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Chapterr 1 

Introduction n 

Thee subject of this thesis can be categorized as the implementation of constraint 
solvers.. In this chapter we put constraint solving, and the programming style 
thatt it enables into context. We motivate our work, give an outline of the thesis, 
andd summarize the scientific contributions. 

1.11 Context 

ConstraintConstraint programming falls in the category of declarative programming 
styles,, where essentially a program describes what must be computed, as op-
posedd to imperative programming, where a program describes how the output 
mustt be computed. A constraint "program" is called a constraint satisfaction 
problemproblem (CSP), and consists of the following elements. 

 a set of variables, each with a set of allowed values, and 

 a set of constraints, where every constraint applies to a subset of the vari-
ables,, and restricts somehow the values that these variables may assume. 

Writingg a CSP to represent a combinatorial problem that occurs in practice is 
calledd modeling. The purpose of constraint solving is to generate solutions 
too CSPs. These are assignments of values to variables that satisfy all constraints. 
Wee will also consider a modification of constraint satisfaction problems where 
thee goal is to generate an optimal solution, according to some objective function. 
Thee combination of a CSP and an objective function is called a constrained 
optimizationoptimization problem (COP). Programs, procedures, and algorithms for con-
straintt solving are called constraint solvers. For a tutorial, and textbooks on 
constraintt programming, the reader is referred to [Smi95. Apt03. Dec03]. The 
subjectt of this thesis is the implementation of constraint solvers. 

Becausee of the very general nature of a CSP. constraint programming sub-
sumess several other forms of modeling, such as linear programming. For some 
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specificc forms of CSPs and COPs there exist very efficient solving methods, such 
ass the simplex algorithm for linear programs. In this thesis we deal with general 
methodss for constraint solving that are applied only when no efficient, problem-
specificc methods are available. 

Inn particular, we deal with methods that are based on an exhaustive explo-
rationn of all possible assignments of values to variables. This excludes so-called 
locallocal search methods, which start from an initial assignment, and try to im-
provee it according to some notion of quality by iteratively making small (local) 
modifications.. Local search methods naturally apply to COPs. but they can also 
bee applied to CSPs by minimizing the number of violated constraints. Local 
searchh methods typically find good solutions quickly, but are not guaranteed to 
findfind the optimum, and therefore they cannot determine whether a solution to a 
CSPP exists or not. 

Inn contrast, the exhaustive methods that we consider in this thesis are guar-
anteedd to find a solution if it exists, but in general they have a time complexity 
thatt is exponential in the size of the problem. Although computations with an 
exponentiall  time complexity are considered to be intractable, this characterizes 
onlyy the worst-case behavior, and despite their potentially intractable nature, 
suchh methods are successfully applied in practice. Examples of such applica-
tionss are the generation of test patterns for digital circuits (see, e.g., [VHSD92]), 
thee analysis of nonlinear functions [HMD97], and scheduling problems [BLPN01], 
suchh as sports tournament scheduling [HenOl], 

1.22 Motivat ion 

Constraintt solving is based on a collection of largely independent techniques, 
thatt fall into two categories: search methods, and techniques for reducing the 
searchh space. In the context of constraint solving, techniques in the latter cate-
goryy are usually called constraint propagation techniques, and the approach 
too constraint solving that is considered in this thesis is known as branch-and-
propagatepropagate search. To a large extent, constraint programming consists of deter-
miningg the combination of techniques that make a given CSP solvable. Many of 
thesee techniques have successfully been used in specific domains to build practical 
constraintt programming tools, but in general it is not possible to combine them 
withoutt reprogramming or re-engineering the tools, and a major challenge in this 
fieldd is how to achieve a combination of various existing methods and techniques 
withinn a single framework. We will refer to realizing such combinations as solver 
composition. composition. 

Recently,, it was demonstrated that many constraint propagation algorithms 
proposedd in the literature are actually instances of a generic iteration algorithm 
[Apt99.. Gen02]. In this scheme, a constraint solver consists of a scheduler com-
binedd with the functions that are to be scheduled. If certain conditions are met, 
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differentt schedulers will lead to the same result, and the schedulers can be config-
uredd to exploit several properties of the functions. Moreover, distributed versions 
off  the generic iteration algorithm exist [MR99, MonOOa], and distributed con-
straintt propagation can be realized simply by substituting a sequential scheduler 
byy a distributed scheduler. 

Ourr goal is to exploit the conceptual simplicity of this scheme, and to comple-
mentt it with facilities for search to form an integrated framework for constraint 
solving.. The central theme of this thesis is an exploration of the possibilities and 
limitationss of such a framework. We have taken a practical approach, which has 
ledd to the development of OpenSolver, a highly configurable constraint solving 
enginee that supports a wide range of relevant solver configurations. A major de-
signn goal was that OpenSolver can be used as a software component, to form the 
coree of a solver, and to participate in several solver cooperation schemes. As a 
result,, composing constraint solvers around OpenSolver involves various methods 
off  software composition. We give an account of the design and implementation of 
OpenSolver,, and of the experiments that were performed to verify the efficiency 
off  the resulting constraint solvers. 

1.33 Outline of the Thesis 

Thee thesis can be read as a description of the OpenSolver software, plus a series 
off  case studies that demonstrate how it can be configured for various application 
domainss and methods of constraint solving. In addition to exploring the possi-
bilitiess and limitations of our approach, some of these case studies address more 
specificc research questions. The following chapters fall naturally in three parts. 
Thee first part contains the preliminary material: 

Chapterr 2. Here we introduce constraint solving, and branch-and-propagate 
search.. To motivate our work further, we review several forms of solver 
compositionn that are found in the literature. 

Chapterr 3. A description of the OpenSolver software, which is used in the sub-
sequentt chapters as a platform for experimenting with solver composition. 
Partt of the material presented here was submitted to the CP 2003 doctoral 
program,, and an abstract appeared in the conference proceedings [Zoe03c]. 

Thee second part consists of three chapters that describe applications of a 
singlee OpenSolver instance: 

Chapterr 4. Here we demonstrate how OpenSolver can be configured as a solver 
forr constraints on finite domains, real, and Boolean variables. We also 
describee a number of general-purpose facilities that are independent of the 
applicationn domain, and we investigate how a number of existing techniques 
thatt are normally hard-wired in solvers can be realized through composition. 
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Chapterr 5. In this chapter we demonstrate how OpenSolver can be configured 
forr solving arithmetic constraints on integer variables. Two specific ques-
tionss are addressed in this chapter: first, there are a number of natural 
approachess to implement these constraints, and we investigate which one 
off  them can be expected to give the best performance. Second, we try to 
characterizee the effect of constraint propagation for these constraints. This 
chapterr is based on joint work with Krzysztof Apt, the preliminary results 
off  which appear in [AZ04]. 

Chapterr 6. This chapter is a case study describing a solver for the job-shop 
schedulingg problem, based on OpenSolver. Like Chapter 4, this involves ex-
istingg solving techniques, but this material serves two other purposes. First, 
job-shopp scheduling is considered to be a non-trivial problem whose com-
plexityy is representative of many scheduling problems that occur in practice. 
Ass such, it shows that our approach leads to realistic solver implementa-
tions.. Second, it demonstrates a technique that we refer to as constraining 
special-purposee data types. In an open-ended solver, this technique can be 
appliedd when the existing facilities do not support an efficient implementa-
tionn of a solver for a given problem. Part of the material in this chapter 
wass submitted to the CP 2004 doctoral program, and an abstract appeared 
inn the conference proceedings [Zoe04b], 

Inn computer science, coordination refers to the orchestration of the inter-
actionn among the various components of a software system [Arb98]. While all 
meaningfull  computation involves coordination, it is a particularly relevant aspect 
off  concurrent systems, where several computations overlap in time. The design 
off  OpenSolver allows that in addition to its use as a stand-alone constraint solver, 
itt can be coordinated from the outside in many different ways, to support solver 
compositionn at a higher level. In the last part of the thesis we look at several 
wayss in which OpenSolver instances can cooperate to solve a single constraint 
satisfactionn problem. The techniques described here are orthogonal to those of 
thee three preceding chapters, and can be used in combination with them. Two 
off  these techniques involve concurrency, and the emphasis of their presentation 
iss on the coordination aspects. 

Chapterr 7. There exist constraint propagation techniques that internally in-
volvee search. This internal search process occurs in the context of another, 
encompassingg branch-and-propagate search, and is therefore called nested 
search.. In this chapter we propose a generic reduction operator for nested 
search,, and investigate the extent to which three existing techniques from 
differentt application domains can be expressed as applications of this generic 
operator.. We also describe an implementation of the operator based on an 
almostt autonomous OpenSolver instance, and we evaluate its performance 
onn some benchmark problems. This chapter is based on a paper [Zoe04a] 
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thatt was presented at the 2004 ERCIM/CologNet workshop on constraint 
solvingg and constraint logic programming. 

Chapterr 8. Parallel processing is used to reduce the turn-around time by dis-
tributingg the workload among a number of threads or processes running 
onn different processors or computers. In this chapter we describe a parallel 
constraintt solver that uses a time-out mechanism for load balancing. To 
ourr knowledge, this is a novel approach to parallel search that supports the 
compositionn of a parallel solver from autonomous component solvers. The 
researchh question addressed in this chapter is whether this approach leads 
too efficient and scalable parallel solvers. This chapter is based on a paper 
withh Farhad Arbab [ZA04]. 

Chapterr 9. Here we discuss the use of OpenSolver as a software component for 
implementingg a solver based on distributed constraint propagation. Several 
researcherss have recognized the need for such a solver. A possible motivation 
iss that in some cases, the CSP that we are trying to solve is distributed, 
whilee it is impossible, or undesirable to gather all constraints in a single 
solver.. The chapter is based on two publications [Zoe03b, Zoe03a], that 
continuee the research of Eric Monfroy and Farhad Arbab in the area of 
coordination-basedd constraint solving [MonOOa, AM00]. 

Inn Chapter 10 we review the material in the preceding chapters, and suggest 
directionss for future work. 

1.44 Contributions 

Thiss thesis demonstrates that solver composition can lead to efficient branch-and-
propagatee constraint solvers. Specific contributions are the following. 

 An account of the design and implementation of a general purpose con-
straintt solving engine, with a flexible architecture that supports a wide 
varietyy of relevant solver configurations. In particular 

-- It is configurable with respect to low-level aspects such as the schedul-
ingg of the functions that implement constraint propagation. This al-
lowss the composition of techniques that are normally hard-wired in 
constraintt programming tools. Solver composition in turn leads to 
reusee of code, and allows that solving techniques carry over to other 
dataa types and application domains. 

-- It is designed as an autonomous application that communicates with 
itss environment through a programmable interface and a solver con-
figurationfiguration language. This design facilitates the component-based con-
structionn of constraint solvers around the solving engine, independent 
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off  a particular computing environment or programming language. The 
configurationn language gives unique possibilities for external manipu-
lationn of CSPs and solver configurations, which allow that special-
purposee functionality can be implemented outside the solving engine. 

AA demonstration and discussion of the technique of constraining special 
purposee data structures as a tool to implement solvers for problems that do 
nott have a straightforward CSP formulation. 

AA systematic study of several approaches to implementing arithmetic con-
straintss on integers, using an interval representation for the variable do-
mains,, and integer interval arithmetic to describe and implement constraint 
propagation.. For the most promising approach, we provide results that 
characterizee the effect of constraint propagation. 

AA demonstration that several operators for enforcing so-called stronger 
formss of consistency, which improve the efficiency of constraint solving in 
specificc application domains, are actually instances of the same technique: 
nestedd search. We demonstrate that using a generic reduction operator for 
nestedd search, these operators can be composed from the operators that 
enforcee weaker forms of consistency. Experiments show that this composi-
tionall  approach leads to a viable implementation of the techniques that we 
aree interested in. 

AA study of a time-out mechanism for implementing parallel search. We 
demonstratee that by equipping constraint solvers with a time-out mecha-
nism,, these solvers can then be used as software components for building 
aa parallel constraint solver, resulting in a very simple implementation that 
performss well on shared memory and distributed memory architectures, and 
givess a good load-balance in practice. 

Inn addition, we believe that the OpenSolver software itself is potentially of 
interestt to a wider audience. However, it was developed primarily for the experi-
mentss reported in this thesis, and has not been used for other purposes. Conse-
quently,, ease of use has not been a priority, and no user's manual or programmer's 
manuall  exists. The latter would be essential for exploiting the open-ended nature 
off  the system. If time permits, we hope to be able to continue the development 
off  OpenSolver, and to make it available as open source software. 


