remains above/below some
predefined threshold. In this case, we are no longer interested in some particular value of the function,
but rather to compute the time during which its value exceeds (or not) the threshold.

A Time restriction is an ODE restriction that captures such property from an ODE solution
component given an interval of time 7T (specifying where to consider the time) and a threshold . Such
restriction is defined through a real function » which is a unity integral over a region determined by

those points within 7 that satisfy the goal.

Definition 10.1.3-1 (Time restrictions). Let CSDP P=(X,D,C) be defined as in 10.1-1. Let j be an

integer (1<j<n) representing a component of the n-ary system, [t,..t,/][ty..t;] a real interval,
& e{<,>}, k areal value, ¢,.€C, be an ODE restriction and x; its restriction variable.

(1) ¢ is a Time restriction wrt j, [#,9..t,;] and ¢k (denoted 7 imej [y 1,1, k(xi) iff:
r(s) = IRdt with R = { te[ty.t,/] | si(6) © k } Q

The previous definition for the real function » may be generalised to other integrand functions to
represent other properties of an ODE solution component. In particular, the area above (or under) the
specified threshold may be obtained if the integrand measures the distance between the function value

and this threshold value. This leads to the following definition of the Area restrictions.

Definition 10.1.3-2 (Area restrictions). Let CSDP P=(X,D,C) be defined as in 10.1-1. Let j be an

integer (1<j<n) representing a component of the n-ary system, [t,..t,/]<[f..t;] a real interval,
& e{<,>}, kareal value, ¢,.€C, be an ODE restriction and x; its restriction variable.

(1) ¢, is an Area restriction wrt j, [#,..t,;] and ¢k (denoted Areaj,[tp IR J(xp)) iff:
r(s) = IR |s; (=Kt with R= { te[tpn.t,1] | 5(0) © k } Q

The following is an example of a CSDP that adds Time and Area restrictions to CSDP P2b (figure
10.6). It requires that at least half of the time (between 0.0 and 6.0) the second solution component has
a value no less than 1.1. Moreover, we are interested in the area of the solutions (the second
component) above that threshold. This is represented by CSDP P2c illustrated in figure 10.7 (only the
graphic of the second component s,(¢) is shown in the figure; the first component is as in figure 10.6).
This CSDP includes Time and Area restrictions, which are associated with new restriction variables x;
and x;, respectively. For imposing the required Time restriction, x, is initialised to an interval whose
left bound is half of the total time (the right bound is the total time). Variable xs, initially unbounded,

represents the value of the required areas of all possible CSDP solutions.
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X=[a..b] P2c= P2b with { TimeZ,[O.O..6.O],Zl.1(X4)’
s - . ? Areay [0.0..6.01,>1.1(X5)}
'k X d and { Ds=[3.0..6.0],
1.0 c T o— .y Ds=[~c0..+0]}
$2(2) Xs=[c..ctd]
0.5 1
0.0 T T T T T T

Figure 10.7 CSDP P2c, representing a problem with Time and Area restrictions.

The set of solutions of P2c is restricted by the Time restriction to the grey area represented in figure
10.7 (smaller than that in figure 10.6), since solving P2c exactly, narrows the final domains of x, and
x3 with respect to problem P2b. Figure 10.7 also shows the final domains of the Time variable x,
(whose right bound was reduced from 6.0 to b) and the Area variable x5 (where c is the area between

the lower curve and the straight line &; and d is the area above that line and between the two curves).

10.1.4 First and Last Value Restrictions
The final important properties of real functions that we will represent as ODE restrictions are related
with particular points of time for which the value of the real function satisfies some criterion.

First (Last) Value restrictions relates an ODE solution component s; with the first (last) point of
time #, (within some interval t,€[t,..t,;]) such that the criterion is satisfied for si(#,). If the criterion
cannot be satisfied by any of those points the restriction fails. The possible criteria are the sj(t,) to be
less or equal, or greater or equal, than some predefined threshold .

The real function » which defines such restriction is itself defined in two complementary and
exclusive parts. If there is no point within the interval [#,..7,;] satisfying the criterion then it returns a
value outside this interval (+oo/-00), which will make the constraint unsatisfiable. If there is one or
more points within the interval [¢,..t,;] satisfying the criterion then one of them must be the first (last),

which is returned. In this case, for any precedent (subsequent) point the criterion cannot be satisfied.

Definition 10.1.4-1 (First and Last Value restrictions). Let CSDP P=(X,D,C) be defined as in

10.1-1. Let j be an integer (1<j<n) representing a component of the n-ary system, [t,9..t,;]<[#..t;] a real
interval, ¢ € {<,>}, k areal, ¢,€C, be an ODE restriction and x; its restriction variable.

(i) c.isaF ifrst Value restriction wrt j, [£,..t,;] and <k (denoted ﬁrStValuej,[tp 0-1],© J(xp)) iff:
+o0 if Vte [tpO--tp]] —|(Sj(f) O k)
r(s) =<

L6 if ety si(6) © kand Ve[ (t<t, = —(si1) © k))

tpo--tp1]

(i) ¢ is a Lfast Value restriction Wrt j, [£..t,/] and ©k (denoted lastValuej 1, 1 1. o k(i) ff:

-00 if vtE[tpo..tp]] —|(Sj(f) < k)
s) =4

t if tye[tyo..1,1], si(ty) © kand Vte[t,,o..t,, 1] (t>t, = = (si(?) © k)) a
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Consider the example in figure 10.4 (CSDP PIb) with an additional First Value restriction requiring
that, within time interval [0.0..2.0], the first solution value not exceeding 0.25 occurs sometime
between 1.0 and 2.0. This is represented in CSDP PId of figure 10.8 where, associated with the First

Value restriction, a new restriction variable x; was introduced with domain D;=[1.0..2.0].

Pld=PIb with {firstValue] [0.0.2.0],<0.25(X3)}
1.0+
B and  {Ds=[1.0.2.0]}
%= [0’256"1'0]{ X; = [1.0..In(4.0)]
0.5+ a
s()
022 ¥
T T T T T T 1 Xp=1[0.25 673'0 ..1.0 674'0]
0.0 1.0 2.0 3.0 4.0

Figure 10.8 CSDP PId, representing a problem with a First Value restriction.

The grey area, representing the set of possible solutions, is reduced, comparatively to CSDP PIb,
which implies the narrowing of x| and x, variable domains. Moreover, the final right bound of variable
x3 is also reduced since the Value restrictions prevent any solution from having its first value not

exceeding 0.25 after time =In(4.0).

10.1.5 First and Last Maximum and Minimum Restrictions

A natural extension of the First (Last) Value restrictions is to consider the special case where the
threshold £ is the maximum or minimum value of the real function. In this case the defining function
no longer needs to be defined in parts since within any interval [#,..t,;] there must exist a point that

maximises (minimises) the real function.

Definition 10.1.5-1 (First and Last Maximum and Minimum restrictions). Let CSDP P=(X,D,C)
be defined as in 10.1-1. Let j be an integer (1<j<n) representing a component of the n-ary system and
[%p0.-tp1]<[ty..t;] an interval. Let ¢, C, be an ODE restriction and x; its restriction variable.
(1) ¢ is a First Maximum restriction wrt j and [z,..t,/] (ﬁrstMaximumj,[tp ot 1](xi)) iff:
r(s) =t, with f,€[ty..1,;] and vte[tpo..tpl] [(si(D) < si(8p) A (t < t, = si(F) < si(tp))]
(i1) ¢, is a First Minimum restriction wrt j and [z,..t,/] (ﬁrstMinimumj’[tp o, 1](xi)) iff:
r(s) =t, with f,€[ty..1,;] and vte[tpo..tpl] [(si(?) = si(8p) A (t < t, = si(2) > 5i(tp))]
(ii1) ¢, 1s a Last Maximum restriction wrt j and [#,9..1,;] (lastMaximumj,[tD o, 1](xi)) iff:
r(s) =1t with tp€[tp0-tp] and Vs ) 11 [6i(0) < i) A (> 1, = 5i(0) < 51(8,))]

(iv) ¢, 1s a Last Minimum restriction wrt j and [Z,..Z,/] (lastMinimumj’[tpo._tp 1](xi)) iff:
r(s) = t, with #,€[ty..t,;] and Vielty..t,] (i) 2 5i(1)) A (2> 1, = 5i(0) > 5i(5p))] Q
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10.2 Integration of a CSDP within an Extended CCSP

In the previous section, a CSDP is defined as a CSP specialised in the specification of constraints
restraining the set of possible solutions of an ODE system, and consequently, the possible values of
the restriction variables associated with properties of such solutions. Each of these properties is
characterised by a function » which associates a real value to each possible solution of the ODE
system. Hence, the restriction variables are real valued variables and their domains are represented as
real intervals.

In section 2.2, a CCSP is defined as a CSP specialised in the specification of constraints as
numerical equalities or inequalities, restraining the set of possible values of real variables with initial
domains ranging over real intervals.

Since the restriction variables are similar to the variables of a CCSP, the CCSP framework may be
extended to allow the specification of constraints as CSDPs, sharing some CCSP variables. A CSDP
may be seen as a constraint (see definition 2-1), where the constraint scope is the set of its restriction
variables and the constraint relation is the set of their possible combination values from the whole set
of solutions (as defined in 2-5) of the CSDP. The following definition formalises an extended CCSP,

including constraints specified as CSDPs.

Definition 10.2-1 (Extended Continuous Constraint Satisfaction Problem). An extended CCSP is a

CSP P=(X,D,C=Cccsp WCcspp) Where each domain is an interval of R and each constraint relation is

defined either as a numerical equality or inequality, or as a constraint satisfaction differential problem:
1) D=<Dy,....D,> where D; is a real interval (1<i<n)

1) Ve Cpegp €18 defined as e.00  where e, is a real expression and ¢ € {<,=>}
1ii) VCGCCSDP c=(s,p) is defined as a CSDP (<xopg,x1 s.. .. Xm >,D",C")

where s=<x,’,....xn, >cX, D =D|[s] and p= {d[s] | deD’ A V(sc,pc)eC’ d[sc]ep. } a

The next chapter presents a procedure for handling a CSDP, aiming at pruning the domains of its
restriction variables, implemented as a function solveCSDP. From an F-box representing the domains
of the restriction variables, it returns a smaller F-box where some value combinations that can be
proved to be inconsistent with the CSDP are discarded.

Hence, when a CSDP is used for the definition of an extended CCSP constraint, a function NFcspp
may be associated to it to discard the same value combinations of its scope variables that would be
discarded by the solveCSDP function. As long as the solveCSDP function is correct, not eliminating
any possible CSDP solution, and contracting, returning a smaller F-box, the associated function
NFcspp is a narrowing function for the CCSP according to definition 4.1-1.

The following definition formalises a narrowing function NFcspp associated with a constraint

defined by a CSDP. The solveCSDP function is used for narrowing the domains of a subset of the
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CCSP variables, namely those belonging to the scope of the constraint, that is, the restriction variables

of the CSDP. The other variable domains are unchanged.

Definition 10.2-2 (CSDP Narrowing Functions). Let P=(X,D,C=CccspICcspp) be an extended CCSP
as defined in 10.2-1. Each constraint ¢=(s,p)eCcspp defined as a CSDP (X°,D’,C’) with a solving
procedure solveCSDP, has associated the following narrowing function:

(1) NFcspp(A)=4" (with4’c 4 < D)
where B = solveCSDP(A[s])  (with B c A[s] < D [s])

VxjeX ((xjes = A ’[x]]=B[xj]) A (xj&s = A [xi]= A[x])) a

These additional narrowing functions associated with the CSDP constraints, together with the
narrowing functions associated with the numerical constraints, completely characterise the set of
narrowing functions of an extended CCSP. This set may be used by a constraint propagation algorithm
(such as the prune function of figure 4.1) for pruning the domains of the extended CCSP variables.

As discussed in chapter 5, the set of narrowing functions together with a constraint propagation
algorithm characterise a local property denoted local consistency. Moreover, higher order consistency
requirements may be imposed through an algorithm (such as the kB-consistency function in figure 5.2)
interleaving search techniques with the above constraint propagation algorithm. A generic definition
of kB-Consistency (definition 5.2-1) was given for including all the consistency types commonly
required in CCSPs (when k=2 it designates local consistency). This definition applies equally well to
the case of extended CCSPs as long as local consistency is regarded, not as pure hull-consistency or
pure box-consistency, but rather as the local property enforced by the constraint propagation algorithm
with the set of narrowing functions associated to the constraints of the extended CCSP.

The definition of Global Hull-Consistency (definition 6-1) can also be applied to extended CCSPs if
the definition of a canonical solution (definition 2.2.4-3) is redefined for this context. Moreover, any
algorithm (such as those from chapter 6), for enforcing Global Hull-Consistency can be directly
applied in this context except that the local search procedure must be able to deal with CSDP
constraints. The next two subsections address respectively the redefinition of canonical solutions and

the adaptation of the local search procedure for extended CCSPs.

10.2.1 Canonical Solutions for Extended CCSPs

In an extended CCSP, since a new type of constraints defined as CSDPs is allowed, in addition to
defining how a canonical F-box may satisfy a numerical constraint, it is also necessary to define how
it satisfies a CSDP constraint. In the formal definition below, a canonical box satisfies a constraint if it
cannot be proved that the box does not contain any real valued combination, for the variables of the
constraint scope, satisfying the constraint relation. In the case of a CSDP constraint, it is satisfied by a

canonical box if it cannot be proved that the box does not contain solutions of the CSDP, that is, if the
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empty set is not obtained when the narrowing function associated to the CSDP constraint is applied to

the box.

Definition 10.2.1-1 (Canonical Solution of an extended CCSP). Let P=(X,D,C) be an extended
CCSP as defined in 10.2-1. Let B&D be a canonical F-box and e.(B) denote the F-interval obtained by
the interval evaluation of expression e, with argument B.

B is a canonical solution of P iff :
1) Veeccis defined as e.00 = 3, (p) 700

i) V¢ cis defined as a CSDP = NFcspp(B) # &
where e, is a real expression, ¢ e€{<,=>} and NFcspp is the CSDP narrowing function defined in

10.2-2 d

There are some important consequences of the above definition regarding the extent of domain
pruning that may be achieved by enforcing Global Hull-Consistency with different precision
requirements.

In a CCSP with numerical constraints alone, due to the properties of the interval arithmetic
evaluation (in particular theorem 3.2.1-4), it is expected that smaller intervals are obtained when
evaluating an interval expression (such as e. in the definition of the constraint ¢) with smaller
arguments. This implies that, considering a larger finite set of F-numbers (see definition 2.2.1-2), and
consequently smaller canonical F-boxes, the evaluation of the constraint expressions with canonical
arguments becomes more precise, decreasing the likelihood of its wrong classification as canonical
solutions. In the limit, with infinite precision arithmetic, a canonical solution is equivalent to a real
valued solution. Because by definition, the pruning of domains achieved by enforcing Global
Hull-Consistency is bound by canonical solutions, better results may be obtained with smaller
canonical F-boxes. In the limit, with infinite precision arithmetic, the smallest box enclosing all real
solutions would be obtained.

However, this desirable effect is not guaranteed in the case of extended CCSPs. In fact, even with
infinite precision arithmetic, a complete real valued instantiation of its variables could be considered a
canonical solution without satisfying some CSDP constraint.

One reason for such phenomenon derives from the approximate nature of any procedure based on
ODE interval approaches (presented in section 9.2) for solving the CSDP. Since the CSDP narrowing
function is based on this solving procedure, it is impossible to discard non solution instantiations
which are enclosed within the safe bounds computed by such procedure.

Another reason for the phenomenon derives from the limitations of the particular procedure used for
solving the CSDP. For example, a solving procedure (like that presented in the next chapter) for
computing a safe enclosure for the ODE solutions of a CSDP, requires the initial trajectory to be
bound at least at one time point of the ODE trajectory (otherwise the interval step method cannot be

applied at any point, preventing the reduction of the trajectory uncertainty — see next chapter, third
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section). As a consequence, if the above requirement is not satisfied with a real (or interval) valued
instantiation of the CSDP variables (even if such instantiation theoretically implies the elimination of
the trajectory uncertainty) the solving procedure is unable to prune any trajectory enclosures.

In order to minimise the wrong labelling of canonical boxes as canonical solutions of an extended
CCSP, each CSDP constraint should satisfy the solving requirement specified in definition 10.2.1-3.

Before presenting such definition, the concept of a CSDP solving relaxation is introduced.

Definition 10.2.1-2 (CSDP Solving Relaxation). Let ¢=(s,0) be a constraint defined as a CSDP
P=(<x0DpEX15- - - Xm>,D,C). CSDP P’=(X ’=<x0DE,x1(1),x1(2),...,xl(kl),...,xm(l),xm(z),...,xm(km)>,D ,C") is the
solving relaxation of P iff it is obtained from P by:

@ . x% where k; is the number of ODE restrictions in C

(i) Renaming each variable x; into xi(l),xi
containing x; in its scope.
(i1) Redefining Cto C’ according to the renaming introduced in (i).

(iif) Unbounding the restriction variables: V. V¢ [1.k] D [x®=[—o0..+00].

In P’ there is one and only one ODE restriction cPeC’ for each restriction variable x;¥’. The set s’ of

m
all its restriction variables contains N = Z k; elements. a
i=1

Definition 10.2.1-3 (CSDP Solving Requirement). Let constraint ¢=(s,p) be defined as a CSDP
P=(X,D,C) and P’=(X",D’,C’) be its solving relaxation. Constraint ¢ satisfies the CSDP solving
requirement iff there is a minimal subset s, of restriction variables s’ such that for every F-box BcD’
where Vxe X’ ((xesy=B[x] is degenerate)A(x&s,=B[x]=D[x])):

(1) CSDP (X’,B,C’) has a single solution

(i1) the result of applying the solving procedure to CSDP (X’,B,C") is a bound F-box:

B’=s50lveCSDP(B[s’]) = Vxes’ ((left(B’[x]) # —o) A (right(B’[x]) # +))

The set of variables s, is denoted the solving base and the set s. of remaining restriction variables is

denoted the evaluated set (s,Use=s " and syNs.=L). a

The first requirement guarantees that with infinite precision arithmetic it is theoretically decidable
whether a canonical box satisfies the CSDP constraint. The second requirement guarantees that the
solving procedure may contribute for such decision returning a safe approximation enclosure for every
variable domain.

For the solving procedure of the next chapter, the CSDP solving requirement could be easily

achieved by imposing that at least one point #, has Value restrictions Valuej,tp(xi) for all the trajectory

components. The set of restriction variables would define the solving base of its solving relaxation.

Note that such imposition does not imply the specification of initial bounds for the domains of these
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variables, and if some CSDP does not satisfy the solving requirement, an equivalent CSDP could be
considered by introducing extra Value restrictions with new unbounded restriction variables.

If the CSDP solving requirement is satisfied by every CSDP constraint belonging to an extended
CCSP, the improvement of the pruning results with precision is similar to that discussed for CCSPs
(differing only in the limit: even with infinite precision arithmetic, the smallest box enclosing all real

solutions would never be obtained).

10.2.2 Local Search for Extended CCSPs

As explained in chapter 7, the local search procedures navigate throughout points of the search space,
inspecting some local properties of the current point to select a nearby point to jump to. In the CCSP
context, such navigation is oriented towards the simultaneous satisfaction of all its constraints.

The search approach presented in section 7.1 is based on the definition of a vector function F(r).
When evaluated in a particular point » of the search space (a degenerate F-box) it returns a real value
Fi(r) for at each component j, which represents the amount by which some CCSP constraint is violated
at that point. The goal is thus to reach a point that zeroes all function components simultaneously.
From the Jacobian matrix J(#) of such function at that point (which summarises the effects on the
function of small local changes at the current point) a procedure was devised to compute a new better
point.

The integration of a CSDP constraint implies the addition of extra components on the vector
function F(r) and the Jacobian matrix J(7). These extra components may be obtained as long as the
CSDP solving requirement is satisfied.

As in the case of a non extended CCSP, the values of the vector function F(r) must be computed
from the evaluation of each constraint at the current point ». However, in the case of a CSDP
constraint, such evaluation no longer returns a single value, but rather a set of values (grouped in a
box) representing the deviations from each ODE restriction associated with a variable from the
evaluation set (see definition 10.2.1-3). The input of this evaluation is the set of values from the
solving base variables at the current point. The following is a formal definition for the evaluation of a

CSDP constraint at some point 7.

Definition 10.2.2-1 (CSDP Evaluation). Consider an extended CCSP (X,D,C) and a degenerate
F-box reD. Let ceC be a constraint defined as a CSDP P and its solving relaxation P'=(X",D’,C")
with the solving base s, and the evaluated set s, (the set of its restriction variables is § =s,\Use).

Let BcD [s’] be an F-box where Vx;®es’ ((x* esy=B[x®1=r[x AP 250=>B[xP]=D [x¥)).

Let B ’=solveCSDP(B).
The evaluation of constraint ¢ at point r, denoted evaluationcspp(r), is the degenerate F-box EcD [s.]

where: Vx, ¥ es. E[x®] = center(B [xP]-r[xi])]. d
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For each CSDP constraint, the values of the new components of the vector function F at the current
point  are given by its evaluation box at that point. Moreover, their derivatives with respect to any
CCSP variable x; may be approximately computed by re-evaluating the constraint at a nearby point
where only the x; domain is increased by a small amount 4. The next definition characterises the new

components of the vector function F and its Jacobian J, associated with each CSDP constraint.

Definition 10.2.2-2 (F(r) and J(r) values associated with a CSDP constraint). Consider an extended
CCSP (X=<x,...,x,>,D,C) and a degenerate F-box r<D. Consider a constraint ce C defined as a CSDP
P and its solving relaxation P’ with the evaluated set s..

Let ij(r) denote the value of some variable x; of s. obtained from the evaluation of ¢ at point 7:
]%(r) = evaluationcspp(r)[x;] for every x;es..
Let #>0 be a small real value and Faith be an n-ary degenerate F-box where:
Vyex ((=xi = in+h[x]:LV[x]+hJ) A (x#x; = ren[xX]=r(x])).
For each variable x; of s., a new component j of the vector function £ is associated and defined as:
Fir) =1(0)
The derivatives of such function at point » with respect to each variable x; of X (which define the new

line j of the Jacobian J(r)) are approximated by:
ij(rx[+h)_ij (r)J

K== 1, (r){ )

In practice, besides the evaluation at the current point , only £ more CSDP evaluations (where £ is the
number of solving base variables s,) are required for computing all the new components of F and J

associated with the CSDP (the evaluation at point r., is only necessary if x;€sy). Otherwise, either x;
does not belong to the scope of the CSDP constraint (i.e. ij(”xiw) = ij(r) and Jji(r) = 0) or it belongs to
its evaluated set s., in which case ﬁj(rxi+h) = ij(r) — h and J;i(r) = -1.

With the introduction of components derived from each CSDP constraint in the vector function F
and its Jacobian matrix J, the local search methods described in chapter 7 may be applied to extended

CCSPs.

10.3 Modelling with Extended CCSPs

This section discusses modelling capabilities of the extended CCSPs framework that take advantage of
the integration of CSDP constraints and may be used for solving many real world problems.

In the next subsection, the parametric specification of ODE systems is addressed together with
possible application to problems with fitting constraints. Subsection 10.3.2 discusses the
representation of properties which are usually associated with the ODE systems but are naturally

expressed as interval values. Subsection 10.3.3 discusses the possibilities derived from the
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combination of several ODE solution components and its application to the representation of periodic

and distance constraints.

10.3.1 Modelling Parametric ODEs

In the definition of an ODE system (definition 9-1) it was assumed that function /' depends exclusively
on y(f) and ¢. However, many important ODE problems are based on a parametric specification of the
function f, which may also depend on several parameters ranging within predefined interval bounds.
The semantics of such specification is the characterisation of the derivative of y as a family of

functions, each one corresponding to a particular instantiation of these parameters.

yl, fl(yl:"':yn’pla“"pkst)
Let y'=f(y,p,t) with y'=| .. |and f(y, p,t) = be a parametric
y;1 fn(ylﬂ""yn,plr"’pkﬂt)
s1(2)
n-ary ODE system with k& parameters p;ely,..., pxel. The function s(z)=| ... is one of its
S, (2)

solutions with respect to the interval [¢..;] iff:

ds
Ip,elp---Ipeely (=Ip1,.--Px] AV te(ty 1] o = f(s(¢), p,t)).

Since along the whole trajectory, between ¢, and ¢;, the values of each parameter remain constant
(its time derivative is zero), the above parametric system may be equivalently represented by a non

parametric ODE system with n+k equations:

z [ f1(Z10ees 2y s Ploveos Py t) |

2=/ with 2'=| 7| and (20 - SuErszys P Pao)
1

| Dk | L 0 i

together with the boundary restrictions pi(t,)€/; A ... A pi(t,) €y for some time point ¢,€[..1;].

Any k-parametric n-ary ODE system (such as the y'= f(y, p,t) above), may thus be modelled by a
CSDP with a non parametric ODE system of n+k equations (such as shown above with z'= f(z,1))
and k additional Value restrictions Valuen+j’ Zp(xj) with initial domains Di=/; (1<7<k).

An equivalent alternative to such representation would change the ODE constraint definition (see
definition 10.1-1) to allow a direct representation of the parametric ODE system. This would imply the
extension of its scope for the inclusion of %k additional real valued variables xpy,....xpx and the
redefinition of its constraint relation:

CopE=(<XODEXP1,- - - XPi>5 PODE)

ds
PODE = {<8.P1,....0x> €<Dope,Dp1,....0p> | p=Ip1seesP] AV te[4,.1)] o S(s(0),p,0) }.
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The domains of the new variables xpi,...,xpx would be initialized by the respective parameter
ranges: Dp,=I,,...,.Dp=I. Such representation has the advantage of avoiding the introduction of new
dimensions on the ODE system, but the disadvantage of introducing new variables into the ODE
constraint scope and consequently on any narrowing function associated to it.

For simplicity, it is assumed in the next chapter that a CSDP is defined as in 10.1-1, and so, the first
alternative is adopted for modelling parametric ODE problems.

Consider, for example, the parametric ODE fitting problem defined by the k-parametric unary
system y'= f(y, p,t) (with t€[ty..t;] and p=[py,...,px]€l1x...xIy) and the set of m observed values

y(tpi):thi (Wlth fplz to, tpm: t; and vlglfl’l’l fpiE[to..t1]).

The CSDP (X=<xODE,x1,...,xk,xp1,...,xpm>,D=<D0DE,D1,...,Dk,Dpl,...,me>,C={c0DE,c1,...,ck,cpl,...,cpm})
where:
k+1

DODE: {S ‘ S : [fo..tj] - R

pove = {<s>€Dovk | Ve [1y.1,] 10 = £ (510,53 (v 51, (0.1) ASH (D) =0 Acen sy (1) =0

} and cope=(<Xope>, PODE)

V1<i<k Di=li and ¢; = Valuelurl,to(xi) V1 <j<m Dpi=[—0..+0] and ¢, = Valuel,tpi(xpi)

may be used for the definition of a CSDP constraint c=(<xi,....Xx,Xp1,....Xpm>,0) relating the predicted
values x,; at each time point £, with some real valued instantiation of the k parameters (represented by

the real variables xi,...,x) of the system y'= f(y, p,t).

An extended CCSP with such CSDP constraint together with other numerical constraints including
the Xp1,....xpm variables and the respective observed values vy,,...,vpm could be used for modelling a
variety of fitting problems.

For instance, several important statistical quantities, such as the total sum of squares (SSto), the
residual sum of squares (SSges), the regression sum of squares (SSgre,) and the coefficient of
determination (R?) could be easily encapsulated into the respective real valued variables through the
addition of the numerical constraints:

m m m

m
Db F =Dl = e = T i -
i=1

i=1 i=1 i=1 X ot

With such constraints, fitting problems requiring these quantities to range within predefined bounds
can be modelled by the appropriate specification of the initial domains of these variables. Enforcing
some consistency requirement on the resulting extended CCSP, the initial parameter domains are
pruned by eliminating some values for which the requirements cannot be satisfied.

Other less usual constraints, such as particular time point requirements, could also be easily added,
with the guarantee that no excluded parameter value can satisfy all the constraints. Moreover, a best fit
constrained problem could be modelled by such extended CCSP with a solving procedure for

searching solutions that optimise some predefined criterion.
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10.3.2 Representing Interval Valued Properties
As stated previously, each ODE restriction of a CSDP associates a restriction variable to some real
valued property of some component of the ODE solutions. However, since the components of the
ODE solutions are real functions defined along an interval of time, some of their properties are
interval valued properties that cannot be expressed as single real values.

For example, the set of all the function values within an interval of time is an interval valued
property of a real function (ranging along that interval of time) that cannot be expressed by a single

real value. Such property, Valuej’ 7(x), would be a variant of the Value restriction corresponding to the
union of this real valued property along the whole interval of time 7:

xX= U X, where Ve 7 Value; (x)
teT

Since by definition, the restriction variable of a CSDP and all variables of a CCSP (and an extended
CCSP) must be real valued variables, interval valued properties cannot be modelled by a single
variable.

For integrating interval valued properties into a CSDP (and consequently into an extended CCSP),
their intervals must be represented by pairs of real valued variables identifying its upper and lower
bounds. Thus, any such property must be modelled by a pair of ODE restrictions associating one real
variable to its maximum possible value and other real variable to its minimum possible value.

For example, the set of all the function values within an interval of time 7 can be modelled by a
Maximum restriction for identifying its upper bound and a Minimum restriction for identifying its
lower bound:

Maximumj, T(Xmaxr) and Minimumj’ TXmin)

In an extended CCSP with a CSDP constraint that represents an interval valued property with two
extreme real variables x,,,,r and x,,;,7, other important information can be modelled by the addition of
further numerical constraints including those variables.

For instance, a particular real value within the interval associated with the property could be
modelled by the real variable x;,r through the additional pair of numerical constraints:

XminT < XinT and XinT S XmaxT

The maximum distance (amplitude) between the two extremes of the property interval could be

modelled by the real variable x,,,,r through the additional pair of numerical constraints:
XampT = XmaxT = XminT and Xampr 2 0

The center of the property interval could be modelled by the real variable x,.,r through the

additional numerical constraint:

T X
2

X max min7

XmedT =

Similarly to the case of Maximum and Minimum restrictions, First and Last restrictions (either
Value, Maximum or Minimum) may be combined together for defining the smallest interval

containing all the time points that satisfy the respective condition.
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10.3.3 Combining ODE Solution Components
An important modelling issue of the CSDP framework is the possibility of combining several
equations of an ODE system into a new equation that is added to the system as a new component. This
may be used for modelling properties that do not depend exclusively on a single component of the
original system but rather on some composition of a subset of its components.

Consider, for example, some vector function y(f). The function is periodic if there is a positive
constant k such that y(++k)=y(¢) for all . The smallest value of k that satisfies the previous condition is
called the period of the function.

Suppose that the vector function is represented as an homogeneous n-ary ODE system y'= f(y)

(within an interval of time [f..t;] where #,=0) with the initial value condition y(0)=y,. In order to
associate a real variable to the value of the period of such function it is necessary to identify the first
point of time #, (greater than 0) such that y(z,)=yo.

This is similar to the definition of a First Value restriction (see subsection 10.1.4), except that in this
case the condition y(#,)=y, does not refer to a single component but rather requires that the equality
must hold simultaneously for all the components of the n-ary system.

However, the n-ary system may be transformed into an equivalent system with an extra component

whose value at any time ¢ represents the square of the distance between the vector y(¢,)=y, and y(?).

n
This extra component defined by y,,,(¢) = z (yl- ) —y; (O))2 is added as the n+1 component:

Y (0 =22 0 (00 (0= 2,0) =22 (£, () (0= ,(0))

together with the initial value y,:(0)=0. With this new component the period of y(f) could be

associated with the real valued variable x by the ODE restriction’: firstValuey + j [4,+¢. t,],<0(Xx)

With the same kind of technique it is possible to model the distance at any time point between the
trajectories of two different ODEs which may be used for imposing proximity requirements that will

eventually lead to some adjustments on their parameters.

10.4 Summary

In this chapter the CSDP framework was characterised. The different types of restrictions supported
by the framework were defined and illustrated with simple modelling examples. Continuous CSPs
were extended for the inclusion of a new kind of constraint defined as a CSDP. The integration of
CSDP constraints with the Global Hull-consistency criterion and with local search procedures was
discussed. The next chapter presents a solving procedure for pruning the domains of the CSDP

variables taking its restrictions into account.

3 & is some small positive value necessary for avoiding that the first time value satisfying the condition is at #=0.

168



INTERVAL CONSTRAINTS FOR DIFFERENTIAL EQUATIONS

Chapter 11

Solving a CSDP

The solving procedure for CSDPs must maintain a safe enclosure for the whole set of possible ODE
solutions based on the interval approaches described in chapter 9 (section 9.2). This enclosure, used
for the representation of a subset of the domain Dopg of the solution variable xopg, will be called the
ODE trajectory.

The solving algorithm is based on the improvement of the quality of such ODE trajectory (the
reduction of the enclosing uncertainty), combined with the enforcement of the ODE restrictions
through a constraint propagation algorithm (similar to the one presented in chapter 4, figure 4.1). A set
of narrowing functions (see definition 4.1-1) associated with the ODE restrictions and the ODE
constraint are the basis of such algorithm.

For each ODE restriction a pair of narrowing functions are defined: one reduces the domain of the
restriction variable according to the ODE trajectory and the other decreases the uncertainty of the
ODE trajectory according to the domain of the restriction variable.

Two narrowing functions are additionally included for reducing the uncertainty of the ODE
trajectory: one propagates any domain narrowing along the trajectory, from a time point to a
neighbouring point; the other links two consecutive time points through the application of an interval
step method. Moreover, for each ODE restriction, a narrowing function may also be associated with
the ODE constraint for improving the ODE trajectory, aiming at reducing the uncertainty of its
restriction variable domain.

The next section describes the ODE trajectory, its implementation and functions for accessing and
changing its contents. The narrowing functions associated with each type of ODE restrictions are
presented in section 11.2. Section 11.3 presents the narrowing functions for reducing the uncertainty
of the ODE trajectory. Section 11.4 describes how the previous set of narrowing functions is

integrated in the constraint propagation algorithm for narrowing the domains of the CSDP variables.

11.1 The ODE Trajectory
An ODE trajectory TR is implemented as a tuple of 4 ordered lists TR=<TP,TG,TF,TB>.
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A first list, TP, defines a sequence of k trajectory time points t, along the interval of time [#..t;]
(associated with the CSDP, cf. definition 10.1-1) together with the corresponding n-ary boxes,
representing enclosures for the ODE solution values at those points. The first and last time points of
such list are #, and #, respectively.

A second list, TG, defines the sequence of k-1 trajectory time gaps (between each pair of
consecutive time points, #, and #y:;, of the previous list) and the associated n-ary boxes representing
enclosures for the ODE solution values between those points.

The third and fourth lists, 7F and 7B, are auxiliary lists, representing at each trajectory time point ¢,
the enclosure for the ODE solution value when the interval step method was lastly applied from ¢, to
the next or to the previous point, respectively. This forward and backward information are used
exclusively in the definition of appropriate narrowing functions for the ODE trajectory through the
successive application of the interval step method over different pairs of consecutive time points (see
section 11.3).

The boxes associated with the elements of these lists are represented respectively as TP(t,),
TG([tyi..tyir1]), TF(t,) and TB(t,).The intervals associated with the component j (1< j<n) of the previous
boxes are represented respectively as TPi(t,), TGi([tyi.-tpir1]), TFi(t,) and TBj(t,).

Figure 11.1 shows an example of an ODE trajectory (the forward and backward information is
omitted) representing a safe enclosing of the set of possible ODE solutions of CSDP P2b (see figure
10.6). The set of possible ODE solutions is illustrated by a single line for its first component s; and by
the grey area for its second component s,. The ODE trajectory is defined through a sequence of seven
time points and the time gaps in between. For each component, the intervals associated to each time

point and time gap are represented, respectively, as a vertical line and a dashed rectangle.

1.5 7

1.0 7
s1(0)
0.5 7

T

0.0 T T T — T

1.5 1 !
ﬁils
04 b §|

0.5

52(0)

0.0 T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

t
Figure 11.1 An ODE trajectory enclosing the ODE solutions of the CSDP P2b.

The ODE trajectory of figure 11.1 represents a subset of the Dopg ,defined in figure 10.2, containing

all functions whose components are continuous functions enclosed by the rectangles and crossing all
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the vertical lines. This definition includes any possible ODE solution and so this ODE trajectory is a
safe enclosing for the set of ODE solutions for CSDP P2b.

In general, an ODE trajectory TR=<TP,TG,TF,TB> may be viewed as a finite representation of an
infinite set of triples <s,sgs,> of functions from Dopg satisfying the enclosures associated with the
respective time points and gaps':

(i) For every trajectory time point #,: s(¢,)€ TP(t,), st,) € TF(t,) and sy(t,) € TB(%,).

(i1) For every trajectory time gap [#yi..5pir1]: Ve [foi.. tpiﬂ]s(t)e TG([tpi. .tpis1])-

During the solving process, the current ODE trajectory TR=<TP,TG,TF,TB> is modified by the
narrowing functions associated with the constraints of the CSDP. Each individual change of the
trajectory is either the narrowing of some box (associated with a time point or gap) or the addition of a
new time point (and subsequent reformulation of the ordered lists).

The assignments TP(t,) < S and TPj(t,) < I will be used to denote respectively, the association of a
box § to the time point #, of 7P and the association of an interval / to the component j of the time point
t, of TP (similar denotations will be used for assignments of the lists 7G, TF and 7B). “TR with C”
will be used as a short notation for an ODE trajectory TR’ obtained from 7R after performing all the
assignments specified in C.

Procedures insert(TP(t,)=S) and delete(TP(t,)), respectively, introduce a new time point #, in the
ordered list of points of 7P (initially associated with the box §), and remove one such time point from

the list (similar denotation will be used for the lists 7G, TF and TB).

Some of the narrowing functions are defined through the values of the ODE trajectory. The data of an
ODE trajectory TR=<TP,TG,TF,TB> may be accessed through the following set of auxiliary functions
(where f, and f,;, with 7,y < t,;, are two trajectory time points and j is one of its components; to
simplify the notation, the F-interval is omitted if it denotes the entire sequence of points [#..1]):

(i) Functions timePointsy , 1 [(TR), leﬁPointSj’[tpontpl](TR) and rightPointsj s, ¢ 1(TR), return a

list of F-numbers representing for each point #,€[#y..t,1] of TR, its time value £, the left bound
of its j-th component, left(TPj(t,)), and the right bound of its j-th component, right(TPi(t,)),
respectively.

(i1) Function timeGaps[tpontp]](TR) returns a list of F-intervals representing each gap

[Zpi..tpi+1 ]Q[l‘po. .tpl] of TR.

(iii) Functions ZeftGaps]-,[ (TR) and rightGasz-’[ (TR), return a list of F-numbers

to-tyi] too-tpi]
representing for each gap [t,i..tpir1]C[fpo.-p1] of TR, the left bound of its j-th component
left( TGi([#pi..tpi+1])), and the right bound of its j-th component, right(TGi([#pi..tyi+1]))-

As usual, min(L) and max(L) return the minimum and maximum values from a list L of F-numbers.

! This view is consistent with the narrowing functions definition 4.1-1, if the effect on the xopg domain of each narrowing
function application is the elimination of some such triples without discarding any possible solution function s.
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At the beginning of the solving process, the ODE trajectory 7R is initialised with function
initialiseTrajectory() that:

(i) Introduces a time point for the #, of each Value restriction and for the #,, and #,; of each of the
other ODE restrictions (as defined in the previous chapter).

(i) For the First and Last Value restrictions (subsection 10.1.4) and for the First and Last Maximum
and Minimum restrictions (subsection 10.1.5), the initial left and right bounds of the associated
restriction variable are also considered as initial time points.

(iii) Each of the time points and respective time gaps is associated to an n-ary box with all its
components unbounded.

Considering again the example of CSDP P2b, whose ODE restrictions are Valuey g o(x1),
Value2’6_0(x2) and Maximumzy[l.o‘_3_0](x3), function initialiseTrajectory() returns, an ODE trajectory

TR=<TP,1G,TF,TB> with:

(i) the time points 0.0, 1.0, 3.0 and 6.0 associated to the boxes:
TP(0.0) = TP(1.0) = TP(3.0) = TP(6.0) = <[—o0..F],[—00..Fo0]>
TF(0.0) = TF(1.0) = TF(3.0) = TF(6.0) = <[—o0..F®],[—00..Fo0]>
TB(0.0) = TB(1.0) = TB(3.0) = TB(6.0) = <[—o0..+0],[—00..to0]>

(i1) the time gaps [0.0..1.0], [1.0..3.0] and [3.0..6.0] associated to the boxes:
7G([0.0..1.0])=TG([1.0..3.0))=TG([3.0..6.0])=<[—0..+0],[—o0..+00]>

11.2 Narrowing Functions for Enforcing the ODE Restrictions

According to definition 4.1-1, the narrowing functions associated with the ODE restrictions must
satisfy the contractness and correctness properties.

The contractness property is easily guaranteed by preventing the enlargement of any interval
domain, either from a restriction variable or from a component of any box of the ODE trajectory. The
insertion of a new time point cannot enlarge the subset of functions represented by the ODE trajectory
since it represents an additional restriction to such functions (assuming, of course, that when inserting
a point f,€[tyi..tyir1] the boxes associated to the two new gaps 7G([t,..t,]) and TG([t,..t,i+1]) are
included in the box associated with the whole gap TG([#i..tpi+1]))-

For a narrowing function that reduces the domain of an ODE restriction variable, the correctness
property may be achieved by identifying, within the ODE trajectory, the functions that maximise and
minimise the values of such variable and guaranteeing that its new domain includes those values.

When a narrowing function reduces the trajectory uncertainty from the domain / of a restriction
variable, this reduction is achieved through the narrowing of one or more boxes of the ODE trajectory
(namely the interval component j associated with the ODE restriction). Correctness is guaranteed if
considering in isolation each narrowed interval (without any other interval reductions), there are no
discarded functions with a value (of the restriction variable) within /.

The definition of narrowing functions in the following subsections are based on the above

properties.
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11.2.1 Value Narrowing Functions

From definition 10.1.1-1, the ODE restriction Valuej,tp(xi) relates a function with the value of its j

component at time t,. If TR=<TP,TG,TF,TB> is an ODE trajectory representing a set of possible
functions, then those that maximise/minimise the value of its j component at time #, must have this
value equal to right(TPi(t,))/left(TPi(t,))* (values for the restriction variable x; outside the interval
TP(t,) cannot be associated with any function represented in the ODE trajectory 7R). On the other
hand, if the values for the restriction variable x; lie within F-interval /;, any function whose j’s
component value at time ¢, is outside /; may be safely discarded from the ODE trajectory.

The above reasoning justifies the following formal definition for the narrowing functions associated
with a Value restriction. The definition (and all the following subsequent narrowing function
definitions) represents any domain element 4 of a narrowing function NF, (AcD for a CSDP (X,D,C)),
as a tuple where only the relevant variable domains are shown. All the other domains are kept

unchanged by NF.

Definition 11.2.1-1 (Value Narrowing Functions). Let CSDP P=(X,D,C) be defined as in 10.1-1. Let
TR=<TP,TG,TF,TB> be the ODE trajectory representing the domain of xopg and /; the domain of x;.
The ODE Value restriction czValuej’tp(xi)eC (as defined in 10.1.1-1) has associated the following pair

of narrowing functions:
(i) NFi(<IR,....I,...>) =<IR,...,TPj(t,)N,...>
(i) NFy(<IR,....I;,...>)= <TR with {TPi(t,) <- TP{(t,)L},....L,...> a

If an enclosure TPj(t,) of some component j of the trajectory TR becomes empty at some point ¢, then
TR can no longer represent any function and the domains box that includes 7R (and represents the
Cartesian product of its components) also becomes empty.

The previous definition could be exemplified with narrowing functions for the Value restrictions of
CSDP P2b. For instance, for the ODE trajectory enclosure of figure 11.1, narrowing function NF

associated with the restriction Value) ¢ o(x2) would narrow an initially unbounded domain of x, to the

interval TP,(6.0) (represented as the vertical line of the second component graphic at time 6.0).
Conversely, if an interval /, represents the domain of x, then, narrowing function NF, could narrow the
associated interval TP,(6.0) of the ODE trajectory into 7P,(6.0)"/,. If, by any of the above narrowing
operations, the empty set is obtained then the ODE restriction cannot be satisfied and the CSDP has no

solutions.

11.2.2 Maximum and Minimum Narrowing Functions

According to definition 10.1.2-1, the ODE restriction Maximum il (x;) relates a function with the

too--tp1]

maximum value of its j component within time interval [ty..t,1]. If TR=<TP,TG,TF,TB> is an ODE

2 Note that, due to the initialisation procedure, #, must be a time point of the ODE trajectory. Similarly, any point used in the
definition of any narrowing function is, due to the initialisation procedure, within the time points of the ODE trajectory.
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trajectory representing a set of possible functions then their maximum value within [#y..t,;] cannot
exceed the maximum of the right bounds of their j component enclosures (possibly corresponding to
several time points and gaps) within that interval. Moreover, since for every time point #,€[#y..tp1] of
TR all functions must have its j component value within the interval TPj(#,), they must have some
value not less than the maximum of the left bounds of these intervals. On the other hand, if the values
for the restriction variable x; lie within the F-interval /;, then any function whose j component has
values higher than righ#(I;) within the time interval [fy..t,1] may be safely discarded from the ODE
trajectory.

A similar reasoning, but with respect to the minimum value, may be used for deriving the narrowing

functions associated with the ODE restriction Minimumj,[tpo__tpl](xi). Both are formally defined as

follows.

Definition 11.2.2-1 (Maximum and Minimum Narrowing Functions). Let CSDP P=(X,D,C) be
defined as in 10.1-1. Let TR=<TP,TG,TF,TB> be an ODE trajectory representing the domain of xopg, /;
the domain of x; and ce C a Maximum or Minimum restriction (as defined in 10.1.2-1).
If czMaximumj,[tpoutp 1](xi), let a=max(leﬁP0intSj’[tp0.‘tp 1](T R)), b=max(rightGaij,[tp ooty 1](T R)) and
I=[—o0..right(L)].
If CEMinimumj’[tp()..tp]](xi), let a=min(leftGaij’[tp0..tpl](TR)), b=min(rightP0intSj’[tp0..tpj](TR)) and
I=[left(L;)..+oo].
The ODE restriction ¢ has associated the following pair of narrowing functions:

(1) NF\(<TR,...,L,...>) =<TR,...,[a.b]NL;,...>

(i) NFy(<TR,....I;,..>)= <TR’,... L,...>
where TR’=TR with {thetimePoints[tpou £,](TR) TP|(ty) < TP{(t,) N 1,

v[tpi..tpm]etimeGaps[tpO.‘tpl](TR) TG([tyi--tyin1]) < TG([tpiv-tpinD N L QA

Figure 11.2 illustrates the above definition for the narrowing functions associated with restriction

Maximumy [1 0..3.0](x3) to CSDP P2b for the ODE trajectory TR represented in figure 11.1.

b

1.5 7 | right(l;)
0] n{ /fils
a “qo4p b sl
$2(0) UV op 1
0.5
0,0 T T T T T 1 _w
00 10 20 30 40 50 60

t

Figure 11.2 Narrowing functions associated with a Maximum restriction.
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The figure shows the values of a and b for the definition of the narrowing function NF}. It is clear that
the maximum value of any trajectory function within the time interval [1.0..3.0] cannot be outside the

dashed box, upper bounded by b=max(rightGapsj[1.0.3.0](IR)) and lower bounded by
a=max(leﬁPoints2,[1.0”3'0](T R)). On the other hand, if the interval /3=[1.1..1.3] represents the domain

of x; then, any value of the second solution component represented by 7R cannot exceed 1.3 (within
the time interval [1.0..3.0]) and so the NF, narrowing function may discard the region of the ODE
trajectory (represented in the figure as rectangles and vertical lines within the dashed box) above this

value, that is, outside [—o0..1.3].

11.2.3 Time and Area Narrowing Functions

To simplify the specification of the narrowing functions associated with the Time and Area
restrictions, two auxiliary functions Time ¢ j(I) and Area  j(I) are defined (where ¢ € {<,>} and k is a

real number) for representing respectively, the values of time and area that will be considered at some

time gap. The argument / of these functions represents the possible solution values along the time gap.

The argument <k specifies a filtering condition. We are only interested in solution values within the
interval /¢ j which is I>j=[k..+o0] or I<=[—o0..k].

The definitions of the Time  j(I) and Area ¢ j(I) functions, below, consider 3 different situations:

[1]  if Iclep [l - [£]] if  Iclo)
Time o j (1) = [0] it Inle =0 Area o (1) = [0] it Inle=d
[0]w[1] otherwise [0]w|l —[k]] otherwise

If all the solution values satisfy the condition (/c/ ), function Time ¢ j(I) returns the degenerate

interval [1] specifying that the whole width of the time gap must be considered. Function Area ¢ j(1)

returns an interval, bounded by the maximum and minimum distances of the solution values to

threshold £.

If none of the solution values satisfy the condition (IN/ ¢ 3=), both functions return the degenerate
interval [0] specifying that there is nothing to be considered.

If some solution values satisfy the condition and others do not (I & I %) A (I N I # D) then, both

functions must take into account that there are possible solution values that must be considered, as in
the first case, and there are possible solution values that should not be considered, as in the second
case. This is represented by returning the union hull of the intervals returned in the previous cases.

Figure 11.3 illustrates function Area>y(/) when applied to each of the above possible cases. The

width of the rectangle represents the time gap and the height the possible solution values /.
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Figure 11.3 The three possible cases for the definition of the Areaxy(/) function.

The auxiliary functions Time j(I) and Areaj(I) are used for the specification of the narrowing

function associated with the Time and Area restrictions. Note that for these restrictions no narrowing
function can be defined to reduce the uncertainty of an ODE trajectory from the domain of the
restriction variable. Both Time and Area values are compound from the function values for every time
point within an interval of time and the existence of high or low peaks for a short period of time
cannot be prevented. These do not affect significantly the overall area/time to be considered, but avoid

a safe narrowing of any interval enclosing.

Definition 11.2.3-1 (Time and Area Narrowing Functions). Let CSDP P=(X,D,C) be defined as in
10.1-1. Let TR=<TP,TG,TF,TB> be the ODE trajectory representing the domain of xopg, /; the domain

of x;, and ce C a Time or Area restriction (as defined in 10.1.3-1 and 10.1.3-2, respectively).

Ifc= Timej,[tpo..IPI],ok(xi)a let F(X) = Time o j(X). If c = Areaj,[tpo..IPI],Ok(xi)7 let F(X) = Area ¢ j(X).

The ODE restriction ¢ has associated the following narrowing function:

(i) NFi(<TR,... Ji...>) = <TR...., () Lon(tpiei—ti)XF(TG( [t tyia D)) O ... >

[fi. Lpir1] € timeGaps[ ](TR) a

too--tp1

Figure 11.4 illustrates the Time and Area narrowing functions for CSDP P2c (see figure 10.8),
assuming that 7R is the ODE trajectory represented in figure 11.1 (only the enclosing bounds

associated with the time gaps are represented in figure 11.4)

1.5 7
k=1.1

1.0 1
52(9)
0.5 1

00 T T T T T 1
0.0 1.0 2.0 3.0 4.0 5.0 6.0

t

Figure 11.4 Time and Area narrowing functions for CSDP P2c.
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From the narrowing function associated with restriction Time) [0.0..6.0],>1.1(X4), X4 is guaranteed to

be between 0 and the length of the horizontal solid line. From the narrowing function associated with

restriction Areay [0.0..6.0],>1.1(xs), xs will lie between 0 and the value of the dashed area.

11.2.4 First and Last Value Narrowing Functions
The specification of narrowing functions associated with the First and Last Value restrictions is based

on the auxiliary function timeEnclosurej’[tpo‘.tpl] where j is an integer representing a solution

component and [#y..t,1] is an F-interval representing an interval of time.

The function is defined in the pseudocode of figure 11.5. In addition to the solution component j
and the interval of time [fy..%,1], it has three arguments: an ODE trajectory 7R, an F-interval / and a
label type € {first, last}. If the label type is set to first/last then it returns the smallest interval of time
[a..b] which may be obtained by narrowing [#y..£,1] without discarding any value of # which may be

the first/last of any function frepresented by the component j of 7R such that f{r)el.

function timeEnclosurej,[ty . 1](an ODE trajectory TR=<TP,TG,TF,TB>, an F-interval [,

a label type € {first, last})
(1) a < too; b < —o0;
) Lgaps < timeGaps[tpoutp 1](T R);
(3) repeat
4) [2pi--tpie1] <Lgaps-pop_front();
Q) if TGi([tpi..tpis1]) N [ # D then a < t,;; end if;
(6) until a#t+oo or Lg,ys.size()=0;
(7) if a=+oo then return J;
(®) LGaps <~ timeGapS[a..tpl](TR);
() repeat
(100 [fpi--tpis1] «<—Laaps-pop_back();
(11) if TGi([tpi..fpiﬂ]) NI+ then b « tpiﬂ; end if,
(12) until h#—o0;
(13)  Lpoints < timePoints[a”b](TR);
(14) repeat
15) if type=first then t, < Lpoins.pop_front(); else t, < Lpgins-pop_back();
(16) if TPi(t,) I then
a7 if type=first then return [a..1,]; else return [£,..5]; end if;
18) end if;
(19) until Lpgins.size()=0;
(20) return [a..b];
end function

Figure 11.5 The definition of the timeEnclosure function.

The correctness of such function is achieved by firstly discarding all the extreme left (lines 2-6) and
right (lines 8-12) time intervals [#,..tpir1] Where the values of all the associated functions are
guaranteedly outside / (for which TGi([#..tpir1]) = ). Secondly, the obtained interval [a..b] is
further narrowed. If the label type is set to first (last) this interval can be safely narrowed to [a..t,]

([#p--b]) (lines 13-19) if somewhere in the sequence of time (#,€[a..b]) it is guaranteed that the value of
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any represented function is within / (if 7Pj(t,)c/). In this case, and given the continuity of any function
frepresented by component j of TR, the value ¢ which is the first (last) time such that f{f)e/ must be
within such interval, that is, te[a..ty] (t€[t,..b]).

On the other hand, the knowledge that the value of the restriction variable x;, of a First/Last Value

restriction must be within the real interval /;, may be used to safely discard from the ODE trajectory

TR any function with values satisfying the condition ¢k before/after that interval of time. If the

first/last value of /; does not coincide with first/last value of the relevant time interval [#y..7,] then, by

continuity, any function at that extreme point of /; either equals & or does not satisfy the condition ¢ .

Definition 11.2.4-1 formalises the pair of narrowing functions associated with First and Last Value

restrictions.

Definition 11.2.4-1 (First and Last Value Narrowing Functions). Consider CSDP P=(X,D,C) as
defined in 10.1-1. Let TR=<TP,TG,TF,TB> be an ODE trajectory representing the domain of xopg, /;

the domain of x; and ceC a First or Last Value restriction (as defined in 10.1.4-1). Let / be an interval
with all the real values satisfying ¢k, and I its complement: /=[k..+o0] and I=[-o0..k] if >k; or
I=[~o0..k] and T=[k..+o0] if <k.

If czﬁrstVaZuej,[tpoutp 1,0 k(xi), let type=first, a=left(l;) and Tou=[tp0..a].

If c=lastValuej [y, 11,0 kX), let type=last, a=right(l;) and Tou=[a..tp1].

The ODE restriction ¢ has associated the following pair of narrowing functions:

(1) NF(<TR,...,I,..>) =<TR,..., timeEnclosurej’]i(TR,I,type),. L

2 if EItp;ftaez‘imePointsTmn(TR) TP{(t) 1 v

(ii) NFy(<TR,....I,..>) = (Width(Tyu)>0 A TPy(a) NI= D)
<TR’,....I,...> otherwise

where TR”=TR with { V., etimePointsT, (TR) TP{(ty) = TPi(tp) N T,

TP{(a) < TP{(a) N I (if width(Tou)>0),
V[tpi..tpi+1]etimchuDSTom(T R) TGi([%pi--tpir1]) = TGy([tpi- tpia]) N L'} =

Figure 11.6 illustrates the narrowing functions associated with the First Value restriction

firstValueq [0.0..2.0],<0.25(x3) of CSDP PId (see figure 10.9) and the ODE trajectory 7R represented

in the figure by the vertical solid lines and the dashed rectangles.
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1.0 timeEnclosurel’[0.0“2‘0](TR,I,ﬁrst)
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Figure 11.6 First Value narrowing functions for CSDP PId.

Function timeEnclosurel,[0.0”2‘0](TR,I,ﬁrst) first excludes from interval [0.0..2.0] the first three

interval gaps for which all the associated rectangles are guaranteedly above 0.25, and then it excludes
all times after +=1.5 since at this point the condition s(£)<0.25 is already satisfied. On the other hand, if
the domain variable x; is /; = [1.0..2.0] then the ODE trajectory is narrowed, namely the rectangle
associated with time gap [0.7..1.0] and the vertical line of =1.0 are reduced by discarding any region

outside I.

11.2.5 First and Last Maximum and Minimum Narrowing Functions
The definition of narrowing functions associated with the First and Last Maximum and Minimum

restrictions is similar to the previous definition. The main difference is that in this case there is no

previous knowledge about a value & determining the condition ¢k that must be satisfied. This value,

the maximum or minimum value of any possible function of component j of 7R, lies within an interval
which can be computed similarly to definition 11.2.2-1.
According to this definition, and regarding time interval [#y..t,1], the maximum of any function

represented by component j of 7R must be between ko=max(leﬁPointSj’[ ](TR)) and

too--tp1

max(rightGaij’[tpontpl](TR)). However, if Iic[fy..tp1] is the domain of x; that must contain the
maximum of any such function, then this maximum cannot exceed k1=max(rightGaij,1i(TR)).

Consequently, the maximum of any function must be between k¢ and &;. This allows the definition of
the interval [y=[k..+o0] to contain any possible maximum value, the interval /=[k;..+0] to be greater or
equal than any function value within /; and its complement 7=[—o0..k;] to contain any possible value of
any function within T, (Where Ty, defined as in definition 11.2.4-1, represents the interval of time
within [#y..t,1] that precedes/succeeds the subinterval f}). A symmetrical reasoning may be used for
obtaining the intervals 1, T and I, in the case of a Minimum restriction.

The following formal definition, for the narrowing functions associated with the First and Last
Maximum and Minimum restrictions, is based on definition 11.2.4-1, but using intervals /, T and I, as

defined above and an auxiliary function extremeEnclosure; [, ;- This is similar to function
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timeEnclosurej,[tpo_‘tp ] but without the lines 13 to 19 (this is a consequence of working with intervals

for representing 7P;j(t,) which give no guarantees regarding its value being a maximum or a minimum
value). Moreover, note that the special case for #=a no longer exists since, from the definition of I, we

always have TPj(a) NI = TPja).

Definition 11.2.5-1 (First and Last Maximum and Minimum Narrowing Functions). Consider
CSDP P=(X,D,C) as defined in 10.1-1. Let TR=<TP,TG,TF,TB> be the ODE trajectory representing
the domain of xopg, /; the domain of x; and ceC an ODE restriction as defined in 10.1.5-1. If ¢ is a

First/Last Maximum restriction, let k0=max(leﬁPointsj"[tp0‘.tpl](TR)), k1=max(rightGasz~,1i(TR)),

I=[ky..+0], I=[-o..k;] and Iy=[ko..F©]. If ¢ is a First/Last Minimum restriction, let
k0=min(rightPointsJ-,[tpo‘.tpl](TR)), k1=min(leﬁGaij,1i(TR)), I=[~0..k], I=[k;..+o0] and Ij=[—.. kq].

If czﬁrstMaximumj’[tp ot 1](xi), let type=first, a=left(l;) and To,=[tp0..a].

If czﬁrstMinimumj’[tD o, 1](xi), let type=first, a=lefi(l;) and Tou=[tpo..a].

If c=lastMaximum; [, ¢ 100), let type=last, a=right(l;) and Tou=[a..tp1].

If czlastMinimumj’[tp il 1](xi), let type=last, a=right(l;) and To,=[a..ty1].

The ODE restriction ¢ has associated the following pair of narrowing functions:

(i) NF\(<IR,...,I,,..>) =<IR,..., extremeEnclosurej’]i(TR,Io,lype),. L
. Z it 3¢ +qetimePointsy (TR) TFi(%) <1
(ii) NF5(<TR,.. . L,...>) = out
<TR’,....I,...> otherwise

where TR*= TR wWith { V24 e timePoints, (TR) TPiy) < TP(t) O 1,
Y[ty-tyiei)etimeGapsT, (TR) TG [tpi-tpin]) <= TGi([tpie-tyia]) N I} Q

11.3 Narrowing Functions for the Uncertainty of the ODE Trajectory

The uncertainty of the ODE trajectory may be decreased by narrowing functions associated with the
ODE constraint, based on two basic functions: pruneGap and insertPoint.

The pruneGap function aims at reducing the set of possible ODE solutions that may link two
consecutive points along the sequence of time points. To maintain the correctness, this reduction is
achieved through a safe interval step method (cf. chapter 9).

The insertPoint function introduces a new time point in the sequence of time points. Although not
decreasing the ODE trajectory uncertainty on its own, it may lead to important overall reductions
when combined with the previous function.

Figure 11.7 shows the pseudocode of function pruneGap. It has 4 arguments, the ODE trajectory
TR, a vector function f{(S,f) defining the ODE system (see definition 9.1), and two F-numbers # and ¢
(with ##t)). It returns an ODE trajectory removing from the set of possible ODE solutions of 7R, those
discarded by the interval step method applied between time points # and .

The interval step method is represented in the figure as a procedure intervalStep. The first 4

arguments input the vector function f{S,?), the enclosure box TP(t) associated in the ODE trajectory
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for the time #, and the specification of the initial and final time points, # and ¢ respectively. The
procedure returns a time point % (between # and #) and safe enclosures Sy and Six for the possible
solution values, at ¢, and between ¢ and ¢, respectively. It is assumed that the Sj, enclosure is the result
of some enclosure method (cf. 9.2.2) that firstly tries the validation of the whole time gap between ¢
and ¢ (with #=¢) according to some predefined error tolerances (local and global), and reducing the
gap size in case of failure. The Sy enclosure is achieved by the subsequent application of some
appropriate interval method (cf. 9.2.3), and the whole process may be repeated until the given
tolerance is satisfied.
function pruneGap(an ODE trajectory TR=<TP,TG,TF,TB>, a vector function F(S,t), F-numbers , f,)

(1) intervalStep(F(S,t), TP(t;),t:,t;,Si,Sk.1);

() Tvll <« [mln(tl:tl)‘max(tl:tl)]a T'ik <~ [min(tiatk)"max(tiatk)];

@3) if t, = t; then return 7R; end if;

) if t # ¢ then

Q) if ;< t; and not TF(¢,)=Unbound then TF(t;,) < TP(t,); return TR; end if;

(6) if #,> t; and not TB(t,)=Unbound then TB(t;,) < TP(t,); return TR; end if;

@) if nmbPoints(TR) = MaxPoints then return 7R; end if;

®) TR < insertPoint(TR, T;,t);

©) end if;

10y if ; <t then TF(t) < TP(t); if Sx < TB(%) then TB(t;) < Sk; end if; end if;

(11 if ;> ¢ then TB(t) < TP(t); if Sy < TF(t) then TF(t) < Si; end if; end if;

(12) if TP(t) N Sy = D or TG(Tx) N Sik = & then return J;

(13) TP(t) < TP(t) N Si; TG(Tix) < TG(Tx) N Six;

(14) return 7R;
end function

Figure 11.7 The definition of the pruneGap function.

Firstly, the intervalStep procedure is called from £ to ¢ (line 1). If # is smaller than ¢, the interval
method is applied in the forward time direction, otherwise it is applied in the backward time direction.

Subsequently, the time gaps Tj and T are defined (line 2), to represent, respectively, the whole
time gap and its subset validated by the interval method.

If the validation procedure fails (#=t;), the ODE trajectory is returned unchanged (line 3).

If the validation procedure does not fail but can not validate the whole time gap (##¢) then there are
3 possibilities (lines 5-8): either the validation was previously achieved® and nothing else is done
except updating the respective forward/backward information (lines 5/6); or the maximum number of
points (MaxPoints) has been reached and the ODE trajectory is returned unchanged (line 7); or a new
time point # is inserted by the insertPoint function (line 8).

Finally, if the procedure did not terminate before, lines 10 through 13 update the ODE trajectory 7R
according to the enclosures obtained by the interval step method validation from # to #. Lines 10 and
11 are responsible for updating the forward/backward information (represented by the TF and 7B lists,
respectively) which keep track of the point enclosures used in the latest application of the interval step

method. If the interval method was applied in the forward direction (line 10), point ¢ of the TF list is

3 Unbound is used to denote an n-ary F-box with all its elements unbounded: [—o0..+0].
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updated with the current enclosure 7P(#), and point # of the 7B list is updated if it contains the
obtained enclosure Sy*. Similarly, line 11 updates the TF and 7B lists if the interval method was
applied in the backward direction. Line 13 updates the ODE trajectory enclosures at point #, (TP(#))
and at the validated time gap (TG(T)) according to the obtained enclosures (after verifying in line 12
that none of these new enclosures becomes empty).

Function insertPoint is shown in figure 11.8. It has 3 arguments, the ODE trajectory 7R, an
F-interval [#,;..t,i+1] and an F-number # (with #,;<t,<t,i+1). It returns an ODE trajectory representing the
same set of possible ODE solutions as 7R, but including a new time point # within time gap [#yi..tyi+1],

replaced by the new time gaps [#,..4] and [#..4pi11]-
function insertPoint(an ODE trajectory TR=<TP,TG,TF,TB>, an F-interval [t,..t,i+1], an F-number #)

(1) Sii < TG([tpi..tpi+1]);

@ insert(TP(t)=S;); insert( TF(t)=Unbound); insert(TB(t)=Unbound);

) delete(TG([tyi..tyir1))); insert(TG([ty..tk])= Si); insert(TG([tx. .tyir1])=Si);
4) return 7R;

end function

W

Figure 11.8 The definition of the insertPoint function.

The enclosures associated with the new time point and the new time gaps are initialised with the
enclosure associated with the previous entire gap. Since no forward or backward interval step method

was yet applied starting at the new time point this information is kept unbound.

All narrowing functions described in the next subsections are based on the selection of an appropriate
time gap from the ODE trajectory and subsequent application of one or both the above basic functions

to such gap.

11.3.1 Propagate Narrowing Function

If an enclosure for the ODE solutions at some time point is reduced by any narrowing function, the
reapplication of the interval step method over the adjacent time gaps may further prune these gaps.
Moreover, the repeated application of the interval step method triggered by the reduction of the
enclosures, propagates this pruning along the ODE trajectory gaps, previously validated with larger
starting enclosures.

The propagate narrowing function tries to prune the ODE trajectory through the reapplication of the
interval step method over some time gap. This is heuristically chosen to contain the time point with the
largest enclosure reduction since the previous application of the interval step method.

Figure 11.9 shows the pseudocode of function propagateTrajectory, used for the definition of the
propagate narrowing function. It has 2 arguments, the ODE trajectory 7R and a vector function F(S,?)
(required by function pruneGap). It returns the trajectory 7R possibly pruned by the interval step

method applied from ¢ to ¢. These time points are the bounds of a time gap chosen from the existing

4 This is justified for preventing the subsequent pruning in the opposite direction without an enclosure smaller than .
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ODE trajectory by function choosePropagationGap (if no time gap is chosen by such function then
the ODE trajectory is returned unchanged).
function propagateTrajectory (an ODE trajectory 7R, a vector function F(S,?))

(1) if choosePropagationGap(TR,t,t;) then return pruneGap(TR,F(S,1),t.,1,); else return 7TR; endif;
end function

Figure 11.9 The definition of the propagateTrajectory function.

Function choosePropagationGap is shown in figure 11.10. It has an ODE trajectory 7R as input
argument and two F-numbers # and ¢ as output arguments. If it finds some time gap to propagate then

it succeeds and outputs ¢ and ¢ with the time gap bounds, otherwise it fails.

function choosePropagationGap(an ODE trajectory TR=<TP,TG,TF,TB>, out F-numbers ¢, t;)
(1) bestP < 1-MinProp;
@) Lgaps < timeGaps(TR);
(3) repeat
4) [2pi--tpic1] <Laaps-pop_front();
@) if TF(t,;)=Unbound then

©) w= [T width(TP(ty))/width(TF (1,));
1<j<n
@) if w < bestP then t, < t,; t; < t,i11; bestP < w; end if;

@®) end if;
©9) if TB(t,i+1)=Unbound then

(10) w= [T width(TP(tyir1))/width(TB,(tyin));
1<j<n
11 if w < bestP then t; < t,+1; t; < tni; bestP < w; end if;

12) end if;

(13) until Lg,ps.size()=0;

(14) if bestP = 1-MinProp then return false; else return true; end if;
end function

Figure 11.10 The definition of the choosePropagationGap function.

The goal of function choosePropagationGap is to chose the best starting point and direction (from ¢ to
t;) to reapply the interval step method, comparing the current enclosure at the starting point 7P(t;) and
the enclosures 7F(#) and 7B(t) at the previous application of the interval step method. The strategy
adopted is to choose the starting point and direction with the smallest ratio between the sizes of the
current and the previous enclosures.

Firstly (line 1), a threshold for deciding whether an enclosure reduction is propagated is initialised
(MinProp is some positive value smaller than 1 indicating the minimum enclosure reduction necessary
for triggering the propagation). Then, each time gap is analysed within a repeat cycle (lines 3-13) and
the function succeeds if the ratio of the best choice is smaller than the defined threshold (line 14).

Each cycle computes for some time gap [#..tir1] Where the interval step method has already been
applied (lines 5 and 9 ensure this) the ratios associated with the reapplication of the method starting at
tyi in the forward direction (line 6) and starting at £, in the backward direction (line 10). The best

choice is updated whenever the associated ratio becomes smaller (lines 7 and 11).
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The formal definition of the propagate narrowing function relies on function propagateTrajectory to
reduce the uncertainty of ODE trajectory. The first argument of such function is the current value of
the ODE trajectory TR, and the second argument is an interval vector function f{S,¢), which defines the

popk relation of the ODE constraint according to definition 10.1-1.

Definition 11.3.1-1 (Propagate Narrowing Function). Let CSDP P=(X.D,C) be defined as in 10.1-1
and TR be the ODE trajectory representing the domain of xope. The ODE constraint copgeC has
associated the following propagate narrowing function:

(1) NFpropagate(<TR,...>) = <propagateTrajectory(TR f(S.1)),...> a

11.3.2 Link Narrowing Function

Whereas the propagate narrowing function reapplies the interval step method over some previously
validated time gap, the link narrowing function tries to validate (link) some time gap for which the
interval step method was never applied in either direction. As a consequence, besides the safe
elimination from the ODE trajectory of functions incompatible with the ODE constraint, the time gap
may become completely or partially validated (in this case, a new time point is inserted as described
earlier).

Figures 11.11 and 11.12 show the pseudocode of function /inkTrajectory and the auxiliary function
chooseUnlinkedGap which are quite similar in structure to functions propagateTrajectory and
choosePropagationGap, respectively.

function /inkTrajectory(an ODE trajectory TR, a vector function F(S,¢))

(1) if chooseUnlinkedGap(TR,t,t;) then return pruneGap(TR,F(S,{),t,t;); else return 7TR; end if;
end function

Figure 11.11 The definition of the /inkTrajectory function.

function chooseUnlinkedGap(an ODE trajectory TR=<TP,TG,TF,TB>, out F-numbers ¢, t;)
1) bestWl < +oo; bestW2 < +oo;
@ Lgaps < timeGaps(TR);
(3) repeat
@) [2pi--tpie1] <LGaps-pop_front();
) if TF(t,))=Unbound and TB(t,.+)=Unbound then

(6) wl « maxlgjgn(width(T Pi(tpi)); w2 < maxlgjsn(width(T Pi(tpi+1)))

@) if w2<wl then we—w2; w2 < wl; wl < w; d < backward, else d < forward; end if;
®) if wil <bestW1 or (wl = bestW1 and w2 < bestW?2) then

©) bestW1 «<wl; bestW2 < w2; direction <— d; T < [tyi..tpi+1];

(10) end if;

an end if;
(12) until Lg,ps.size()=0;
(13) if bestW1 = +oo then return false;
(14) if direction = forward then t; <left(7); t; < right(T); end if;
(5) if direction = backward then t; <—right(T); t; < left(T); end if;
(16) return frue;
end function
Figure 11.12 The definition of the chooseUnlinkedGap function.
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The main difference is that the time gap chosen by the function chooseUnlinkedGap must be some
unlinked gap (where no interval step method was ever applied in either direction). The goal of
function chooseUnlinkedGap is to pick the best time gap (starting point and direction: from # to %)
where to apply, for the first time, the interval step method. The chosen gap is that with the lowest
uncertainty on the current enclosures at the starting point 7P(#;) and ending point 7P(#) (line 6). The
direction is defined accordingly (line 7).

During the repeat cycle (line 3-11) where each non linked (ensured in line 5) time gap is considered,
whenever the smallest uncertainty w/ is smaller than any previously found (or equal but with the other
bound uncertainty w2 smaller) the best choice is updated (lines 8-10).

If at the end of the cycle no time gap was chosen, the function fails (line 13). Otherwise it updates
and # with the bounds of the chosen gap according to the defined direction (lines 14 and 15) and
succeeds (line 16).

The formal definition of the link narrowing function is based on function linkTrajectory to reduce
the uncertainty of ODE trajectory. As in the case of the propagate narrowing function, the first
argument is the current value of the ODE trajectory TR, and the second argument is an interval vector

function f{S,f), which defines the popg relation.

Definition 11.3.2-1 (Link Narrowing Function). Let CSDP P=(X,D,C) be defined as in 10.1-1 and
TR be the ODE trajectory representing the domain of xopg. The ODE constraint copge C has associated

the following link narrowing function:

(1) NFiink(<TR,...>) = < linkTrajectory(TR f(S,t)),...> d

11.3.3 Improve Narrowing Functions

When the whole ODE trajectory is completely validated through the application of the interval step
method at every time gap, the precision of the enclosures obtained for each time point agrees with the
error tolerances imposed on the method. However, even with accurate precision on the time point
enclosures, there are no guarantees about the quality of the enclosures associated with the time gaps
that represent the set of ODE solution functions. The reason is that the representation of the time gap
enclosures as intervals (rectangles in the two dimensional visualization) makes them unsuitable for an
accurate representation of the intermediate function values, in particular if the function is increasing or
decreasing (or both) along the time gap. To minimize this effect it is necessary to partition the time
gap into a set of smaller subintervals and compute the new enclosures associated with each one (if
some of these new enclosures is smaller than the original enclosure then the uncertainty around the
ODE trajectory is reduced).

All the narrowing functions responsible for reducing the domain of a restriction variable (except the
Value narrowing functions) depend on time gap enclosures of the ODE trajectory (see subsections
11.2.2 through 11.2.5). Therefore, by reducing such time gap enclosures, the restriction variable
domain may eventually be narrowed. This is the goal of an improve narrowing function, that is, to

reduce some time gap enclosure that may later trigger some other narrowing function associated with
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an ODE restriction and reduce the domain of a restriction variable. The reduction of the time gap
enclosure is achieved through the insertion of a new intermediate time point within the gap and the
subsequent application of the interval step method linking this point with its adjacent neighbours.

Within a CSDP there are several improve narrowing functions (one for each ODE restriction, except
Value restrictions) which, according to definition 4.1-1, are associated with the ODE constraint (in the
sense that the values discarded by such functions are those proved incompatible with the popg relation
through the reapplication of the interval step method).

In order to decide whether it is worth to improve the ODE trajectory enclosure with respect to some
ODE restriction and to choose the most adequate time gap some heuristic values are needed. In the
following we will use function heuristicValue to obtain such heuristics. This function, which has 3
input arguments, an ODE trajectory TR, an ODE restriction ¢ and an F-interval T, returns an heuristic
value for the domain of the restriction variable of ¢ that is expected when the segment of 7R included
in 7T is enclosed with maximum precision.

The rational for the implementation of such heuristic function is to consider an evaluation procedure
similar to the procedure used for pruning the domain of the restriction variable of ¢ from the ODE
trajectory 7R, which is applied on a changed trajectory 7R . This trajectory is identical to TR except on
the enclosures of the time gaps included in 7. Such enclosures are replaced with smaller enclosures
that are expected to be obtained when 7 is enclosed with maximum precision (above the lines
connecting the lower bounds and under the lines connecting the upper bounds of consecutive point
enclosures). A possible implementation of the heuristicValue function is exemplified in figure 11.13

for the case where the restriction ¢ is a Maximum restriction (other cases are similar).

function heuristicValue(an ODE trajectory TR, an ODE restriction ¢, an F-interval T)

1 if CEMaximumj,[tp o, ]](xi) then

) a < —0; b ¢ —x©;

3) LGaps < timeGaps[tpoutpl](TR);

4) repeat

(%) [tvi--tviﬂ] (_LGans-popﬁont();

(6) if [2,;..t,i1] < T then upper <— max(right(TR(t,:)),right(TR(t,i+1)));
) else upper < right(TR;([t,:..tyi+1])); end if;

®) lower <— max(left(TRi(t,)).left(TRi(tyi+1)));

) if upper > b then b < upper;

(10) if lower > a then a < lower;

an until Lg,ps.size()=0;
(12) end if;

(...) return [a..b];
end function

Figure 11.13 The definition of the heuristicValue function.

The only difference with respect to definition 11.2.2-1 is in lines 6-7. Whenever a gap lies within 7'
the computed maximum value is given by the maximum of the respective points upper bound instead

of the entire gap upper bound.
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Figure 11.14 shows the pseudocode of function improveTrajectory, used for the definition of the
improve narrowing function. It has 4 arguments, the first 2 are the ODE trajectory 7R and a vector
function F(S,?). The third and fourth arguments are an F-interval / and an ODE restriction ¢, where /
represents the current domain of the restriction variable of c. It returns the ODE trajectory 7R pruned
by the application of the interval step method for linking a new time point that is inserted within some
chosen time gap.

function improvelrajectory(an ODE trajectory TR, a vector function F(S,?),
an F-interval /, an ODE restriction c)
(1) if nmbPoints(TR) = MaxPoints then return 7TR;
@ Iy < heuristicValue(TR,c,[t..t1]);
3 A <= lefi(ln) — lefu(D);
@) Avign <= right(l) — right(ly);

(5) if A < € and A i < € then return 7R;
6) 1if chooselnsertionGap(TR,c,T) then
) t, < left(T); tx < Lcenter(T)J; t, < right(T);
®) TR < insertPoint(TR, T t);
©) TR < pruneGap(TR,F(S,t),t;,t);
(10) if TR # I then TR < pruneGap(TR,F(S,),t;,t); end if;
(1) end if;
(12) return 7TR;
end function

Figure 11.14 The definition of the improveTrajectory function.

Initially, the number of points considered in the ODE trajectory TR is checked. If it has already
reached its maximum value (MaxPoints), TR is returned unchanged (line 1).

Lines 2-5 subsequently check whether it is worth to improve the ODE trajectory enclosure with
respect to the ODE restriction ¢. The heuristicValue function (line 2) predicts the best possible
narrowing of the domain /;, of the restriction value that would be obtained if the whole ODE trajectory
enclosure were known with maximum precision. Then, this interval [, is compared with the current
domain / of the restriction variable. The improvement procedure is abandoned (line 5) if the maximum
predicted gain does not exceed some predefined threshold € in none of the bounds.

Otherwise, a time gap T is chosen by function chooselnsertionGap from the ODE trajectory (line 6),
and a new intermediate time point, the mid point of time gap 7 (line 7), is inserted (line 8), and linked
with its left bound (line 9). If the trajectory does not become empty, the time point is also linked to its
right bound (line 10).

Function chooselnsertionGap is illustrated in figure 11.15. Besides the ODE trajectory 7R, it has an
ODE restriction ¢ as input argument and outputs an F-interval T. If successful, T is updated with the
time gap from the ODE trajectory which, according to the heuristicValue function, would narrow the
most the domain of the restriction variable of c. It fails if any expected improvement on the ODE

trajectory uncertainty is not able to sufficiently narrow the restriction variable domain.
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function chooselnsertionGap(an ODE trajectory TR, an ODE restriction ¢, out an F-interval 7)
1) bestW <« 1; T« O;
@ I < heuristicValue(TR,c,D);
() Lgaps < timeGaps(TR);
(4) repeat
Q) G < Lgaps-pop_firont();
(6) if not isCanonical(G) then

@) I < heuristicValue(TR,c,G);
®) w <« width(Ig)/width(l);
©) if w < bestW then T < G; bestW < w; end if;

(10) end if;

(11) until Lg,ps.size()=0;

(12) if T'= O then return false; else return true; end if;
end function

Figure 11.15 The definition of the choosePropagationGap function.

The value / for the restriction variable domain, that may be obtained from the ODE trajectory without
any further information, is computed by the heuristicValue function with the empty set as third
argument (line 2). The heuristic value /g for the restriction variable domain, obtained from the ODE
trajectory when considering the best predicted enclosure for some time gap G, is computed by the
heuristicValue function with the interval G as third argument (line 7). Since the heuristic value /g must
be included within the current value /, a measure for the best predicted narrowing associated with G is
given by the ratio between the widths of /g and [ (line 8). Analysing all the non canonical time gaps
(line 6) within a repeat cycle (lines 4-11), the gap that minimises such ratio is chosen to update the
output variable 7.

The formal definition of an improve narrowing function regarding an ODE restriction c is based on
function improveTrajectory where the first argument is the current value of the ODE trajectory TR, the
second argument is the interval vector function f{S,?), the third argument is the current domain /; of the

constraint variable and the fourth argument is the ODE restriction c,.

Definition 11.3.3-1 (Improve Narrowing Functions). Let CSDP P=(X,D,C) be defined as in 10.1-1,
TR be the ODE trajectory representing the domain of xopg and /; be the domain of x;. For each non
Value ODE restriction ¢,=(<xopg,Xi>,0,)€C the ODE constraint copgeC has associated the following

improve narrowing function:

(1) NFimprove(c (<TR, .. .. Li,...>) = <improveTrajectory(TR,F(S,t),1;,c,),.. .. L, ..> a

11.4 The Constraint Propagation Algorithm for CSDPs

The constraint propagation algorithm for pruning the domains of the CSDP variables is derived from
the generic propagation algorithm for pruning the domains of the variables of a CCSP (see function
prune, illustrated in figure 4.1).

Since there are no guarantees of monotonicity for the narrowing functions associated with the
CSDP constraints, the order of their application may be crucial, not only for the efficiency of the
propagation but also for the pruning achieved.
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The strategy followed by the algorithm is to propagate as soon as possible any information related
with the restriction variables and delay as much as possible the application of the narrowing functions
for reducing the ODE trajectory uncertainty. The reason is that whereas the former are easy to deal
with and may provide fast domain pruning, the latter may be computationally more expensive as they
require the application of the interval step method.

Among the narrowing functions for the ODE trajectory uncertainty, the selection criterion favours
the propagate narrowing function for spreading as soon as possible any domain reduction achieved by
any other narrowing function. Moreover, since it does not make sense to try to improve an ODE
trajectory that is not completely validated, the link narrowing function is always preferred to any of
the improve narrowing functions.

Figure 11.16 shows the constraint propagation algorithm for CSDPs represented by function
pruneCSDP. The first argument Q is a set of narrowing functions composed of all the narrowing
functions associated with the constraints of the CSDP (see subsections 11.2 and 11.3). The second
argument A is an element of the domains lattice representing the original variable domains (before
applying the propagation algorithm). The result is a smaller (or equal) element of the domains lattice.

function pruneCSDP(a set Q of narrowing functions, an element 4 of the domains lattice)
(1) O, <« {NF € Q: NF is a propagate, link or improve narrowing function}; O, < O\ Os;
@ S« D;8%«T;
3) while O, U 0, # D do

4 if O, # @ then choose NF € Oy;
®)) else if NFopagate € 0> then NF <— NFopagate;

(6) else if NFjinx € Q2 then NF <« NFlink;
@) else choose NF' € O;
®) end if;

©) A’ <« NF(4) ;
(10) if 4’ = J then return & ;
(11 P« { NF’ € Si: 3ycRelevanty, A[x]1 #4[x] } ;
(12) Py < { NF’ € 83! Iy cRelevanty, A[x]1 #4[x] } ;
13y Q1< OQ1VUP S« Si\Pr;
(14) O, QUP,; S« SH\Py;
(15) if NF € Q; then Q; < 01\ {NF} ; S; < S1 U {NF};
(16) else if A’ = A4 then O, < O, \ {NF} ; S, < S, U {NF};
17) end if;
(18) A<+ A’
(19) end while
(20) return 4 ;

end function

Figure 11.16 The constraint propagation algorithm for CSDPs.

The structure of the algorithm is identical to the constraint propagation algorithm described in chapter
4. The main difference is that the set O of narrowing functions is subdivided into two sets, O
containing all the narrowing functions associated with the ODE constraint and Q; containing the
remainder (line 1). Similarly, two different sets, S| associated with O, and S, with Q,, are maintained

to keep track of the narrowing functions for which A4 is a fixed-point (lines 2,11-16). The selection
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criterion (line 4-8) only chooses a narrowing function from Q, if Q; is empty. In this case, it tries first
the propagate narrowing function (line 5), then the link narrowing function (line 6), and only as a last
option chooses it some improve narrowing function (line 7). After applying some narrowing function
NF from Q) it is assumed that the obtained element 4’ is a fixed-point of NF since all the narrowing
functions of Q; are necessarily idempotent (line 15). Such assumption is not made for the narrowing
functions of O, and so, it must be verified if the new element 4’ is equal to the previous element 4
(line 16).

The algorithm is correct and terminates. The correctness of the algorithm derives from the
correctness of each narrowing function as proved in the case of the constraint propagation algorithm
for CCSPs. The termination of the algorithm is only guaranteed by the imposition of a maximum
number of points (MaxPoints) to consider for the ODE trajectory and can be proved by contradiction.
Suppose that the algorithm does not terminate. Then, there are always some narrowing functions for
which the current element A4 is not a fixed-point. If no new point is introduced in the ODE trajectory
TR (only the link and improve narrowing functions may insert new points in 7R) then the number of
applications of the narrowing functions must be finite. This is justified because, in this case, either the
current element 4 is a fixed-point of a narrowing function (and it is not applied) or its application will
narrow some F-interval domain in the representation of 4. Without considering new points, such
representation is always the same finite set of F-intervals, whose lattice is finite and, as in the CCSP
case, the process of obtaining a smaller element will necessary stop. So, the termination of the
algorithm is only problematic if new points are inserted in the ODE trajectory 7R. However the
maximum number of points is limited to MaxPoints since, when this number is reached, both the link
and the improve narrowing functions do not insert new points. Consequently, if the algorithm did not
terminate before, then after reaching the maximum number of points no new point can be further
introduced and, as proved above, the number of additional applications of the narrowing functions

must be finite and the algorithm terminates.

The goal of a solving procedure for a CSDP is to prune as much as possible the initial domains of the
restriction variables /,...,/,. This goal is achieved through function pruneCSDP with the ODE
trajectory TR previously initialised by function initializeTrajectory (as described in section 11.2). This
is illustrated in figure 11.17 in the pseudocode of function so/veCSDP. From the initial domains of the
restriction variables 1y,...,I, it either returns the empty set, or narrows them further through the
constraint propagation algorithm for CSDPs.
function solveCSDP(<I,,...,[>)

(1) TR <« initializeTrajectory();

@ A <« pruneCSDP(Q,< TR.I,,...,I;>);

3) if A = then return J;

@ ifA=<TR’ I ,...,I,> then return <[, ’,....[,>;
end function

Figure 11.17 The solving function associated with an CSDP.
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11.5 Summary

In this chapter a procedure was described for solving a CSDP based on constraint propagation over a
set of narrowing functions associated with the CSDP. An ODE trajectory was defined and represents
an enclosure of the ODE solution set. All the narrowing functions, either for enforcing the ODE
restrictions or for reducing the uncertainty of the ODE trajectory, were fully characterised. In the next
chapter the extended interval constraints framework is used for solving several problems in different

biomedical domains.
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Chapter 12

Biomedical Decision Support with ODEs

Biomedical models provide a representation of the functioning of living organisms, making it possible
to reason about them and eventually to take decisions about their state or adequate actions regarding
some intended goals. Parametric differential equations are general and expressive mathematical means
to model systems dynamics, and are suitable to express the deep modelling of many biophysical
systems. Notwithstanding its expressive power, reasoning with such models may be quite difficult,
given their complexity.

Analytical solutions are available only for the simplest models. Alternative numerical simulations
require precise numerical values for the parameters involved, which are usually impossible to gather
given the uncertainty on available data. This may be an important drawback since, given the usual
non-linearity of the models, small differences on the input parameters may cause important differences
on the output produced.

To overcome this limitation, Monte Carlo methods rely on a large number of simulations, that may
be used to estimate the likelihood of the different options under study. However, they cannot provide
safe conclusions regarding these options, given the various sources of errors that they suffer from,
both input precision errors and round-of errors accumulated in the simulations.

In contrast with such methods, constraint reasoning assumes the uncertainty of numerical variables
within given bounds and propagates such knowledge through a network of constraints on these
variables, in order to decrease the underlying uncertainty. To be effective it must rely on advanced
safe methods so that uncertainty is sufficiently bound as to be possible to make safe decisions.

The extended CCSP framework offers an alternative approach for modelling system dynamics with
uncertain data as a set of constraints and provides reliable reasoning methods for supporting safe
decisions. In this chapter, the expressive power of the extended CCSP framework is illustrated for
decision support in several examples from biomedicine: diagnosis of diabetes (section 12.1), tuning of

drug design (section 12.2) and epidemic studies (section 12.3).
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12.1 A Differential Model for Diagnosing Diabetes

Diabetes mellitus prevents the body from metabolising glucose due to an insufficient supply of insulin.
A glucose tolerance test (GTT) is frequently used for diagnosing diabetes. The patient ingests a large
dose of glucose after an overnight fast and in the subsequent hours, several blood tests are made. From
the evolution of the glucose concentration a diagnosis is made by the physicians.

Ackerman and al [AGR69] proposed a well-known model for the blood glucose regulatory system
during a GTT, with the following parametric differential equations:

d dh
LD g~ pah(o L0 — - pih()+ pag(®

where g is the deviation of the glucose blood concentration from its fasting level;
h is the deviation of the insulin blood concentration from its fasting level;

P1, P2, p3 and py are positive, patient dependent, parameters.

Let =0 be the instant immediately after the absorption of a large dose of glucose, go, when the
deviation of insulin from the fasting level is still negligible. According to the model, the evolution of
glucose and insulin blood concentrations is described by the trajectory of the above ODE system, with
initial values g(0)=go and /4(0)=0, and depends on the parameter values p; to ps.

Figure 12.1 shows the evolution of the glucose concentration for two patients with a glucose fasting
level concentration of 110 mg glucose/100 ml blood. Immediately after the ingestion of an initial dose
of glucose, the glucose concentration increases to 190 (i.e. gop = 190-110 = 80). The different

trajectories are due to different parameters.

210 -
175 In case A (thick line), typical
140 4 normal values were used:

1=0.0044  p,=0.04
2:=0.0045  p,;=0.03

105 -
70 A
35 -
0

glucose (mg/100ml)

In case B (thin line), parameters p,

; ; ; ; ; ; ; ; and p, were reduced:
0 60 120 180 240 300 360 420 480 =0.03 ,=0.015

time (minutes)

Figure 12.1 Evolution of the blood glucose concentration.

The general behaviour of the glucose trajectory (and insulin trajectory as well) oscillates around, and
eventually converges to, the fasting concentration level. The natural period T of such trajectory is
2r

NP1P3 T P2Py

A criterion used for diagnosing diabetes is based on the natural period 7, which is increased in

given (in minutes) by: T =

diabetic patients. It is generally accepted that a value for 7 higher than 4 hours is an indicator of
diabetes, otherwise normalcy is concluded.
We next show how the extended CCSP framework can be used to support the diagnosis of diabetes,

possibly interrupting the sequence of blood tests if a safe decision can be made.
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12.1.1 Representing the Model and its Constraints with an Extended CCSP
The decision problem regarding the diagnosis of diabetes may be modelled by an extended CCSP with
a CSDP constraint and a numerical constraint.

The CSDP constraint relates the evolution of the glucose and insulin concentrations with the
trajectory values obtained through the blood tests. It is associated with the following ODE system S
based on the original system of differential equations but with the parameters included as new

components with null derivatives:

si(t) = —s3(t)s(t) — 54(2)s,(2)

S=955(t) = —55(t)s,(2) +56(2)s,(2) where  s1=g, $:=h, 5351, $45p2, $55p3, S6=pa,
s5(1) = s3(0) = s5(2) = 56(1) = 0

If n blood tests were made at times #,...,t,, the constraint is defined by CSDP Ps,, which includes
the ODE constraint enforcing the trajectories to satisfy ODE system S between =0.0 and =t,, together
with Value restrictions representing each known trajectory component value. Variables g, 4, p1, p2, Ps

and p,, are the initial values and variables g,;,...,g, the glucose values at times #,...,,.

CSDP Ps,=(X,,D,,C,) where:
Xo=<Xope, &o» ho, P, P2 D3 Pa &useer &>
Dn = <DODE, Dgg, Dho, Dpl, Dpz, Dp3, Dp4, Dgﬂ, ceey ng >
Ch={ ODEs (00 .m(xopE), Value, o00(go), Value, o(ho),
Values oo(p1), Values oo(p2), Values oo(ps), Values oo(pa),
Value; u(gu) »-.-., Value; w(gw) }
The numerical constraint is a simple equation relating the natural period with the ODE parameters

according to its defining expression. With # blood tests performed, the resulting extended CCSP is:

CSDP P,=(X,D,C) where:

X=< g, ho, pi, P» D3 Pt 8Gis-s 8 1>
D =< Dgy, Dhy, Dp1, Dp,, Dps, Dpa, Dgy, ..., Dgn, DT>

C={ Psu(go, ho, p1, P2, P3, P4s Gt 5+ - -5 &n)> T = 2T/sqri(p1p3tpaps) §
Here and in the remainder of this chapter we will use the following denotation: if a CSDP constraint is
defined by the CSDP P=(<xopg,X1,. . . Xx><Dopg,Dx1,...,Dx,>,C) then it will be referred in an extended
CCSP as P (<x’y,...,x '>) where x1,...,x ", are the CCSP variables that are shared by the CSDP.

12.1.2 Using the Extended CCSP for Diagnosing Diabetes
By solving the extended CCSP P, with the initial variable domains set up to the available information,
the natural period 7 will be safely bounded, and a guaranteed diagnosis can be made if T is clearly
above or below the threshold of 240 minutes.

In the following we assume that the acceptable bounds for the parameter values are 50%
above/below the typical normal values (p;=0.0044, p,=0.04, p;=0.0045, p,=0.03) and study two

different patients, A and B, whose observed values agree with Figure 12.1.
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The first blood test on patient A, performed 1 hour after the glucose ingestion, indicates a glucose
deviation from the fasting level concentration of —29.8 (an error of £0.05 is always considered with
regard to the precision of the measuring process).

The extended CCSP P; (with a single blood test) is solved by enforcing Global Hull-consistency on
the following initial variable domains:

Dp,=[0.0022..0.0066], Dp,=[0.0200..0.0600], Dp;=[0.0022..0.0068], Dp4=[0.0150..0.0450],
Dgy=[80.0], Dh¢=[0.0], Dgs=[-29.85.-29.75], DT=[-0..+x0]
Table 12.1 shows results for T obtained after 10, 30 and 60 minutes of CPU execution time! (with

107 precision).

Table 12.1 Narrowing results obtained for patient 4 from the information of the first blood test.

10 minutes 30 minutes 60 minutes
| T [140.5..233.3] | [149.6..213.9] | [154.9..206.0]

After 10 minutes of CPU time (in fact after 7 minutes), the natural period is proved to be smaller than
240 minutes and a normal diagnosis can be guaranteed with no need of further examinations. When
the next blood test were due, 60 minutes later, 7 was proved to be under 206, much less than the
threshold for diagnosing diabetes.

In patient B, the observed glucose deviation at the same first blood examination is 17.9. The initial
domains for the variables of P; are thus the same of the previous case, except for the observed glucose
value Dgq=[17.85.. 17.95].

Enforcing Global Hull-consistency on P; with such information alone, no safe diagnosis can be
attained before the next blood test (1 hour later). After 60 minutes of CPU time, T was proved to be
within [236.4..327.9] and both diagnoses, normal or diabetic, are still possible, though diabetes is quite
likely. Further information is required, and a second test is performed, indicating a glucose
concentration of -38.9. The extended CCSP P, (two blood tests) is solved with the initial domains:

Dgg=[17.85..17.95], Dg15=[-38.95..-38.85], DT=[236.4..327.9]

In less than 20 minutes, 7 was proved to be above 240. One hour later, when the next examination
would be due, T is clearly above such threshold (7€[245.0..323.8]), and the patient is safely diagnosed
as diabetic, requiring no further blood tests.

Note the importance of using a strong consistency requirement such as Global Hull-consistency.
Table 12.2 presents the narrowing results, for patient 4 and B, obtained by enforcing Global
Hull-consistency, together with those obtained by other strong consistency requirements such as 3B-
and 4B-consistency (all with 10 precision). Each row shows the narrowing of T domain achieved by
considering the number of blood tests specified in the first column, when the next blood examination

is due.
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Table 12.2 Narrowing of 7 domain achieved by enforcing 3B-, 4B- and Global Hull-consistency.

tests 3B 4B Global Hull tests 3B 4B Global Hull
1 |[126.4..257.7]|[144.8..222.0]|[154.9..206.0] 1 |[191.2..344.9]|[211.8..340.7]|[236.4..327.9]
2 [[126.4..257.5] — — 2 [[192.6..344.9]([228.9..340.7] | [245.0..323.8]
3 [[126.4..257.5] — — 3 [[192.6..344.9]|[232.1..339.9] —

Patient A Patient B

Clearly, if 3B-consistency is enforced, the results obtained are insufficient to make any safe decision.
In fact, for both patients, even after the 3" blood examination, no safe diagnosis can be made since, in
either cases, the interval obtained for the 7 domain contains the diagnosis threshold of 240 minutes.
Enforcing 4B-consistency (stronger than 3B-consistency) patient 4 can be safely diagnosed with the
information of the first examination alone, requiring no further blood tests. For this patient case, and
comparing with the Global Hull-consistency results, the reduction of the 7 domain is about 3 times
slower (only after 23 minutes can it be proved that the value of T is under 240) and 50% wider, but a
safe diagnosis still can be made. However, in the case of patient B, the pruning achieved (with T
domain about 40% wider than when enforcing Global Hull-consistency) is again insufficient to make a

safe diagnosis in time for avoiding further blood examinations.

12.2 A Differential Model for Drug Design

Pharmacokinetics studies the time course of drug concentrations in the body, how they move around it
and how quickly this movement occurs. Oral drug administration is a widespread method for the
delivery of therapeutic drugs to the blood stream. This section is based on the following two-
compartment model of the oral ingestion/gastro-intestinal absorption process (see [Spi92] and

[YSHO96] for details):

() dy(1)
> ==pyx()+D() y

= p1x()— poy(0)

where x is the concentration of the drug in the gastro-intestinal tract;
v is the concentration of the drug in the blood stream;

D is the drug intake regimen; p; and p, are positive parameters.

The model considers two compartments, the gastro-intestinal tract and the blood stream. The drug
enters the gastro-intestinal tract according to a drug intake regimen, described as a function of time
D(?). It is then absorbed into the blood stream at a rate, p;, proportional to its gastro-intestinal
concentration and independently from its blood concentration. The drug is removed from the blood
through a metabolic process at a rate, p,, proportional to its concentration there.

The drug intake regimen D(f) depends on several factors related with the production of the drug by

the pharmaceutical company. We assume that the drug is taken on a periodic basis (every six hours),

! The tests of this chapter were all performed on a Pentium III with 128MBytes RAM running at 500MHz. The CPU
execution times were divided by a factor of 3 to provide more realistic real time results that can be easily obtained by
up-to-date computer configurations.
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providing a unit dosage that is uniformly dissolved into the gastro-intestinal tract during the first half
hour. Consequently, for each period of six hours the intake regimen is defined as:

2 if0.0<t<05
D(1) =
0 if0.5<¢<6.0
The effect of the intake regimen on the concentrations of the drug in the blood stream during the
administration period is determined by the absorption and metabolic parameters, p; and p;.
Maintaining the above intake regimen, the solution of the ODE system asymptotically converges to a

six hours periodic trajectory called the limit cycle, shown in figure 12.2 for specific values of the ODE

parameters.
! 15
e x(0) L Y
0 ‘ ‘ ‘ ‘ ‘ 1 054 ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 0 1 2 3 4 5 6
t t

Figure 12.2 The periodic limit cycle with p;=1.2 and p,=In(2)/5.

In designing a drug, it is necessary to adjust the ODE parameters to guarantee that the drug
concentrations are effective, but causing no significant side effects. In general, it is sufficient to
guarantee some constraints on the concentrations over a limit cycle.

One constraint is to keep the drug concentration at the blood within predefined bounds, namely to
prevent its maximum value (the Peak Concentration) to exceed a threshold associated with a side
effect. Other constraint imposes bounds on the area under the curve of the drug blood concentration
(known as AUC) guaranteeing that the accumulated dosage is high enough to be effective. Finally,
bounding the total time that such concentration remains above or under some threshold is an additional
requirement for controlling drug concentration during the limit cycle. Figure 12.3 shows maximum,

minimum, area (> 1.0) and time (>1.1) values for the limit cycle of figure 12.2.

a0

\MR

maximum

T I T T A

minimum -

L

I I
time (>1.1)

Figure 12.3 Maximum, minimum, area and time values at the limit cycle (p;=1.2 and p,=In(2)/5).

We show below how the extended CCSP framework can be used for supporting the drug design
process. We will focus on the absorption parameter, p;, which may be adjusted by appropriate time

release mechanisms (the metabolic parameter p,, tends to be characteristic of the drug itself and cannot
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be easily modified). The tuning of p; should satisfy the following requirements on the drug
concentration in the blood during the limit cycle, namely:

(1) Its “instantaneous” value bounded between 0.8 and 1.5;

(ii) Its area under the curve (and above 1.0) bounded between 1.2 and 1.3;

(ii1) Its value above 1.1 should not last more than 4 hours.

12.2.1 Representing the Model and its Constraints with an Extended CCSP
The expressive power of the extended CCSP framework allows its use for representing the limit cycle
and the different requirements illustrated in figure 12.3. Due to the intake regimen definition D(%), the
ODE system has a discontinuity at time /=0.5, and is represented by two CSDP constraints, Ps; and
Ps,, in sequence.

The first, Ps;, ranges from the beginning of the limit cycle (=0.0) to time /=0.5, and a second Ps,, is
associated to the remaining trajectory of the limit cycle (until £=6.0). S1 and S2 are the corresponding
ODE systems, where p; and p, are included as new components with null derivatives and the intake

regimen D(¢) is a constant:

sit) = —s3(0)s (1) +2 si(t) = —s3()s,(0)
Sl=1s55(0) = s3(0)s,(2) = 54(2)s,(2) §2=155() = 53(0)8,(2) = 54(2)s,(1)
5= s4(1)=0 ()= s4(1)=0

The CSDP constraints for Pg; are defined as shown below (Ps; is similar). Besides the ODE constraint,
Value, Maximum, Minimum, Area and Time restrictions associate variables with different trajectory
properties relevant in this problem. Variables X, Vinit, 1 and p, are the initial trajectory values, and
Xrn and yg, are the final trajectory values of the 1* and 2™ components. Variables yy.x and yy, are the
maximum and minimum trajectory values of the 2" component (drug concentration in the blood
stream) for this period. Variables y, and y, denote the area above 1.0 and the time above 1.1 of the 2™
component in this same period.

CSDP Pg, = (X1,D1,C)) where:
X1=<XopE, Xinits Vinits P1» P2 Xfin, Vn» Vmaxs  Vmins Var Vi
D1=<Dopg, DXinit» DYinits Dp1, Dp2, DxXtiny DYfin, DYmaxs DYmin, Dyay Dye>
C= { ODESl, [0.0 .. 0.5](X0DE),
Value, o.o(Xini), Values o0(Vinir), Values oo(p1), Values 0.0(p2),
Value o5(xsn), Values o5(van),
Maximumy, (0. ..0.5)(Vmax), Minimumy, 0...0.5)Vmin),
Area,, [0.0..0.5], zl.o(Ya), Time, ,[0.0..0.5] ,21.1()4)}

The extended CCSP P connects the two ODE segments in sequence by assigning the same variables
Xos and yys to both the final values of Pg; and the initial values of Pg, (parameters p; and p, are shared
by both constraints). Moreover, the 6 hours period is guaranteed by the assignment of the same
variables xy and y, to both the initial values of Pg; and the final values of Ps,. Besides considering all
the restriction variables (Jmax....,1) of each ODE segment, new variables for the whole trajectory yae,

and yume sum the values in each segment.

199



BIOMEDICAL DECISION SUPPORT WITH ODES

CCSP P=(X,D,C) where:

X=< X0, Yo, P, P2 X5 Y05» Vmaxls Vmax2s Vminl> Vmin2s Vals Va2> Vareas Vils V2> Viime™
D = <Dx,Dyo,Dp1,Dp2,Dx05,0Y05,DVmax1, DY max2,DY min 1,0V min2,DYa1,DV a2, DY area, DYVi1,DY 2,V time™
C={ Psi(xo, Yo, P1s P2, X055 Y05, Vmaxl, yminl,yal,yﬂ),

P sz(xos,yos,pl,]?z, X0, Y0, Vmax2, Vmin2, Va2, ytz),

Yarea = Ya1 T Va2, Vime =Yut Yo}

12.2.2 Using the Extended CCSP for Parameter Tuning
The tuning of drug design may be supported by solving P with the appropriate set of initial domains
for its variables. We will assume p, to be fixed to a five-hour half live (Dp,=[/n(2)/5]) and p; to be
adjustable up to about ten-minutes half live (Dp;=[0..4]). The initial value x,, always very small, is
safely bounded in interval Dx,=[0.0..0.5].

The assumptions about the parameter ranges together with the bounds imposed by the above
requirements justify the following initial domains for the variables of P (all the remaining variable

domains are unbounded):

Dxe= [0.0..0.5], Dy, = [0.8..15], Dp, = [0.0 .. 4.0], Dp, = [In(2)/5],
Dymaxi=[0.8 .. 1.5], Dymao=[0.8 .. 1.5], Dymini=[0.8 .. 1.5], Dymin2 = [0.8..1.5],
Dyue=1[1.2 .. 1.3], Dyiime=[0.0 .. 4.0]

Solving the extended CCSP P (enforcing Global Hull-consistency), with a precision of 107,
narrows the original p; interval to [1.191..1.543] in less than 3 minutes. Hence, for p; outside this
interval the set of requirements cannot be satisfied.

This may help to adjust p, but offers no guarantees on specific choices within the obtained interval.
For instance, the two extreme canonical solutions for py, [1.191.. 1.192] and [1.542..1.543], contain no
real solution, since when solving the problem with a higher precision (10° - which took about 18
minutes of CPU time), the domain of p; is narrowed to [1.209233..1.474630] that does not include the
above canonical solutions (obtained with the lower 107 precision).

Nevertheless, using CCSP P with different initial domains, may produce guaranteed results for
particular choices of the p; parameter values. For example, for p;€[1.3..1.4] (an acceptable uncertainty

in the manufacturing process), and the following initial domains (the remaining are unbounded):

Dx(=[0.0..0.5], Dyy=[0.8..1.5], Dp,=[1.3..1.4], Dp,=[In(2)/5]
Global Hull-consistency on P (with 107 precision) narrows the following, initially unbounded,
domains to:

Ymin1 €[0.881..0.891], Ymax1 €[1.090..1.102], YVarea€[1.282..1.300],

Ymin2€[0.884..0.894], Vmax2 €[1.447..1.462], Vime€[3.908..3.967].

Notwithstanding the uncertainty, these results do prove that with p; within [1.3..1.4], all limit cycle
requirements are safely guaranteed (the obtained bounds are well within the requirements). Moreover,
they offer some insight on the requirements showing, for instance, the area requirement to be the most

critical constraint.
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The above bounds were obtained in about 13 minutes. However, faster results may be obtained if
the goal is simply to check whether the requirements are met. Since Global Hull-consistency is
enforced by an any time algorithm, its execution may be interrupted as soon as the requirements are
satisfied (10 minutes in this case).

A Dbetter approach in this case would be to prove that the CCSP P with the initial domains
Dxy=[0.0..0.5], Dyy=[0.8..1.5], Dp,=[1.3..1.4] and Dp,=[In(2)/5] together with each of the following
domains cannot contain any solution (again, the remaining domains are kept unbound):

Dymaa=[1.5..40],  Dymaxo=[1.5.40],  Dymin=[-0..0.8], Dymin=[—0..0.8],

Dygrea=[1.3..400], Dygres=[—0..1.2], Dyiime=[4.0..400].

By independently proving that no solutions exist for the above 7 problems, which cover all non
satisfying possibilities, it is proved that all the requirements are necessarily satisfied. This was
achieved in less than 5 minutes.

Again the requirement of a strong consistency is important for obtaining good pruning results. A
possible alternative would be to enforce 3B-consistency. In this case, the initial domain of parameter
p1 would be narrowed from [0..4] to [1.158..1.577] which is 20% wider than the obtained with Global
Hull-consistency, but could be obtained faster (in about 1 minute and half). Despite providing the
same p; domain reduction, 4B-consistency is not a good alternative for Global Hull-consistency since

it is 4 times slower (about 14 minutes of CPU execution time).

12.3 The SIR Model of Epidemics

The time development of epidemics is the subject of many mathematical models that have been
proved useful for the understanding and control of infectious diseases. The SIR model [Mur91] is a
well known model of epidemics which divides a population into three classes of individuals and is
based of the following parametric ODE system:

ABO s % = rS(6)1(1) — al (¢) % =al (1)

where § are the susceptibles - individuals who can catch the disease;
I are the infectives - individuals who have the disease and can transmit it;
R are the removed - individuals who had the disease and are immune or died;

rand a are positive parameters.

The model assumes that the total population N is constant (N=S(¢)+1(f)+R(¢)) and the incubation period
is negligible. Parameter  accounts for the efficiency of the disease transmission (proportional to the
frequency of contacts between susceptibles and infectives). Parameter ¢ measures the recovery
(removing) rate from the infection.

Important questions in epidemic situations are: whether the infection will spread or not; what will
be the maximum number of infectives; when will it start to decline; when will it ends; and how many

people will catch the disease.
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Figure 12.4 shows the number of susceptibles, infectives and removed as a function of time, as
predicted by the SIR model with S(0)=762, /(0)=1, R(0)=0, 7=0.00218 and a=0.44. In this case, the
infection will spread up to a maximum number of infected of about 294 individuals (i), starting to

decline after 6.5 days (#nax), ending after 22.2 days (%.,q) and affecting a total of 744 individuals (7enq).

800 - S(f) R(?)

Vend

600 -

Population 400 -

imax

0 1 T T T T T T 1 T T 1
tmax teﬂ
0 2 4 6 8 10 12 14 16 18 20 22 54
t

Figure 12.4 SIR model predictions with S(0)=762, I(0)=1, R(0)=0, r=0.00218 and a=0.44036.

Frequently, there is information available about the spread of a disease on a particular population. This
is usually gathered as series of time-infectives (#,/;) or time-removed (#,R;) data points together with
the values (¢,50), (fo,lo) or (#o,Ro) that initiated the epidemics on the population. An important problem
is to predict the behaviour of a similar disease (with similar parameter values) when occurring in a
different environment, namely with a different population size or a different number of initial
infectives.

The following study is based on data reported in the British Medical Journal (4™ March 1978) from
an influenza epidemic that occurred in an English boarding school (taken from [Mur91]): a single boy
(from a total population of 763) initiated the epidemics and the evolution of the number of infectives,

available daily, from day 3 to day 14, is shown in table 12.3.

Table 12.3 Infectives reported during an epidemics in an English boarding school.

t 0 3 4 5 6 7 8 9 10 11 12 13 14
1 1 22 78 | 222 | 300 | 256 | 233 | 189 | 128 | 72 28 11 6

The goal of our study is to predict what would happen if a similar disease occurs in a different place,
say a small town with a population of about 10000 individuals. Moreover, if there is a vaccine to that
disease, what would be the vaccination rate necessary to guarantee that the maximum number of

infectives never exceeds some predefined threshold, for example, half of the total population.

12.3.1 Using the Extended CCSP for Predicting the Epidemic Behaviour

The first step for solving the above problem is to characterize an epidemic disease which is similar to
the one reported in the boarding school. The classical approach would be to perform a numerical best

fit approximation to compute the parameter values »’and a’ that minimize the residual:
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m

Z([(t/)_[t/)z

Jj=1

where Itl,...,ltm are the infectives observed at times #,,...,ty, and 1(¢),...,I(¢,) their respective values
predicted by the SIR model with »=r’ and a=a’. In [Mur91] this method is used to compute 7=0.00218
and a=0.44036 with a residual of about 4221 (figure 12.4 shows the best fit solution).

However, generating a single value for each parameter does not capture the essence of the problem
which is not to determine the most similar disease but rather to reason with a set of similar enough
diseases. Moreover such approach does not provide any sensitive analysis about the quality of the data
fitting, namely on the effects of small changes on the parameter values.

An alternative, possible in a constraints framework, is to relax the imposition of the “best” fit and
merely impose a “good” fit. This can be achieved either by considering acceptable errors & for each
observed data and computing ranges for the parameters such that the distance between the model
predictions and the observed data does not exceed these errors or by imposing some upper bound on
the residual value (or any other measure of the unfitness of the model).

Either the first approach, known as the data driven inverse problem, or the second approach,
denoted here as the maximum residual problem, cannot be solved by classical constraint approaches
since the epidemic model has no analytical solution form.

However, both problems can be represented as extended CCSPs, P, and P,, respectively, which
include a CSDP constraint Ps, representing the evolution of the susceptibles and infectives during the
reported period of time (the first 14 days). The associated ODE system S is composed by the first two
components of the SIR model together with two extra components with null derivatives for
representing the parameters?:

si(t) = —0.0Ls3()s,(2)s,(?)
S={s5(0)= 0.01s5(0)s;(1)s5(0) — 54 (D)5 (1)
s3() = s3(0)=0

CSDP Pg contains several Value restrictions for associating variables with: the initial values of the
susceptible (s¢) and infective (iy); the parameter values (» and a); and the values of the infective at
times 3,...,14 (@,...,i14).

CSDP Ps= (X,D,C) where:
X=< XODE> S0, iOa r, a, i3: ceey i14 >
D=< DODE, DS(), Di(), DI", Da, Di3, cees Di14 >
C={ ODEg, [0.0 .. 14A0](xODE):

Value, o0(s0), Valuey .0(io), Values oo(r), Values oo(a),
Valu6273,0(i3), veey Value; 14,0(1'14) }

The extended CCSP P;, which represents the data driven inverse problem, contains a single

constraint defined as CSDP Ps. The extended CCSP P,, which represents the maximum residual

2 In the equations » is multiplied by 0.01 re-scaling it to the interval [0..1] (its best fit value 0.00218 is re-scaled to 0.218).
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problem, besides CSDP constraint Ps, contains also a numerical constraint defining the residual (R)

from the variables is,...,i14 and the observed values (represented as constants £s,...,k14).

CCSP P=(X,,D,,C}) where: CCSP Py=(X>,D,,C,) where:
X1:< S0, i(), r, a, i3,..., i14> X2:< S0, i(), r, a, i3,..., i14, R>
D1:< DS(), Dio, DI", Da, Di3,..., Di14> D2:< DS(), Dio, D}", Da, Di3,..., Di14, DR >
C\={ Ps(so, io, 7, @, Iz,..., 14) } Co={ P(s0, iv, 7 @, i3,..., 114), R = Z(ii—k;)" }

Assuming very wide initial parameter ranges (Dr=Da=[0..1]), the “good” fit requirement can now
be enforced by solving either P, or P, with appropriate initial domains for the remaining variables
(the values of the susceptible and infective are initialized accordingly to the report, Dsy=[762] and
Diy=[1]). In the case of P;, each Di; should be initialized with the interval [ch—qj..rkjﬂ:j—|] (for
example with =30). In the case of P,, all Dj; are kept unbounded, but the residual initial domain DR
must be upper bounded (for example with DR=[0..4800]).

Enforcing Global Hull-consistency (with precision 10°°) on P, with &=30, the parameter ranges are
narrowed from [0..1] to r€[0.214..0.222] and a€[0.425..0.466] in about 50 minutes. Identical
narrowing would be obtained by enforcing Global Hull-consistency (with precision 10°) on P, with
DR=[0..4800]: €[0.213..0.224] and a<[0.423..0.468].

As in the case of the preceding problems, the enforcing of less strong consistency requirements such
as 3B- or 4B-consistency is not a good alternative. For example, enforcing 3B-consistency on P; the r
domain is only reduced to [0.143..0.495] (43 times wider than with Global Hull-consistency) and the
domain of a cannot be pruned at all. Enforcing 4B-consistency on P; the domains reduction is similar
to the obtained with Global Hull-consistency, but the execution time is much slower (the execution

was interrupted after 5 hours of CPU time).

Once obtained the parameter ranges that may be considered acceptable to characterize epidemic
diseases similar to the one observed, the next step is to use them for making predictions in the new
context of a population of 10000 individuals.

In this case a single CSDP constraint Ps- represents the first two components of the model together
with ODE restrictions associating variables with the predicted values (besides the Value restrictions to
associate variables with the parameter values » and a and the initial values sy and ip). A Maximum
restriction represents the infectives maximum value i, and a First Maximum restriction represents
the time of such maximum #,,,x. A Last Value restriction represents the duration #.,4 of the epidemics as
the last time that the number of infectives exceeds 1. Finally a Value restriction represents the number
of people 55 that are still susceptible at a time (25) safely after the end of the epidemics.

CSDP Pgs = (X,D,C) where:
X=< Xope, S0, o, 7, G5 Imas Imaxs lends 25
D = <Dopg, Dsy, Diy, Dr, Da, Di ., Dtyax, Dteng, DS25 >
C = { ODEs [0, . 25.0](X0DE),
Value, o.0(s0), Values oo(io), Values oo(r), Values oo(a),
Maximum [o0.25.01(Imax), firstMaximums o o_25.01(tmax)
lastValues j00.25.0)21.0(fend), Valuey »s0(s2s) }
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Solving such problem with the parameters ranging within the previously obtained intervals (for
example, Dr=[0.213..0.224] and Da=[0.423..0.468]), the initial value domains Dsy=[9999] and
Diy=[1], and all the other variable domains unbounded, the results obtained for these domains
indicated that:

imax€[8939..9064] clearly suggesting the spread of a severe epidemics;

tmax€[0.584..0.666] and t.,4€[20.099..22.405] predicting that the maximum will occur during the
first 14 to 16 hours, starting then to decline and ending before the 10™ hour of day 22;

525 €[0..0.001] showing that everyone will eventually catch the disease.

If the administration of a vaccine is considered at a rate A proportional to the number of susceptibles
then, the differential model must be modified into:

IO _ s)1(r) - A5(0) IO _ sy 1) - al (o) RO _ ar(ey+ 15(0)
dt dt dt

The requirement that the maximum number of infectives cannot exceed half of the population is
represented by adding the numerical constraint i,,,x<5000. Solving this new CCSP with the A initial
domain [0..1.5], its lower bound is raised up to 0.985 indicating that at least such vaccination rate is

necessary to satisfy the requirement.

12.4 Summary

In this chapter the potentiality of the extended interval constraints framework was tested for solving
decision problems based on differential models. The diagnosis of diabetes, the tuning of drug design
and an epidemic study were effectively supported. Such examples illustrated the expressive power of
CSDP restrictions strengthening the importance of our contribution for the integration of biophysical
models in decision support. In the next chapter the contributions of this work are analysed and

directions for future work are suggested.
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Chapter 13

Conclusions and Future Work

In this chapter we overview each individual contribution of this work, discuss its usefulness and
applicability, and identify related directions for further research. In the last section we analyse the
global value of our contribution to the more ambitious goal of integrating biophysical models within

decision support.

13.1 Interval Constraints for Differential Equations

The interval constraints framework was extended to handle Constraint Satisfaction Differential
Problems (CSDPs), which, for the first time, provide the full integration of ordinary differential
equations in constraint reasoning. Many existing ordinary differential models may be represented as
CSDP constraints and combined with other constraints in a constraint model. Moreover, its expressive
power, enhanced with non-conventional restrictions, may encourage the development of new
differential models that cannot be handled by traditional techniques.

Previous versions of our approach were already proposed in [CB99a,CB99b,CB00], but they were
specially developed for handling initial value problems, and lacked the formalism and adequate
methodology for the integration of differential models into constraint reasoning. Only recently such an
integration could be achieved and evaluated by both the mathematical community [CB03a] and the
constraint community [CBO3b]', with positive results.

Despite its encouraging results the approach can still be further improved and several research
directions are worth exploring.

Firstly, new kinds of ODE restrictions could be considered. The type of restrictions considered in
the CSDP formalism were derived from our experience in the biomedical context, namely from the
representation needs evidenced by the underlying differential models. However, the expressive power
can be improved by allowing new types of restrictions more adequate for different kinds of differential

models. For instance, a new restriction could be considered for representing the period of an ODE.

! “This paper is an interesting contribution to the handling of differential equations in constraint programming that goes
beyond simple initial values problems” (a citation from a reviewer of CP’2003).
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Secondly, different representations of the ODE system could be supported. An assumption of our
approach is the continuity of the right hand side of the differential equations. When there are
discontinuities, a sequence of CSDP constraints is considered, new variables are added for
representing the restrictions at each continuous segment, and new constraints are included to combine
them and obtain its global value (see subsection 12.2.1). However, maximum, minimum, first and last
restrictions cannot be easily combined in numerical constraints without comparison operators. An
useful direction for research would be to extend the CSDP framework to allow the definition by
segments of the ODE system.

Thirdly, alternative solving procedures could be implemented. The procedure developed for solving
a CSDP relies on an Interval Taylor Series (ITS) method which was originally conceived for solving
initial value problems (IVPs), obtaining reliable enclosures along the ODE trajectory. One limitation
of our approach is a direct consequence of such a method, which requires that at least one time point
should be completely confined (even if within wide bounds). Research could be accomplished for
allowing other complementary solving methods. For instance, methods used for solving boundary
problems could be studied. Moreover, from the different reliable approaches for solving IVPs, the ITS
direct method (see subsection 9.2.3) was selected due to its simplicity of implementation rather than
its efficiency. The application of more competitive approaches, such as the Hermite-Obreschkoff
interval method [Ned99] or the Hermite interpolation constraint method [JVDOI1b], should be

considered, or alternatively, new Runge-Kutta interval methods could be developed.

13.2 Global Hull-consistency

The interval constraints framework was extended with the new consistency criterion of Global
Hull-consistency, for which several enforcing algorithms were developed. Among such algorithms, the
Tree Structured Algorithm (TSA) presented the best performances offering the advantages of keeping
a tree-based compact description of the feasible space and providing any-time results. Constraint
problems, for which weaker consistency criteria provide insufficient pruning of variable domains, may
be solved, with reasonable computing costs, by enforcing Global Hull-consistency. Such improvement
on domains pruning is especially important in problems that include differential equations (see chapter
12). In general, due to its complexity, the applicability of the Global Hull-consistency criterion is not
suitable for problems with a large number of variables.

The criterion of Global Hull-consistency was firstly introduced in [CB01], where only preliminary
results on a simple example were presented. The complete description of the various Global
Hull-consistency enforcing algorithms (presented in chapter 6) and their experimental results (as
discussed in chapter 8) was published in [CB02].

Several research directions can be envisaged for improving the constraint pruning techniques in
continuous domains and, in particular, for ameliorating our Global Hull-consistency approach.

Firstly, the underlying algorithm for enforcing Local-consistency can be further improved. The

local consistency criterion currently required is Box-consistency, which is enforced by the constraint
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Newton method (see subsection 4.2.2). The method associates a narrowing function to each variable of
each constraint for reducing its domain bounds accordingly to the constraint. Since only a single
smaller box is required, the narrowing algorithm is exclusively concerned with the outer limits of the
variable domains. However, during the narrowing process unfeasible regions within each variable
domain may be detected. Such knowledge could be incorporated in the tree-based description of the
feasible space. Other related research directions would be the development of alternative or
complementary narrowing functions. For instance, any of the complementary approaches described in
4.2.3 could be considered for improving the domains pruning achieved through constraint propagation.

Secondly, the branching strategy of the Global Hull-consistency enforcing algorithms may be
refined. Currently, whenever a box is subdivided, two sub-boxes are considered, sharing all variable
domains of the original box, except the one with largest width, which is split by its mid point. Better
strategies could be implemented taking into account other domains to split, other split points, or even
more subdivisions. Such decision should be equated in the context of both the overall enforcing
algorithm requiring the subdivision and the underlying constraint propagation algorithm that will
eventually prune each sub-box.

Thirdly, the advantages of having a tree-based compact description of the feasible space could be
further explored. The tree structure representation of the search space is exclusively used by the 754
algorithm for supporting the search without losing any previously obtained pruning information. An
interesting research direction would be to develop a visual interface tool for user interaction, based on
the current state of the domains tree. Such a tool could provide the user with a general perspective on
the feasible space, allowing for the interactive specification of sub-regions of interest which would be
further pruned by reinforcing Global Hull-consistency. A direct consequence of the generalisation of
this idea is the definition of even stronger consistency criteria based on the recursive enforcement of
Global Hull-consistency. Another appealing research area related with the domains tree and with both

of the above extensions is the parallel exploration of the different branches of the tree.

13.3 Local Search for Interval Constraint Reasoning

A local search procedure was developed for integration with constraint reasoning in continuous
domains. The local search is confined to specific boxes of the search space, relying on the generic
branch and bound strategy of the constraint reasoning algorithm to overcome local minimum. It can be
used for accelerating the finding of canonical solutions in CCSPs. In particular, the integration of local
search with the enforcement of Global Hull-consistency may be advantageous for reducing both the
overall execution time and the memory storage required.

The local search procedure was introduced in association with the Global Hull-consistency criterion
and described as an optional tool for enhancing its enforcing algorithms [CB01, CB02]. Not enough
testing was yet performed for identifying the kind of constraint problems where the application of
local search is advantageous. Future work should be done to evaluate the impact of local search in

continuous constraint programming and, in particular, for enforcing Global Hull-consistency.
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The integration of local search in continuous constraint programming is a widely open research
area. In particular, our local search approach may be improved in several ways.

Firstly, the line search procedure may be modified. In the proposed approach, new points are
obtained through minimisation along the Newton vector, as long as they are kept inside the search box.
Since local minima are overcome by a generic branch and bound strategy, a natural variation could be
to skip the minimisation procedure and to take complete Newton steps bounded within the search box.
Another alternative that is worth further research could be to allow the search to evolve outside the
original search box.

Secondly, different kinds of local search procedures could be explored. Any of the alternatives
described in section 7.2 could be considered. For instance, the alternatives based on strategies for
solving constrained optimisation problems, such as Penalty methods and Lagrange-Multiplier
methods, seem to be the best candidates.

Thirdly, the integration of local search with the CSDP constraints can be improved. In the Jacobian
matrix, necessary for computing the Newton vector, the elements associated with variables of the
solving base of a CSDP constraint are computed approximately from the derivative definition (see
definition 10.2-7). Such a method implies an extra ODE evaluation on a nearby point, and is subject to
errors depending on the distance of such a point from the current one. A better alternative could be to
use the available information about the ODE system to obtain the partial derivatives with respect to

those variables.

13.4 Prototype Implementation: Applications to Biophysical Modelling

All the proposed extensions to the interval constraints framework were implemented in a prototype
application. The usefulness of the application for supporting decisions based on differential models
was tested in diverse biophysical domains. It proved to be a valuable supporting tool for the diagnosis
of diabetes, the tuning of drug design, and the study of epidemics. In general, its ability to handle
parametric differential models makes the approach potentially applicable on a wide range of problems,
namely, those requiring the integration of a dynamics model into decision support.

The practical application of our approach combines constraint reasoning with mathematical
modelling and biomedical knowledge. Consequently, an evaluation of the approach should verify its
correctness on these complementary perspectives. The results on biomedical decision support with
ODE:s (chapter 12) were published in a constraint programming conference [CB03b], a mathematical
conference [CB03a], and a biomedical conference [CB03c].

With respect to the implementation of our prototype application many improvements are
conceivable. The application was developed for testing the feasibility of our approach and does not
pretend to be competitive with other well established constraint programming systems. Consequently,
an important practical issue is the full revision of the code for efficiency proposes.

Another important topic for further research is the tuning of the prototype parameters. Several

decisions with respect to the functioning of the underlying algorithms were left as parameters of the
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prototype application and may be adjusted for each specific problem. Examples of such parameters are
the order of the Interval Taylor Series method, the error tolerances accepted, the maximum number of
time points considered, etc. A thorough study should be made to try to understand which parameter
values are more suitable for each particular problem.

Finally, the application of our approach for modelling other domains is an open area with a variety
of research possibilities. In particular, we plan to apply it to predator-prey models, neurophysiology

models, reaction kinetic models, satellite localisation models, and aerodynamic models.

13.5 Conclusions

The integration of deep biophysical models into decision support is a challenging goal, difficult to
accomplish, but fundamental for the development of model-based reasoning in biomedical domains.
Our work is a contribution towards that. Several differential models can now be used for decision
support through constraint reasoning. The constraint reasoning techniques were extended for a better
adequacy to such a demanding context of decision support based on complex non linear models.

However, there are still important research areas that may provide valuable contributions for
adapting constraint reasoning to such context.

The expressive power on the constraints framework can be further extended. Given the hybrid
nature of many biophysical models, combining real variables with integer and boolean variables,
integer constraints and conditional constraints should also be supported. Another possibility is to
provide a new domain type for representing functions as primary objects, allowing to reason about
their properties. This is an idea borrowed from the CSDP framework, where there is a variable for
representing a function and restrictions on its properties. Constraints on the maximum or minimum
values of a real function over some interval are not specific of differential equations, and should also
be handled in the case where the function is defined analytically.

Additionally, the representation of other kinds of differential equations could be supported by the
CSDP framework, broadening the spectrum of its potential applications. Ordinary differential
equations are the present scope of the CSDP framework. However, many differential models (e.g.
econometric models, flow models) cannot be represented by ODEs. An important area for future
research is the extension of the framework for handling other kinds of differential equations such as
Partial Differential Equations (PDEs) or Delay Differential Equations (DDEs).

Finally, constraint reasoning could be extended with probabilistic reasoning. In decision problems
there are often several possible options, all of them consistent with the constraint set. In practice,
whenever a decision is required, the choice is made based on the probability/likelihood of the possible
options. Uncertainty may be naturally represented in the constraints framework as intervals of possible
values. However, there is often also information about the distribution of the different value
possibilities, some values being more likely than others. Defining a distribution function for each
variable range and knowing how each individual contribution would be combined (for example,

assuming its independence), a global probability/likelihood value could be computed. Such knowledge
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could be subsequently included in the constraint model and used for supporting probabilistic reasoning
based on the ranking of each canonical solution.

We believe that the relative unpopularity of constraint reasoning in continuous domains (at least
compared with finite domains) is essentially due to not providing what is needed in practice. Problems
in continuous domains are very demanding and solutions are required to be obtained efficiently. Users
are willing to sacrifice safety for speed. They are used to the traditional mathematical tools capable of
“quickly” providing approximations that are usually good enough for their needs. To change this
situation constraint programming must impose itself as a convincing better alternative. It must be able
to provide modelling and reasoning capabilities that go beyond what is traditionally offered by the
competing alternatives, namely supporting safe decisions with acceptable computational resources.

We hope that this work has been a valuable contribution in such a direction.
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Appendix A

INTERVAL ANALYSIS THEOREMS

The demonstrations of the Interval Arithmetic theorems are based on several assumptions about the
basic interval arithmetic operators and their approximate evaluation. These assumptions are in
accordance with the original interval arithmetic proposal [Moo66] where division by an interval
containing zero was not considered. However to integrate the interval arithmetic theorems within the
broader context of extended interval arithmetic it would be necessary to extend the definitions of an

interval arithmetic operator and of the interval expression evaluation to handle multiple intervals'.

Assumption A-1 If @ is an m-ary basic interval arithmetic operator then, for the real intervals /;,...,7,,
@(/,,...,1,) is the smallest real interval enclosing the set S obtained by applying it to m-tuples of real
numbers, one from each of the m intervals:

S={D(rs,....,rn) | riel; A..ATRel} € OU,...,1,) A VI;)SCD(I],...,],,,)QI
In particular, if @ is said to be able to compute the exact ranges within its interval arguments then:

S={D(7,....7m) | ri€l; Ao A el = DU,...,1,) a

Assumption A-2 The basic interval arithmetic operators are all inclusion monotonic. If @ is an m-ary
basic interval arithmetic operator then, for any real intervals /;,...,I, and I;’,...,[,,’, the following
property holds:

Vi<i<cm Li'cli= ©U,,....L, ) < PUy,....L) a

Assumption A-3 If @ is an m-ary basic interval arithmetic operator then, for the real intervals /;,...,1,,
its approximate evaluation ®,(/;,...,/,,) with the outward evaluation rules is defined as:

q)apx(lla- D -,Im):[apx(q)(ll,- . alm))
In particular, when the interval arithmetic evaluation is said to be performed with infinite precision:

q)apx(ll,- . -aIm):q)(I]a- . :]m) u

! As discussed in subsection 3.1.1 multiple intervals may be originated from a division by an interval containing zero.
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APPENDIX A

The following lemmas will be used in the demonstrations of the Interval Arithmetic theorems.

Lemma A-1 Let /; and I, be two real intervals. If /;U/ is a real interval then:

[apx(I]) () [apx(IZ) = ]upx(IIU]Z) Q

Proof:
Let /;=<a..b> and I,=<c..d> with a<d (this is always possible by choosing appropriately /; and /,). If

1,0l is a real interval then there cannot exist any real value » such that b<r<c (otherwise there would
be a gap within /;Ul5). Moreover, the smallest of the left bounds and the largest of the right bounds of
both intervals /; and I, must bound the real interval I/, Ul,. Consequently its RF-interval approximation
is (see definition 2.2.3-1):
Lp(1;UD) = [Lmin(a,c) ][ max(b,d) ] (1)
On the other hand, the RF-interval approximations of each interval /; and /, are:
L)) =[LallpT]
L) = [Le).Td]
Their union is necessarily a real interval because if it cannot exist any real value » such that b<r<c
then it also cannot exist any real value  such that bl b k< cl<c.
And so their union is:
L)) O L) =[Lal. T b NULe).[ d ) = [minLallc])..max( &1 d)] )
If a<c then Lald c¢] and so min(Lallc))=LaH min(a,c)] else min(lal| ey cH min(a,c)]. So, in

both cases:
min(Lal c )= min(a,c)] 3)
If b<d then [ b 1< d| and so max( b ] d)H d H max(b,d) | else max( b 1] d )4 b H max(b,d)| So, in
both cases:
max(| b | d )= max(b,d) | 4
From (3) and (4) it follows that the right sides of equations (1) and (2) are equal thus:
Lapx(17) O Lopi(L5) = Lp(1) V1) |

Lemma A-2 Let F be an interval expression. Let B, B; and B, be n-ary R-boxes. If B=B;UB, then
Fr(B;)UFg(B>) is a real interval. a

Proof:
Definition 3.2-1 gives an inductive definition for the set of all possible interval expressions: the two

base clauses (i and ii) specify that interval constants (/) and interval variables (X;) are the basic
elements of the defined set; the inductive clause (iii) specifies how to generate additional elements
from existing elements £;,...,E, and an m-ary basic interval arithmetic operator ®@.

We will present an inductive proof that for every interval expression Fz belonging to this set, the

property that Fg(B;)UFg(B;) is a real interval must hold (where B, B; and B, be n-ary R-boxes and
224



INTERVAL ANALYSIS THEOREMS

B=B,UB;). The proof consists on a basis step which shows that the property holds for the basic
elements (Fe(B;)UFE(B;) is a real interval with Fr=[ and with Fz=X;) and an inductive step which
shows that if the property holds for some elements £;,...,E,, (inductive hypothesis: E{B;)VE(B>) is a
real interval with 1<i<m) then it holds for any elements generated from them by the inductive clause

(Fe(B)VFg(B>) is a real interval with Fe=®(E,,...,E,)).

Basis Step

@ Proof that Fx(B;)UFk(B;) is a real interval with Fz=[ (where [ is a real interval):
Accordingly to definition 3.2-4, in the case of F=I:
Fi(B1) = Fi(B2) = Lyp:(1)

Consequently:
Fe(B))OF(B2) = Lyp(1)
which is a real interval (see definition 2.2.3-10f RF-interval approximation) (1]

@ Proof that Fr(B;)UFx(B;) is a real interval with Fr=X; (where X; is an interval valued variable):
Accordingly to definition 3.2-4, in the case of F=X;:
Fe(B)=lp(B[Xi])
F(B2)=l,p(B:[Xi])
Consequently:
Fp(B1)VUFE(B2) = Lyp(B1[Xi]) U Lpu(B:2[Xi]) (1
If B=B;UB; and B, B; and B, are n-ary R-boxes then:
V1<i<m BIXiI=Bi[Xi] VB[ X]]

So, for any 1<i<m, B;[X;]UB,[Xi] is a real interval since B[X;] is a real interval (see definition
2.2.4-1 of an R-box). Because B;[X;] and B,[X;] and both real intervals and their union is a real
interval then, by Lemma A1 it follows:

Lp(B1[Xi]) W Lapd(B:[Xi]) = Lopx(Bi[Xi]B[Xi])  (2)

From (1) and (2) it follows that:

Fr(B1)VF(B2) = Lypi(B [ Xi]WB:[Xi])

which is a real interval. (2]

Inductive Step
® Proof that Fg(B;)UFg(B>) is a real interval with F=®(E,,...,E,) and E(B;)UE(B,) real intervals
(1<i<m):
Accordingly to definition 3.2-4 in the case of Fi=0(E,...,E,,) and Assumption A3:
Fe(B))= (Dapx(EI(BI)a' o En(B)) = [apx((D(EI(BI)a' > En(B1)))
Fr(B2)= Qupl E1(B2),..., En(B2) = Ly P(E(By), ..., Ex(B2)))
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Consequently:
Fp(B1) U Fp(B2) = Lip(P(E((B));. .., En(B1))) W Lop P(E(B2),..., En(B2))) 3)
But by Assumption Al:
S={D(ry,...,rm) | 1€ E{(B) Ao A Ve E(B)} € OEN(B)),..., E.(B))) 4
SE{O(r,....rm) | r1€ Ei(B) Ao A Fpe EW(By)} < ®(E(By),..., E(B))) 5)

The union of these two sets gives:

S108,={DO(ry,....rm) | r1€E(B)VE(B2) A. A PpeE(B)VE(B2)} < D(E(B)),..., En(B)))

U D(E(B>),..., Ex(B2))
From the inductive hypothesis we know that each Ei(B;)UE«(B,) is a real interval denoted as /R;:
S108,={D(ry,....r0) | rI€EIRIA...ATHEIR,Y € D(EN(B)),..., Ex(B)) U O(E(B,),..., E.(B))

And again by Assumption A1, ®(/R,,...,IR,) must be the smallest real interval enclosing S;US>:

S U8 OURy,.. . IR,)  D(E(B)),..., E.(B)) W OE(B2),..., E.(B))) (6)

From (4), (5) and (6) we may conclude that D(E/(B)),...,E.(B)) D(E(B)),....Eq.B2)) is
necessarily a real interval. This fact will be proved by contradiction where it is assumed that
O(E((B)),....Ex(B)JD(E(B,),....E.(B>)) is not a real interval and a contradiction is proved:

Suppose O(E(B)),....E.(B))VDP(E(B>),..., E.(B>)) is not a real interval then ®(/R,,...,IR,) which
is an interval must be a subset of ®(E;(B)),...,E.(B;)) or a subset of ®(E;(B,),..., E.(B;)). The reason
for this is that there is no way of some elements of the interval ®(/R,,...,IR,) be within
O(E((B)),...,Ex(B;)) and other elements be within O(£/(B,),..., E,(B;)) without these two intervals be
connected (and their union be a real interval).

If ®(R,,...,IR,) < D(E/(B)),..., E,(B;)) then from (6):

SIVS,CD(E(B)), .-, En(B1))
But in (4) we said that ®(E(B)),..., E.(B)) is the smallest real interval enclosing S;, so S;US,=S],
which means that:
AYlanY
And from (4) and (5) because they are the smallest real intervals enclosing these sets:
O(E((B2),. .., En(B))SP(E(B)),..., En(B1))

which is contradictory with the assumption that ®(E;(B)),....E.(B))VP(E(B)),..., E.(B,)) is not a
real interval.

If ®(IR;,...,IR,) < D(E(B>),..., E.(B>)) a similar reasoning may reach to the analogous conclusion
that ®(E;(B)),....En(B))cD(E/(B)),...,E.(B;)) which is contradictory with the assumption that
O(E((B)),....ExB)VD(E(B)),..., E.(B>)) is not a real interval.

Consequently ®(E;(B)),...,E.(B)D(E(B,),....E.(B)) is necessarily a real interval. But if it is a
real interval and both, ®(E(B;),...,E.(B;)) and DO(E(B>),...,E.B>)), are real intervals, then from
Lemma Al:

Lap(Q(E((B)),....Ew(B1)) I op Q(E((B2),....Ew(B2))=Lop D(E((B)),.....En(B1))SDP(E(By),....En(B2)))
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And from (3) it follows that:
FE(B1) |\ FE(BZ) = [apx(q)(EI(Bl)r . .,Em(Bj))UCD(E](Bg), . ,Em(Bg))

which is a real interval. (3]

Lemma A-3 The RF-interval approximation of a real interval is inclusion monotonic, that is, for any
real intervals / and [/’ the following property holds:
I'cl = 1) € Lpu(D) Q

Proof:
Let I=<a..b> and ['=<a’..b "> be two real intervals. If /'c/ then a<a’ and b '<b.

From definition 2.2.3-1 of RF-interval approximation we know that:
L) =lpl<a’..b’>)=[La’] T b1] (1)
L=l p(<a..b>)=[Lal .Tb]T] )
But La/ is the largest /-number not greater than a and so, because a<a’, it must also be not greater
than a’. Consequently:
Lal<la’] ©)
Similarly, [b]is the smallest F-number not lower than b and so, because b’<h, it must also be not
lower than b°. Consequently:
[b1<[b] (4)
From (1) and (2) together with (3) and (4) it follows:
Lpx(I”) < Lap(D) |

Lemma A-4 If ® is an m-ary basic interval arithmetic operator then its approximate evaluation is
inclusion monotonic, that is, for any real intervals /;,...,1,, and I, ,...,],,’, the following property holds:

Vi<ism Ii'Sli= Ouplly',.. . 10") S PoplLy,.. 1) Q

Proof:
If V1 <j<m 1i '<l;, then from Assumption A3 we know that:

DPipalL;s - s V=Lap( O L)) @)
Doyl L1, - L) =Lap P}, . L)) 2
But due to the inclusion monotonicity property of the basic interval arithmetic operator @
(Assumption A3):
;.. 1) € DUy, L)

From the inclusion monotonicity property of the RF-interval approximation (Lemma A3):

Lop (DU, .. 10 ") S LoD, . 1)) 3)
From (1) and (2) together with (3) it follows:
cDapx(II ’,---aIm ’) < cDapx(IIs---,Im) .
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Lemma A-5 If F; be an interval expression representing the n-ary interval function F then its interval
arithmetic evaluation is inclusion monotonic, that is, for any two n-ary R-boxes B and B’, the
following property holds:

B'cB = Fi(B’) < Fi(B) Q

Proof:
Definition 3.2-1 gives an inductive definition for the set of all possible interval expressions: the two

base clauses (i and ii) specify that interval constants (/) and interval variables (X;) are the basic
elements of the defined set; the inductive clause (iii) specifies how to generate additional elements
from existing elements £,,...,F, and an m-ary basic interval arithmetic operator ®.

We will present an inductive proof that for every interval expression F belonging to this set, the
inclusion monotonicity property must hold. The proof consists on a basis step which shows that the
property holds for the basic elements (Fz=[ and F=X;) and an inductive step which shows that if the

property holds for some elements E;,...,E, (inductive hypothesis: V| <;<;, E; is inclusion monotonic)

then it holds for any elements generated from them by the inductive clause (Fe=®(E},....E,)).

Basis Step

@ Proof that F=I is inclusion monotonic (where / is a real interval):

Accordingly to definition 3.2-4, in the case of Fz=I, for any two R-boxes B and B
Fe(B) = Fi(B") = Lp(I)

Consequently:

B'cB = Fg(B’) < Fr(B) o

@ Proof that F=X; is inclusion monotonic (where X; is an interval valued variable):
Accordingly to definition 3.2-4, in the case of F=X;, for any two R-boxes B and B
Fr(B )=lp(B'[Xi]) 6]
F(B)=lap(B[Xi]) )
But if B’cB then for every 1<i<m it follows:
B'lX}] c B[Xi]
And from the inclusion monotonicity property of the RF-interval approximation (Lemma A3):
Lyp(B'1Xi]) < Lapx(BLX]) 3)
From (1) and (2) together with (3) it follows:
B’CB = Fi(B’) C Fr(B) 12

Inductive Step
® Proof that Fi=®(E,,...,E,) is inclusion monotonic (where V | <j<;, E; is inclusion monotonic):

Accordingly to definition 3.2-4, in the case of F=D(E,...,E,,), for any two R-boxes B and B

FE(B ’): (Dapx(EI(B ,)’- [RE) Em(B ))) (4)
228



INTERVAL ANALYSIS THEOREMS

Fi(B)= q)apX(El(B)a- > Eu(B)) (5)
But if B’cB and for every 1<i<m E; is inclusion monotonic it follows:
V1<i<m EAB’)< E(B)
And from the inclusion monotonicity property of approximate evaluation of the basic interval
arithmetic operator (Lemma A4):
q)upx(EI(B ))7- < Em(B ))) - q)apx(EI(B)a- ce Em(B)) (6)
From (4) and (5) together with (6) it follows:
B'cB = Fg(B’) c FKB) ®

Lemma A-6 If F'is an n-ary interval function represented by interval expression F then F is inclusion
monotonic, that is, for any two n-ary R-boxes B and B, the following property holds:
B'cB = F(B") c F(B) Q

Proof:
Let B’ and B be the two m-ary R-boxes <[;’,...,I,> and <[;,...,I,> respectively (with B’cB).

Accordingly to definition 3.2-3, F(B’) and F(B) are the smallest real intervals containing respectively
the ranges ]* <. 0 Lty L) and j"k <y, Ju g, L >) (Where 1.g,...01, are all the
interval constants appearing in Fr) and f'is expressed as fr=®(ey,...,e,) (obtained by replacing in Fg
each interval variable X; by the real variable x;, each interval constant /,.; by the real variable x,.; and

each interval operator by the corresponding real operator).

In this case the ranges f* <. 0 0, . 1L>) and f* <Iy,... 0Ly, .. 1>) are:

P& L L SL>)= Ad) | de<Iy’,... L, Lo, L) < F(B) (4)
L &gl o>y Rd) | de<ly,..Lyyer,....L>}  F(B) )
But if B’cB then for every 1<i<m it follows:
I'cl;
And so:

Vi<i<m de<ly’s... 0 Jyigs.. dyi>= de<lp,.. DL L™
Consequently:
A 1 de<ly’ sy Ty i} SAA) | A<y DDy od i) (©)
Because F(B’) is the smallest real interval enclosing the range {f(d) | de<I;’,....L, Li+1,.. .. Losi>}
(from (4)) and F(B) is also a real interval enclosing it (from (5) and (6)), it follows:
F(B)c F(B) |

229



APPENDIX A

Theorem 3.2-1 (Soundness of the Interval Expression Evaluation). Let Fz be an interval expression
representing the n-ary interval function F. Let B be an n-ary R-box. The interval arithmetic evaluation
of Fz with respect to B is sound:

F(B) cFi(B) u

Proof:
Definition 3.2-1 gives an inductive definition for the set of all possible interval expressions: the two

base clauses (i and ii) specify that interval constants (/) and interval variables (X;) are the basic
elements of the defined set; the inductive clause (iii) specifies how to generate additional elements
from existing elements £,,...,F, and an m-ary basic interval arithmetic operator ®.

We will present an inductive proof that for every interval expression F belonging to this set, the
property F(B) cFg(B) must hold (where F is the n-ary interval function represented by Fr and B is an
n-ary R-box). The proof consists on a basis step which shows that the property holds for the basic
elements (F(B)cFr(B) with Fr=l and with Fg=X;) and an inductive step which shows that if the

property holds for some elements E,...,E, (inductive hypothesis: V|<;<y, Fi(B)<E(B) where E;

represents F;) then it holds for any elements generated from them by the inductive clause (F(B)cFg(B)
with F=®(E),...,E,)).

Basis Step

@ Proof that F(B)cFg(B) with Fg=I[ (where [ is a real interval):

Accordingly to definition 3.2-3 (extended for allowing the representation of interval constants — see
footnote), in the case of Fi=l, F(B) is the smallest real interval containing the range fl< (D) with f
expressed as fr=x;. By the definition of the range of a real function fover I:

S W=ifr) | el

and in this particular case:
f W= | rel=I

Since / is a real interval, it is the smallest real interval containing the range f* (/) and so:
F(B)=1 )

Accordingly to definition 3.2-4, in the case of F=I:

Fe(B)=lap:1) )
Because /R, (IR) for any real interval IR (see definition 2.2.3-1), from (1) and (2) it follows:
F(B)cF(B) o

@ Proof that F(B)cFg(B) with Fz=X;(where X; is an interval valued variable):

Accordingly to definition 3.2-3, in the case of F=X;, F(B) is the smallest real interval containing the
range f* (1) with I=B[X;] and fexpressed as fz=x;. So, in this particular case:

S (D={ri| riel}=1=B[X]
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Since B[X;] is a real interval, it is the smallest real interval containing the range fk (/) and so:
F(B)=B[X]] 3)

Accordingly to definition 3.2-4, in the case of F=X::
Fe(B)y=lop BLXi]) 4)

From (3) and (4) it follows:
F(B)FKB) o

Inductive Step

® Proof that F(B)cFg(B) with Fi=®(E,,...,E,) and V|<j<;, Fi(B)CE(B) (where E; represents F):

Let B be the n-ary R-box <[,,...,I,>. Accordingly to definition 3.2-3, if F=®(E,....E,) then F(B) is
the smallest real interval containing the range fk (B’) with B'=<[,,....L,L+1,... L., (Where Liq,... 0k
are all the interval constants appearing in Fg) and f is expressed as fr =D(ey,...,e,;) (obtained by
replacing in Fz each interval variable X; by the real variable x;, each interval constant /,.; by the real

variable x,.; and each interval operator by the corresponding real operator).

Let f; be the real function represented by e;, and s; the variables appearing in e; (with 1<i<m). In this
case the range fk (B) is:
S (B)y={fid) | deB’} = {O(fi(d[s1])..... fuldlsn])) | d€B}

Moreover, the range of each f; over B [s;] (with 1<i<m) is:
ST B lsD={ fid) | dieB Tsil}
and accordingly to definition 3.2-3, F(B) is the smallest real interval containing it:
S B IsDF(B)
Consequently:
FB) = (@(fid[s)])..... fuldlsu))) | dEB’} S {D(rs,...r) | 11€F(B) A...A TnEF(B)}
But by Assumption Al:
F(B)AD(r1,.... 1) | F1EFIB) A A Fm€FW(B)} < O(F(B). ..., Fu(B))
Because F(B) is the smallest real interval enclosing the range /* (B’) and ©(F(B),..., F,,(B)) is also
a real interval enclosing it:
F(B) € ©(F((B),..., Fu(B))
Assuming the inductive hypothesis, Fi(B)cE(B) (with 1<i<m), and from the inclusion monotonicity

of the basic interval operators (Assumption A2), it follows that:

F(B) € ©(F((B),..., Fu(B)) < D(E(B),..., E.(B)) (5)

On the other hand, in the case of F=®(E,,...,E,) (see definition 3.2-4 and Assumption A3):
Fp(B)= @op(E((B),..., En(B)) = Lyp P(E((B),..., En(B))) (6)

From (5) and (6) it follows:
F(B)FKB)

e
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Theorem 3.2.1-1 (Soundness of the Evaluation of an Interval Extension). Let /' be an interval
extension of an n-ary real function f. Let Fz be an interval expression representing /. Let B be an n-ary

R-box. Then, both F(B) and Fx(B), enclose the range of f over B:

/'(B) < F(B) < Fi(B) Q
Proof:
By the definition of the range f* (B) of a real function f over the n-ary R-box B:
LB = { A<rpecsr>) | <rpycr>EB) (1)
By definition 3.2.1-1, if F'is an interval extension of f within B then:
V<,,1, .. F>€EB A<ry, .. ,r>) € F(<[r.ri], oo [FaeFu>)
If F is an interval expression representing £ then /' must be inclusion monotonic (Lemma A6), so:
<[r;.ril,...[r0rPB = F<r.rg), o0 [Fn ra>) < F(B)
thus:
v<r1, .., I>~€B A<r, ... r>) € F(B) ()
From (1) and (2) it follows:
1B = {A<rt,...rn>) | <ry,...r>€B} S F(B)

and from theorem 3.2-1, F(B) < Fg(B), consequently:

/*(B) c F(B) < Fx(B) m

Theorem 3.2.1-2 (Natural Interval Extension). Let fz be a real expression representing the real
function f. Let F, be the natural interval expression of fz. The interval function F represented by F), is
the smallest interval enclosing for the range of f and the interval arithmetic evaluation of F, is an

interval extension of fdenominated Natural interval extension with respect to fz. a

Proof:

The intended meaning of an interval expression Ff, as defined in 3.2-3, is to represent an interval
function F which applying to an R-box B obtains the smallest real interval containing the range, within
this box, of an associated real function. In the particular case of the Natural interval extension F, with
respect to fz, the associated real function is the function represented by the real expression fz. Thus by
definition 3.2-3, F obtains the smallest interval enclosing for the range of /. Moreover, from theorem

3.2-1, F(B) c F.(B), and so interval arithmetic evaluation of £, is also an interval extension of 1.
|

Theorem 3.2.1-3 (Intersection of Interval Extensions). Let /; and F; be two n-ary interval functions
and B an n-ary R-box. Let F' be an n-ary interval function defined by: F(B)=F(B)NF(B). If F; and F,

are interval extensions of the real function £, then F is also an interval extension of f. d
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Proof:

By definition 3.2.1-1, if F'; and F’, are interval extensions of /' within B then:
V<r1,...,r,,>€B A<ry, o, v >)eF(<[rp.ril, ... [Far0]>)
Ver, ..r>eB 5y or>)eFA(<[rr.ri] ... [rn.ra]>)
Consequently:
V<, ...r>eB [f<ry,...r>)eF (<[ri.ri), ... [P0 >) APy, ot >)EFA<[r1..71]), .o, [Fre 70 >)]
which is equivalent to:
V<,,], . F>€EB [A<ry,...r>)eF (<[ri.ril o [Foetu>) O Fo(<[r1.71], oo [P tu )]
and if F is the interval function defined by F(B)=F(B)"F(B) then:
Ve, ...,r,,>er(<”b wot >V EF(S[r.rt], oo [Faeu]>)

which proves (definition 3.2.1-1) that F' is also an interval extension of f. |

Theorem 3.2.1-4 (Decomposed Evaluation of an Interval Extension). Let F' be an interval extension
of the n-ary real function f. Let F be an interval expression representing F. Let B, B; and B, be n-ary
R-boxes. If B=B;UB, then:

F(B) € Fp(B)VFg(B>) < Fp(B) Q

Proof:
The proof of the above theorem is divided in two sub-proofs. In the first it is demonstrated that

F(B))UFg(B,)cFg(B) whereas in the second sub-proof F(B)cF(B;)JFk(B;) is asserted.

@ Proof that Fg(B;)UF(B;)cFg(B) with B=B;UB,and Ff an interval expression:
If B=B;UB, then B;cB and B,cB, and from the inclusion monotonicity property of the evaluation of
an interval expression Fz (Lemma AS):
Fi(B;) < Fp(B)
Fp(B>) < Fr(B)
and consequently (carrying out the union of the two left sides and the two right sides):
Fg(B1) U Fi(B2) € Fe(B) U Fi(B) = F(B) o

@ Proof that F(B)cFr(B))UF(B,) with B=B;UB, and Fg an interval expression representing F
which is an interval extension of the n-ary real function f:

Let B be the n-ary R-box <[,,...,I,>. Accordingly to definition 3.2-3, if F is an interval expression
representing F' then F(B) is the smallest real interval containing the range g*(B ') of a real function
(not necessarily f) with B=<[,,....1,,1,+},...,I,+;> (where I,.,...,I,-; are all the interval constants
appearing in Fp)

If B=B,;UB, (with B;=<I[1,,...,I1,> and B,=<[2,,...,12,>) then the range g*(B ) is:

0,
g (B)) ={g(<riye.sustpstseeostnsi) | <Up oo, ' EB A <Pusfyeostunsi™ €<lyspse ooy lyei™>}
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g*(B N =H{g(<Pe aFntts e sasti) | <UL T EBI A <Puiiye i €<lyigy. >}
ULG(<P 1y csFus i s e ostni™) | <UL s ' €EB2 A<Vpitye s o Fuii €E<Lyitye o >}
=g" B, U (B) (By=<Il,,...IuLyi1,...Dh>and By'=<I2,....120 Ly 1s....Lek >)
But again, accordingly to definition 3.2-3, F(B;) and F(B,) are the smallest real intervals enclosing
g*(B ;) and g*(Bg ") respectively, thus:
g(B)=g"B,)) Vg (B) < F(B) VU F(B)
By theorem 3.2.1-1 F(B;) < F(B;) and F(B,) < Fg(B>), so:
g'(B") S F(B)) U F(B;) < F(B)) U Fi(B)
From Lemma A2 we know that if B, B, and B, are n-ary R-boxes with B=B,UB; then
Fi(B)UFg(B;) is a real interval. Because F(B) is the smallest real interval enclosing the range g*(B )
and Fg(B;)UFk(B;) is also a real interval enclosing it:

F(B) € Fg(B)JFk(B>) 2]
|

Theorem 3.2.1-5 (No Overestimation Without Multiple Variable Occurrences). Let Fr be an
interval expression representing the n-ary interval function F. Let B be an n-ary R-box. If Fj is an
interval expression in which each variable occurs only once, then:

F(B) = Fr(B) (with exact interval operators and infinite precision arithmetic evaluation) U

Proof:

Definition 3.2-1 gives an inductive definition for the set of all possible interval expressions: the two
base clauses (i and ii) specify that interval constants (/) and interval variables (X;) are the basic
elements of the defined set; the inductive clause (iii) specifies how to generate additional elements
from existing elements £,,...,F, and an m-ary basic interval arithmetic operator ®.

We will present an inductive proof that for every interval expression Fr belonging to this set, if Fg
is an interval expression in which each variable occurs only once then F(B)=Fg(B) (where F' is the
n-ary interval function represented by Fg, B is an n-ary R-box). During this proof it is assumed that
each basic interval operator appearing in Fg is able to compute the exact ranges within its interval
arguments and all the interval arithmetic evaluations are performed with infinite precision. The proof
consists on a basis step which shows that the property holds for the basic elements (#(B)=Fg(B) with
F=I and with F=X;) and an inductive step which shows that if the property holds for some elements

E,,....E, (inductive hypothesis: V<;<;, Fi(B)=E(B) where E; represents F;) then it holds for any

elements generated from them by the inductive clause (F(B)=Fg(B) with F=®(E,,...,E,)).

Basis Step

@ Proof that F(B)=Fx(B) with Fz=I (where [ is a real interval):
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Accordingly to definition 3.2-3 (extended for allowing the representation of interval constants — see

footnote), in the case of Fi=[, F(B) is the smallest real interval containing the range f* (D) with f
expressed as fr=x;. By the definition of the range of a real function fover I:
S D= | riely
and in this particular case:
S D={r | rien=I
Since / is a real interval, it is the smallest real interval containing the range ]* (/) and so:
F(B)=I (1
Accordingly to definition 3.2-4, in the case of F=I:
FiB)=lap:(1)
Because we are assuming infinite precision arithmetic /,,(/)=/ and so:
FeByLpD=1 @)
From (1) and (2) it follows:
F(B)=Fg(B) (1]

@ Proof that F(B)=Fx(B) with F=X;(where X; is an interval valued variable):

Accordingly to definition 3.2-3, in the case of Fz=X, F(B) is the smallest real interval containing the
range f* (1) with I=B[X;] and fexpressed as fz=x;. So, in this particular case:
S (D={ri| rnel,=1-BIX]

Since B[.X;] is a real interval, it is the smallest real interval containing the range f* (/) and so:
F(B)=B[X] 3)
Accordingly to definition 3.2-4, in the case of F=X:
FE(B):[apX(B[AXi])
Because we are assuming infinite precision arithmetic /,,(B[X;])=B[X;] and so:
Fe(B)y=lop BIXi]))=B[Xi] 4)
From (3) and (4) it follows:
F(B)=FgB) (2]

Inductive Step

® Proof that F(B)=Fg(B) with Fi=0(E,...,E,) and V | <;<j, F{B)=E(B) (where E; represents F):

Let B be the n-ary R-box <[,,...,I,>. Accordingly to definition 3.2-3, if F=®(E},....E,,) then F(B) is
the smallest real interval containing the range fl< (B’) with B'=<[,,....L,L+1,... Lo, (Where Liq,... 0k
are all the interval constants appearing in Fg) and f is expressed as fr =D(ey,...,e,;) (obtained by
replacing in F; each interval variable X; by the real variable x;, each interval constant /,.; by the real

variable x,+; and each interval operator by the corresponding real operator).

Let £; be the real function represented by e;, and s; the variables appearing in e; (with 1<i<m):
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fB)y= { fid) | deB’} = {D(fi(d[si]).-... fuld[s,])) | d€B’}
Because there are no multiple occurrences of the X; variables, each s; must contain a different subset

(with no common variables) of the all set of variables. Consequently, if d; denotes a tuple of real

values associated with the subset s;, the range f* (B’) may be rewritten as:
f*(B ’):{q)(ﬁ(d[sl])a . ’fm(d[sm])) | deB ,}:{q)(ﬁ(dl)a . ,fm(dm)) | d]GB ’[SI] ZATERVA deB ’[Sm]}
The range of each f; over B [s;] (with 1<i<m) is:
S B TsD={fidy) | dieB s1]}

Note that in the basis step it was proved that the range associated with each basic element (Fz=/ and
with Fg=X)) is a real interval. In the following we will prove that if the ranges ﬁ* associated with each

E,,...,E, are all real intervals then the range ]* associated with F=®(E,,...,E,) must also be a real
interval. This will prove by induction that the range associated with any interval expression (in the
conditions of the theorem) is a real interval.
If the range ﬁ*(B ’[s;]) is a real interval then, accordingly to definition 3.2-3, F(B) must be exactly
this range since it is the smallest real interval containing it:
S (B Is)=F(B)
Consequently:
f*(B V={ DO (d),. ... [u(dn) | di€B[s/IN.. . Adp€B [su]}={ P 1,.. .7 m) | rIEFI(BA. . .APmEF,(B)}
But by Assumption Al, in the particular case that @ is an m-ary basic interval operator which is
able to compute the exact ranges within its interval arguments:
f*(B NV=A{O,....tw) | F1€EFI(B) Ao A F€FW(B)} = O(F(B),..., Fu(B))
fk (B’) must be a real interval because it is defined as the result of a basic interval operation and the
result of a basic interval operation is a real interval (Assumption A1). This completes the proof that the
range associated with any interval expression (in the conditions of the theorem) is a real interval.
Because F(B) is the smallest real interval enclosing f* (B’) and ©(F((B),..., F,(B)) is a real interval:
F(B) = ©(F((B),..., Fu(B))
Assuming the inductive hypothesis, Fi(B)=E«(B) (with 1<i<m) it follows that:
F(B) = O(F((B),..., Fu(B)) = (E(B),..., E.(B)) 5)
On the other hand, and accordingly to definition 3.2-4, in the case of F=0(E,...,E,):
Fi(B)= Oy E((B),..., ExB))

Because we are assuming infinite precision arithmetic, with Assumption A3:

F(B) = @yl E((B),..., E.(B)) = O(E(B),..., E(B)) (6)
From (5) and (6) it follows:
F(B)=Fg(B) ®
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CONSTRAINT PROPAGATION THEOREMS

The demonstrations of the first three Constraint Propagation theorems (4.1-1, 4.1-2 and 4.1-3) rely on
one of the following assumptions about the restrictions on the representation of the domains of the

variables of a CCSP (see subsection 2.2.5).

Assumption B-1 Let P=(X,D,C) be a CCSP where X is the n-ary tuple of variables <x;,...,x,> and D is
the Cartesian Product of their respective original domains D;xD;x...xD,. The domains of the variables
of the CCSP must be represented by unions of n-ary F-boxes. The domain of any narrowing function
associated with any constraint of C is the set of all the elements within /,,(D;)x/p(D5)X. .. X1y D)

that are representable by the union of n-ary F-boxes. d

Assumption B-2 Let P=(X,D,C) be a CCSP where X is the n-ary tuple of variables <x;,...,x,> and D is
the Cartesian Product of their respective original domains D;xD;x...xD,. The domains of the variables
of the CCSP must be represented by single n-ary F-boxes. The domain of any narrowing function
associated with any constraint of C is the set of all the elements within /(D)% (D2)X...x14(D,)

that are representable by a single n-ary F-box. a
The following assumption is used in the demonstration of theorem 4.2.1-1.

Assumption B-3 Let c=(s,p) be an n-ary primitive constraint of a CCSP P=(X.D,C) with s=<x,,...,x,>.

Let @ be an m-ary basic operator and e; (with 0<i<m) a variable from s or the real constant k.. Let v,,
be either 7; if e; is the variable x; or kei if e; is the constant ke,-- Let ¢ e{<,=>} and K be a set of real
numbers defined as:

[0.40] ifo=x<
K= [0] if o ==
[0.0] ifo=2>

If ¢ is expressed in the form e; ¢ ¢, then it represents the relation (with n<2):

p={<rs,....,r>| r1€D[X/IA. . .AFyED[Xy A Vo, =V, th A keK}
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If ¢ is expressed in the form ®(ey,...,e,) < ey then it represents the relation (with n<m+1):
p={<rp,....,r,>| rieD[x/|A.. . Ar,€D[x,]A q)(Vep- . vem)=veo+k A kekK}
and is assumed that for any 1<i<m there is a basic @, operator such that:

p={<rp,....,r,>| rieD[x/|A.. . Ar,€D[x,]A q)ei(veoJrk,vel,. A -aVem):Ve,» A kekK} a

The following lemmas will be used in the demonstrations of the Constraint Propagation theorems.

Lemma B-1 If the union of two fixed points, 4; and 4,, of a monotonic narrowing function NF' is an
element of its domain then it is also a fixed point:

VAI,AgeDomainNF NF(A 1):A1 AN NF(AZ):AQ VAN A;UAzeDomainNF = NF(A[UAQ): A]UAZ a

Proof:
If NF is a monotonic narrowing function, because 4;cA4;\ A4, and both A4; and 4,4, are elements of
its domain then, from definition 4.1-2 (property P3) it follows:
NF(4;) € NF(4,94,)
Since A4, is a fixed point of the narrowing function, NF(A4,)=A4, and, rewriting the left side:
A; < NF(4,UA4,) (1)
If NF is a monotonic narrowing function, because 4,cA4, A, and both A4, and 4;UA, are elements of

its domain then, from definition 4.1-2 (property P3) it follows:

NF(4;) < NF(A4,945)
Since A4, is a fixed point of the narrowing function, NF(A4,)=A, and, rewriting the left side:
A> € NF(4,94,) (2)
From (1) and (2), carrying out the union of the two left sides and the two right sides, it follows:
A VA, € NF(A1 VA7) U NF(A, VA= NF(A,0A4;) 3)
On the other hand, due to the contractance property of any narrowing function (definition 4.1-1,
property P1):
NF(404;5) € 4,94, 4)

Consequently, from (3) and (4), A; A, must be a fixed point of NF:
NF(A]UAZ) :A]UAZ [ ]

Lemma B-2 If the elements of the domain of a monotonic narrowing function NF are those
representable by unions of n-ary F-boxes then the union of any two fixed points, 4; and 4,, is also a

fixed point:
vA;,AgeDomainNF NF(A 1):A1 AN NF(AZ):AQ = NF(A[UAQ): A[UA2 a

Proof:

If A; and A,, are both representable by unions of n-ary F-boxes then they can be rewritten as:
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A=B;"U...uU B’
A=B;”U...UB,”
Where each B;” (with 1<i<k) and each B;” (with 1<i<k) are n-ary F-boxes.
Consequently, the union of these elements is:
A, UA,=B; U..UB,’ UB;”U...UB,,”
Which is also representable by unions of n-ary F-boxes and so, is an element of the domain of the
narrowing function:
A; U A, € Domainyy
Therefore, from Lemma B1, it follows that A; U A, is also a fixed point of the narrowing function:

NF(A]UAZ): A]UA2 |

Lemma B-3 If the elements of the domain of a monotonic narrowing function NF' are those
representable by unions of n-ary F-boxes then the union of all its fixed points within an element 4 of
its domain is its greatest fixed point:

UFixed-Pointsy-A4) e Fixed-Pointsy~A4)

V 4; eFixed-Pointsy(4) 4i < VFixed-Pointsy(4) u

Proof:
Consider the set of all fixed points of NF within an element 4 of its domain:
Fixed-Pointsy{A) = { A; € Domainyg | A; < A ANF(A4,)=A4;}
This set must be a finite set because the number of elements A4; of the domain of NF which are subsets
of A must be finite (see subsection 2.2.5). Thus if the number of its elements is m the set may be
represented as:
Fixed-Pointsy{A) = { A; € Domainyg| A; A ANF(A)=4;} ={As..., An}
Consider the union of all the elements of the above set:
UFixed-Pointsy{(4) =4, U...U 4,
Let 4’ be the element of the domain of NF resulting from the union of 4,,.; and 4,,.:
A=Ay VA,

As seen in Lemma B2 the union of these two elements is also representable by unions of n-ary
F-boxes and so 4’ must be an element of the domain of NF. 4’ must be within 4 because both 4,,.; and
A,, are within 4 and, since A4,,.; and 4,, are fixed points of NF, from Lemma B2, the element A4’ is also
a fixed point of NF. Consequently it must be a member of the set of all fixed points of NF within A4:

A’e{Ap...,An}

So if we add the F-box 4’ to the union of all fixed points of NF, it will have no effect:
UFixed-PointsyA(4) =4;U...0U A4, =A4,0...0 4, VA’

But if 4=A4,, ) UA,, then the elements A4,,_; and 4,, may be removed from the union of all fixed points

of NF without changing its result:
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UFixed-PointsyH{4) =A4;U...0U 4, VA =A4A;U...UA,, VA’
This way, the union of all fixed points of NF, which was represented by a union of m fixed points of
NF, is now equivalently represented by a union of m-1 fixed points of NF.
Repeating the above procedure m-1 times, the union of all fixed points of NF' will be represented by
a single element of the domain of NF. This element must be a fixed point of NF (all the elements in
the union are fixed points of NF) and must be its greatest fixed point since it includes all the other

fixed points (it results from the union of all of them). |

Lemma B-4 If the elements of the domain of a monotonic narrowing function NF are those
representable by a single n-ary F-box then the smallest F-box B enclosing any two fixed points, B; and
B,, is also a fixed point:

V' B,,B,eDomainy; NF(B1)=B; A NF(B:)=B; = NF(B)=B a

Proof:
Let the fixed points B; and B;, be the n-ary F-boxes </,’,...,I,> and <[, ”,...,I,”> respectively. If B is

the smallest -box enclosing B, and B, then:
B=<l;’wil;”,....1,’WI,”>

If NF is a monotonic narrowing function then, because B; — B and B, c B, it follows:

NF(B;)c NF(B)
NF(B:)< NF(B)

Because B; and B; are fixed points of NF, NF(B;)=B; and NF(B,)=B,, hence:
B, NF(B) (0
B, c NF(B) @

We will prove by contradiction that the above F-box B must be a fixed point of NF. We will assume
that B is not a fixed point of NF and prove a contradiction.
Assuming that B is not a fixed point of NF' then, due to the contractance property (definition 4.1-1,
property P1), NF(B) must be a proper subset of B (if equality holds then B would be a fixed point):
NF(B)c B
If <l,,...,I,> denotes the F-box obtained by NF(B) then:
<lp,....L>c<l;’Wl;”,... 1, W, ">
and so there must be an 7, between 1 and », for which:
ST AIA
Let I=[a..b], I;’=[a’..b’] and I;"=[a”..b”’] (these are all closed intervals since B, B’ and B” are
F-boxes) then, by definition 2.2.2-1 of union hull:

[a.b]c [a’.b’]W [a”..b"] = [min(La’LLa"))..max( 5°1] 5] = [min(a’,a”)..max(b’, b")]
Implying that one of the following inequalities must be true:

min(a’,a”)<a 3)
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max(b’,b”)>b 4)
From (3) or (4) it follows that I;’& I; or I;”& I; because:

if (3) is true and a '<a " then [;’& I;

if (3) is true and a "<a’ then [;” & I;

if (4) is true and 6’<b”" then ;" & I;

if (4) is true and b ’<b’ then I,’E I;

But if [;’¢ I; then B;£NF(B) contradicting (1) and if I;”& I; then B,E£NF(B) contradicting (2). In

any case a contradiction is derived which proves that B must be a fixed point of NF. |

Lemma B-5 If the elements of the domain of a monotonic narrowing function NF are those
representable by a single n-ary F-box then the union of all its fixed points within an element B of its
domain is its greatest fixed point:

UFixed-PointsyAB) e Fixed-Pointsy~B)

VB, eFixed-Pointsy(B) Bi & JFixed-Pointsy-(B) a

Proof:

Consider the set of all fixed points of NF within the F-box B:
Fixed-PointsyAB) = { B; € Domainyg | B; < B A NF(B;))=B; }

This set must be a finite set because the number of F-boxes B; which are subsets of an F-box B must

be finite (see subsection 2.2.5). Thus if the number of its elements is m the set may be represented as:
Fixed-Pointsy{B) = { B; € Domainyz | B;< B ANF(B)=B;}={B},..., By}

Consider the union of all the elements of the above set:

UFixed-Pointsy«(B) = B; U...U B,

Let B’ be the smallest F-box enclosing both B,,.; and B,,. B’ must be within F-box B because both
F-boxes B,.; and B,, are within B. Moreover, since B,,.; and B,, are fixed points of NF, from Lemma
B4, the F-box B’ is also a fixed point of NF. Consequently it must be a member of the set of all fixed
points of NF within B:

B’e{Bj,...,B.}
So if we add the F-box B’ to the union of all fixed points of NF, it will have no effect:
UFixed-Pointsy«(B) = B;U...u B, =B;U...uU B, UB’

But if B’ encloses both B,.; and B,, then B, ;UB,cB’ and so the F-boxes B,.; and B, may be

removed from the union of all fixed points of NF without changing its result:
UFixed-Pointsy{(B) = B;U...u B, UB’ =B;U...UB,,UB’

This way, the union of all fixed points of NF, which was represented by a union of m F-boxes (fixed
points of NF), is now equivalently represented by a union of m-1 F-boxes (also all of them fixed
points of NF).
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Repeating the above procedure m-1 times, the union of all fixed points of NF' will be represented by
a single F-box. This F-box must be a fixed point of NF (all the F-boxes in the union are fixed points of
NF) and must be its greatest fixed point since it includes all the other fixed points (it results from the

union of all of them). |

Theorem 4.1-1 (Union of Fixed-Points). Let P=(X,D,C) be a CCSP. Let NF be a monotonic
narrowing function associated with a constraint of C. Let 4 be an element of Domainyz. The union of
all fixed-points of NF within 4, denoted UFixed-Pointsys(A4), is the greatest fixed-point of NF' within
A:

UFixed-Pointsy+(4) e Fixed-Pointsy-4)

V 4, eFixed-Pointsyp(4) 4i € VFixed-Pointsy:{(4) u

Proof:
Let X be the n-ary tuple of variables <x,...x,>.

If Assumption Bl is considered then, the elements of the domain of the monotonic narrowing
function NF are those representable by unions of #-ary F-boxes and so, from Lemma B3, the union of
all its fixed points within an element of its domain is its greatest fixed point.

If Assumption B2 is considered then, the elements of the domain of a monotonic narrowing
function NF are those representable by a single n-ary F-box then, from Lemma BS5, the union of all its
fixed points within an element of its domain is its greatest fixed point.

In either case, it is proved that the union of all the fixed points of NF within an element of its

domain is its greatest fixed point. |

Theorem 4.1-2 (Contraction Applying a Narrowing Function). Let P=(X,D,C) be a CCSP. Let NF

be a monotonic narrowing function associated with a constraint of C and 4 an element of Domainy.

The greatest fixed-point of NF within 4 is included in the element obtained by applying NF to A4:
UFixed-PointsyAA4) < NF(A4)

In particular, if NF'is also idempotent then:

UFixed-PointsyA4) = NF(A) d

Proof:
Let A’ be the union of all the fixed points of NF within element A4:
A’= UFixed-Pointsy(A4)
From theorem 4.1-1 4’ is the greatest fixed point of NF within A4, so it is a fixed point of NF:
NF(A)=4" (1
But A4 is within element A4:
A cA
Therefore, from the monotonicity property of a narrowing function (definition 4.1-2, property P3) it

follows:
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NF(A’) € NF(A4)
And from (1) NF(A4’) is the same as A’ which proves that:
A’ NF(A) 2)
In particular, if NF is also idempotent then from definition 4.1-2, property P4:
NF(NF(A)) = NF(A)
Implying that NF(A4) is a fixed point of the narrowing function NF. But from (2), if 4’ is smaller or
equal than NF(A), it follows that the equality must hold:
A’ = NF(A)
otherwise 4" would not be the greatest fixed point of NF within 4. |

Theorem 4.1-3 (Properties of the Propagation Algorithm). Let P=(X,D,C) be a CCSP. Let set S be
a set of narrowing functions (obtained from the set of constraints C). Let 4y be an element of
Domainyg (Where NFeS)) and d an element of D (deD). The propagation algorithm prune(Sy, Ay)
(defined in figure 4.1) terminates and is correct:

Vd e 4,4 is asolution of the CCSP = d € prune(Sy, Ay)

If Sy is a set of monotonic narrowing functions then the propagation algorithm is confluent and

computes the greatest common fixed-point included in 4. a

Proof:

The propagation algorithm prune(Sy,4y) (defined in figure 4.1) is a procedure that obtains smaller
domain elements A; (see assumption B1 and B2) from an original element 4, by consecutively
applying narrowing functions from a set Sy (obtained from the constraints of the CCSP) until obtaining
an element 4, which is a fixed point of every narrowing function within Sj.

Due to the contractance property of the narrowing functions (definition 4.1-1, property P1), the
propagation algorithm terminates. The reason is that due to contractance, a smaller (or equal)
representable element (accordingly to assumptions B1 or B2) is obtained from each application of a
narrowing function (4;-;cA4;). Moreover, because the set of representable elements is finite (see
subsection 2.2.5) this procedure is guaranteed to stop.

Due to the correctness property of the narrowing functions (definition 4.1-1, property P2), the
propagation algorithm is correct. No solution is lost because the value combinations discarded by the
application of a narrowing function do not satisfy at least one constraint of the CCSP (the constraint
associated with the narrowing function).

When the algorithm stops, which was proved above, the obtained element 4, is a common fixed
point of every narrowing function within S, (otherwise a narrowing function for which the element is
not a fixed point would be applied). Moreover, if all narrowing functions within S, are monotonic then
A, must be the greatest common fixed-point included in 4,. Otherwise, if there would have been a
common fixed-point 4’ included in 4, and greater than A4, (4,cA’cAy) then, somewhere in the

narrowing sequence from 4, to 4, there would have been a step from A4; to 4., such that:
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A c A'C 4;

But in this case, 4~ could not be a fixed point of the narrowing function NF' for which NF(4;)=4;+,
because theorem 4.1-2 guarantees that NF(4;) includes all the fixed points of NF within 4;. This fact
contradicts the assumption that 4’ is a common fixed-point of every narrowing function within Sy,
proving that 4, must be the greatest common fixed-point included in A4,.

Because the above result was derived independently of the order for the application of the
monotonic narrowing functions within Sy, it is valid to any particular order and so the propagation

algorithm is confluent and computes the greatest common fixed-point included in 4. |

Theorem 4.2.1-1 (Projection Function based on the Inverse Interval Expression). Let P=(X,D,C)
be a CCSP. Let c=(s,p)€C be an n-ary primitive constraint expressed in the form e.<¢ ey where e=e; or
e=D(ey,...,e,) (With @ an exact m-ary basic operator and ¢; a variable from s or a real constant). Let
Vx; be the inverse interval expression of ¢ with respect to the variable x; (¢; = x;). The projection

. P . . . .
function . of the constraint ¢ wrt variable x; is the mapping:

nxf(B) = Vx(B) N B[x/] where B is an n-ary real box a

Proof:

The projection function nxf of the constraint ¢ wrt variable x; is, accordingly to definition 4.2-1:
. (B)= (p N B)[x] ()
We will prove for both cases, where the primitive constraint is either expressed in the form e; ey or
in the form ®(e,,...,e,) ey, that:

. (B) = Vx(B) M Bx] 2

@ Proof that nxf(B) = Vx,(B) m B[x;] with ¢ expressed as e;<¢ey:

Accordingly to Assumption B3, the relation represented by the constraint is (with n<2):
p={<rp,....,r,>| rieD[x/IA.. . Ar,€D[x,]A ve]=veo+k A keK}

and so its intersection with the F-box B is:
pNB ={<rs,...,r,>| r1€D[xJNB[x1] A...AFED[X, JNB[X,]A Ve ZVe, Tk A keK}

Since the F-box B must be a subset of the original domains of the respective variables of the CCSP:
B c D[s]

Implying that for each i (with 1<i<n) B[x;|<D[x;], and so D[x;|"\B[x;]=B[x;], consequently:
pPNB ={<r,....r,>| ri€B[x/] A...Ar,EB[x,]A vej=veo+k A keK}

The projection of the above set with respect to the variable x; depends if this variable is the

expression ¢ or is the expression e;.

If x;= e then Ve = Ii (see Assumption B3) and so:
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(pNB)[x:]= { ri | r1€Blxi] A...AFEB[x,]A Ve, =i +k A keK}
which is equivalent to:
(pNB)[x:|={ ri | rieBlxiIA.. . AP EB[X A ;i = Vefk A keK}

and may be rewritten as:

(POB)[xi]={ ve,k | ri€BlxiIA ... Ari1€B[Xii]Ari 1 €B[Xiii]. .. AP €B[x,]A k€K } M Blxi]

Considering I, = B[x] if e;=x; or I, = [k, ] if e=k,,, from the definition 3.1-1 of the basic interval
arithmetic operator (-) (see also Appendix A, Assumption Al), it follows:

(PPB)[xi]= (¢,-K) N Blxi]

But [, -K is the Natural interval extension of the real expression e;-k and so, accordingly to
definition 4.2.1-2, it corresponds to the interval arithmetic evaluation of the inverse interval expression
of ¢ with respect to x;,=e,, denoted by Vx,. Therefore we have proven that, for this case:

(pB)[xi] = ¥xi(B) M B[x]]

If x;=e; then v, S (see Assumption B3) and so:

(PNB)[xi]= { ri | rieB[x ] A A EB[X)A 1 = v, thk A keK}

which may be rewritten as:

(pNB)[x:]={ Ve0+k| r1€B[XN ... ArL EB[Xi A i1 €BXi41]. . ArREB[Xu A k€K } M B[x]

Considering [, = B[x] if ej=x; or I, = [kg,] if ej=k,, from the definition 3.1-1 of the basic interval
arithmetic operator (+) (see also Appendix A, Assumption Al), it follows:

(PPB)[xi]= (g, +K) M Blxi]

But [, tK is the Natural interval extension of the real expression e,tk and so, accordingly to
definition 4.2.1-2, it corresponds to the interval arithmetic evaluation of the inverse interval expression
of ¢ with respect to x,=e;, denoted by Vx,. Therefore we have proven that, for this case also:

(pB)[xi] = ¥xi(B) M Blx/]
Consequently, if the above is true for any possible case then, from (1), we have proven that if ¢

expressed as e; ¢ ep:

., (B) = Vx(B) M Blx] o

@ Proof that ﬂ:xf(B) = Vx(B) N B[x;] with ¢ expressed as ®(e;,...,e,)<ep:

Accordingly to Assumption B3, the relation represented by the constraint is (with n<m+1):
p={<rs,....,r>| r1E€D[xXIN... AP ED[X A P(Ve ..., Vo, J=Ve, th A kEKT

and so its intersection with the F-box B is:
pPNB ={<ry,...,r,>| rieD|x;|NB[x;] A...Ar,eD[x,]NB[x,]A d)(ve],. e vem)=veo+k A keK}

Since the F-box B must be a subset of the original domains of the respective variables of the CCSP:
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B c DJs]
Implying that for each i (with 1<i<n) B[x;|<D[x;], and so D[x;|"\B[x;]=B[x;], consequently:
pPNB ={<ry,....r,>| r1€B[x1] A... AP EB[X, A P(vg 5., Vo JFVe, Tk A kEKS
The projection of the above set with respect to the variable x; depends if this variable is the
expression e, or is some expression e; with j between 1 and n.
If x;= e then Ve =i (see Assumption B3) and so:
(pB)[x]= { ri | ri€B[x)] A... A EB[XA D(ve ..., Ve, )=Ti Th A kEKS
which is equivalent to:
(PB)[xiJ={ ri | rieBIx/IA...ArEB[x, A 1= D(vg,,..., Ve, )-k N kEK}
and may be rewritten as:

(pﬁB)[xi]Z{CD(ve],..., Vem)'k | rieBlxiA. .. AFL €B| X I Vi1 €BXi41]. . . AP, €B[x, JAkEK} M Blx;]

Considering [, = B[x;] if e=x; or [,=[k, ] if e=k,, from the definition of any exact basic interval
arithmetic operator (®) (see Appendix A, Assumption Al), it follows:
(PNB)[xi]= (g, .-, 1g,)-K) M Blxi]
But ®(/;,,....J, )-K is the Natural interval extension of the real expression ®(ey,...,e,)-k and so,
accordingly to definition 4.2.1-2, it corresponds to the interval arithmetic evaluation of the inverse

interval expression of ¢ with respect to x;=e,, denoted Vx;. Therefore we have proven that, in this case:

(pMB)[xi] = Yx«(B) M Blx|]
If x;= e;, with j between 1 and n, then Ve~ Ti and from Assumption B3 there is a basic operator CDej
such that:
(PNB)[xi= { ri | ri€eBlxi] A...AF,EB[X A 1= CDej(veo-i-k,ve],...,vej_],vej+1,...,vem) A keK}
which may be rewritten as:
(me)[x[]={(I)ej(veo+k,vej,. Ve pVej Ve,
ri€B[xiIA. .. A €B[xi A 1€B[Xii1].. A EB[X,] A k€K } M Blx;]
Considering I,= B[x/] if e=x; or Io=[ke ] if e=k,, from the definition of any exact basic interval
arithmetic operator (®) (see Appendix A, Assumption Al), it follows:
(PpNB)[xi]= (I)ej(leoJrK,Ie],. . .,Iej_],lejﬂ,. cole ) M Blxi]
But (Dej([ eo+K,[e oy .,Iej_ I,Iej+ P .,Iem) is the Natural interval extension of the real expression

CDej(eoJrk,e;,..., €.1,€+15---,em) and so, accordingly to definition 4.2.1-2, it corresponds to the interval

arithmetic evaluation of the inverse interval expression of ¢ with respect to x=e;, denoted by Wx;.

Therefore we have proven that, for this case also:
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(pNB)[xi] = Yx(B) N Blxi]

Consequently, if the above is true for any possible case then, from (1), we have proven that if ¢
expressed as D(ey,...,e,) ey

n,,(B) = Vx(B) " Blx] o
|

Theorem 4.2.2-1 (Properties of the Interval Projection). Let P=(X,D,C) be a CCSP. Let c=(s,p)eC
B
be an n-ary constraint and B an n-ary F-box. Let HX? be the interval projection of ¢ wrt variable x;es

and B. The following properties are necessarily satisfied:

(i) if o ="="then V,cp[y] renX?(B) = OEHX?B([I’])
(i) if 0 =< then Vj,cppy]rems, (B)= lefT1. () <0
(iii) if ©=“>"then V,.cppy]rem, (B) = right(ls, ") 20

We will say that a real value r satisfies the interval projection condition if the right side of the

respective implication (i), (ii) or (iii) is satisfied. Q

Proof:

Consider that the n-ary constraint ¢ is expressed in the form fz¢0. Let F, be the Natural interval

extension of f with respect to f¢ (see definition 3.2.1-2). Let B be the n-ary F-box. <[j,...,I,>. From

definition 4.2.2-1, the interval projection of ¢ wrt x;€s and B is:
[ () = Fu<Ds.. sl Lhigse =) (for every Ik
Moreover, if F, is an interval extension of f'then from definition 3.2.1-1, it follows:
V<t isdFistsotn >€B 1o stirl Fivsse 1) € F(<[rql,.. [l rL[riedl,. .o [ra]>) - (1)

And due to the monotonicity property of the interval function F,, (Lemma A5 from Appendix A):
B
Fn(<[r1]s- . -,[ri—l]a[r],[ri+]],- . -s[rn]>)g Fn(<1]a- . -3Ii-1a[r]a1i+13- . -,In >) = sz) ([l"]) (2)
From (1) and (2) it follows:

pB
v<f'1,. Sl S i e P ZEB f(<l”1,. oli- 1 Fit s .,}",,>) € HX,— ([l"]) (3)
On the other hand, from definition 4.2-1, the projection function wrt ¢ and a variable x;€s is:
p
., (B) = (p N B)[x/]
and so, for every real value » within nx?(B) there must be an tuple from B with x=r satisfying c:
P
VFEB[xi] renxi (B) = E|<r]9' S A TS PR >€B<r1" <olins s Fis 1 -7rn>€p
which is equivalent to:
P
VyeBlx,] €M (B) = 3<p,  rii g >eBAT 1o st sy o1>) 00 4
Case ¢ =“="then (4) is:

247



APPENDIX B

P
VyeBlx] €M (B) = 3<p,  riirgiss. e >eBA 1ot i1 >)=0
If fi<ry,... v, s, .. b>) denotes the real value zero then, any interval including it includes zero.

Consequently, from (3), it follows the interval projection condition (i):
VireB[x] ’”E”x?(B) = OEHx?B([F])
Case ¢ = “<” then (4) is:
VieB[x] renX?(B) = < i i gty >€BSE ST g 1>)S0
If <ry,...rinrricr,...,r>) denotes a real value less or equal than zero then, the left bound of any

interval including it must also be less or equal than zero. Consequently, from (3), it follows the

interval projection condition (ii):
p pB
Ve Blx,] €T, B)=> leﬁ(l_[xi ([rD) <0
Case ¢ = “>" then (4) is:
p
VI”EB[)C,‘] I"ETEXi (B) = EI<I"1,. it Fs ity s >er(<l"1,. NN I 4 RS .,I”n>)20
If f<ry,...,riprries. .., 1) denotes a real value greater or equal than zero then, the right bound of

any interval including it must also be greater or equal than zero. Consequently, from (3), it follows the

interval projection condition (iii):

Ve Blx] rem (B) = right(TTy, ([11))20 m

Theorem 4.2.2-2 (Projection Function Enclosure based on the Interval Projection). Let
P=(X,D,C) be a CCSP. Let c=(s,p)eC be an n-ary constraint, B an n-ary F-box and x; an element of s.
Let a and b be respectively the leftmost and the rightmost elements of B[x;] satisfying the interval

projection condition. The following property necessarily holds:
nxf(B) c [a..b] a
Proof:

If @ and b are respectively the leftmost and the rightmost elements of B[x;] satisfying the interval

projection condition then outside this interval there are no elements of B[x;] satisfying this condition.
However, from theorem 4.2.2-1, any element of B[x;] within the projection function nxf(B) must
satisfy the respective interval projection condition. Consequently outside the interval [a..b] there are
no elements of B[x;] within the projection function nxf(B).

Since from definition 4.2-1 TEX?(B)Z (p N B)[x;] < Blx;] it follows:

i (B) C [a..b] [
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