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Foreword

"Modeling" has become one of the primary concerns in modern Software
Engineering. The reason is simple: starting development processes from clear
and succinct models has proven to foster not only quality but also productivity.
With the advance of modeling there also came a desire for automatic code
generation from models. This way, the costly and error-prone implementation
in terms of low-level languages should be saved. To this end, the models need
to be "executable" in the widest sense.

In this general picture the concepts of constraint programming obtain
a new and economically important role. Even though they are not in the
current mainstream of UML-style graphical languages, they are extremely
well suited for describing models. This is evident by considering the very
nature of constraints: one formulates the properties that a software system
shall fulfill; the implementation is done automatically by the constraint solver.
So the time is ripe for constraint-based programming to come out of the more
academic world, to which it still is constrained to a large extent, and show its
potential for modeling real-world applications.

However, there is no silver bullet. Classical constraint systems in their pure
forms are not expressive enough to be used in a large variety of application
domains. Therefore they need to be augmented by other styles and concepts
for programming and modeling. This leads into the realm of so-called "multi-
paradigm languages". There have been all kinds of approaches in Computer
Science to address the "no-silver-bullet" issue. Examples range from volumi-
nous languages such as PL/1 or ADA (which failed miserably), huge libraries
(which are non-standardized and thus lead to severe problems in the long run),
or Microsoft’s .NET approach (which solves the problem at least on the low
level of machine code). The keyword DSLs (domain-specific languages) can
be viewed as the general circumscription for all kinds of attempts to address
the multiparadigm idea. By contrast to .NET the emphasis here is on the
integration at the level at which the users formulate their intentions.

vii
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In this dynamic evolution of ideas, concepts and efforts, the book by Petra
Hofstedt provides a valuable snapshot and assessment of the state of the art
and the future directions for potential evolutions. The first part of the book
gives an overview of paradigms, languages and compilers that are currently
available both for academic experiments and for practical applications. Based
on a sound description of the mathematical foundations, the general concepts
of multiparadigm constraint languages are explained and the technical means
for their implementation in the form of efficient solvers are presented. Of
particular interest is the classification of the interplay of the different styles
of programming, such as constraint logic programming, constraint imperative
programming, constraint object programming, et cetera.

The second part of the book complements this overview of languages and
concepts by looking at the application domains. However, the word "case
studies" does not refer here to a collection of selected examples. Rather it refers
to the techniques that are needed to realize some of the multi-paradigmatic
compositions. This is done on two orthogonal dimensions: First, one of the
most complex combinations of paradigms is presented quite concretely, namely
concurrent constraint-functional programming. Second, a generic framework
is elaborated, which shall make it relatively easy to compose all kinds of
paradigms within new language shells. This is best expressed by the catch-
phrase "from solver cooperation to language integration".

The book by Petra Hofstedt comes at a time of highly dynamic evolutions
in Software and System Engineering, in particular with respect to modeling,
specification and high-level problem description. It provides a valuable insight
into one important aspect of this field, namely the activities centered around
the declarative description of systems by way of their properties, that is, by
way of constraints. It will help the reader to understand the foundations of
the approach and to get a better judgement of the future perspectives.

Berlin, December 2010 Peter Pepper
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Chapter 1
Introduction

This book is concerned with the theory and practice of multiparadigm con-
straint programming languages.

Programming languages are often classified according to their programming
paradigms, e.g. in imperative, functional, logic, constraint-based, object-
oriented, or aspect-oriented languages. A programming paradigm characterises
the style, concepts, and methods of the language for describing situations
and processes and for solving problems. In this way each paradigm serves
best for programming in particular application areas. For example, an object-
oriented language aids the programmer to think of a program as a collection
of interacting objects, database programming enables one to handle huge data
in a structured way, and logic and constraint-based programming allows one
to express search problems in a declarative way.

Real-world problems, however, are often best implemented by a combination
of concepts from different paradigms, because they comprise aspects from sev-
eral realms. This combination is more comfortably realised by multiparadigm
programming languages. These languages establish an area of programming
languages research and application which has attracted increased interest and
generated promising solutions in recent years. Examples are the multiparadigm
language ADA which provides for distributed, concurrent, imperative, and
object-oriented programming, COMMON Lisp with the CoMMON Lisp OB-
JECT SYSTEM for functional, imperative, and object-oriented programming,
the many constraint libraries like CHOCO [44] and GECODE [73] which can be
integrated into languages of other paradigms, and even the Microsoft software
platform .NET as an integrating platform for components written in different
languages.

In this book, we consider in particular constraint-based languages. The area
of constraint programming has been thoroughly developed in recent decades
and the application and importance of constraints in practical and scientific
applications has grown remarkably.

P. Hofstedt (ed.), Multiparadigm Constraint Programming Languages, Cognitive Technologies, 1
DOI 10.1007/978-3-642-17330-1_1, © Springer-Verlag Berlin Heidelberg 2011



2 1 Introduction

Constraints are predicate logic formulae used to describe problems by means
of properties of objects or relations between them. They are well suited for
the convenient description and efficient solution of problems with incomplete
knowledge. Constraints already cover many different problem domains and, in
combination with other paradigms, allow comfortable and efficient modeling,
programming and solving of problems.

Overview of the Book

The intended audience of this book is senior undergraduate and graduate
students, and researchers from the programming languages or constraint
programming fields. The book serves as an introduction to the area of multi-
paradigm constraint programming, discusses in detail two concrete examples
with different main focus, and gives an overview and many references to
classical and recent approaches in this research field.

The first part elaborates on programming paradigms and languages, on
constraints, and on the merging of programming concepts which yields multi-
paradigm (constraint) programming languages. In Chapter 2 we define basic
notions from algebra and predicate logic which are used throughout the book.
Programming paradigms and programming languages are introduced and dis-
cussed in Chapter 3, where we elucidate the ideas, basic elements and concepts
of the most common and widespread paradigms. Chapter 4 is dedicated to
constraints as language constructs, the handling and solution of constraints,
and constraint programming. We present well-established fields and recent
approaches to multiparadigm constraint programming in Chapter 5.

In the second part of this book we inspect two concrete examples of mul-
tiparadigm constraint programming systems. In Chapter 6 we consider the
concurrent constraint functional language CCFL which combines concepts
from the functional and the constraint-based paradigms and allows the de-
scription of concurrent processes and even of typical parallelization patterns.
We present a general framework for multiparadigm constraint programming
and its implementation META-S in Chapter 7.

An outlook, references to related literature, and a detailed index conclude
the book.
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Multiparadigm programming languages combine concepts and features from
different programming paradigms. A programming paradigm, like the func-
tional, the object-oriented, or the constraint-based paradigms, supports a
certain view of a problem and an adequate programming style and it allows
in this way comfortable and efficient programming and problem solving. Since
real-world problems comprise aspects from several domains, they are often best
represented by a combination of concepts from different language paradigms.
This has yielded many interesting developments in the field of multiparadigm
programming languages. In this book, we focus on paradigm combinations
with constraints because constraint-based languages have gained increased
importance in practice due to their wide and potent application areas.

In the first part of this work we elaborate on programming paradigms and
languages and on constraints and we discuss the combination of programming
concepts in multiparadigm (constraint) programming languages. It consists of
four chapters.

In Chapter 2 we introduce basic notions from algebra and predicate logic.
These are used throughout the book for the definition and the description of
important concepts of programming languages and constraints. Chapter 3 is
concerned with programming languages. We recall essential notions, concepts,
and methods of this area and we discuss classical and new programming
paradigms. Chapter 4 is dedicated to the area of constraint programming.
We discuss the functionality of constraints as language constructs in general
and by examples and present an overview of applications of constraints.
Multiparadigm programming languages with constraints are the subject of
Chapter 5. We investigate the integration of programming paradigms in general
and discuss established and new paradigm combinations with constraints.






Chapter 2
Basic Notions

This chapter provides a brief introduction to basic notions and definitions from
algebra and predicate logic. For further discussion, examples, and presentation
of concepts see e.g. [55, 22, 169, 106].

2.1 Signatures and Y-structures

A signature constitutes the syntax of a language, i.e. the symbols used to
compose language expressions like terms and constraints. Their interpretation
or semantics is defined by means of an appropriate structure.

Definition 1 (signature) A (many-sorted) signature X = (S, F,R) is de-
fined by a set S of sorts, a set F' of function symbols, and a set R of predicate
symbols. The sets S, F', and R are mutually disjoint.

Every function symbol f € F and every predicate symbol r € R is associ-
ated with a declaration f:s1...8, > sand r:s1...8y, 8,8, €S, n,m >0,
and thus with an arity n or m, resp. A symbol f with n = 0 is a constant
symbol.

Let X* be a set of variables of sort s € S. A set of Y-variables is a set
X = U,cg X?, where the sets X* are non-empty and mutually disjoint. <

A Y-structure builds on a signature X' and defines the semantics of the
symbols of Y.

Definition 2 (X-structure) Let X' = (S, F, R) be a signature. A X'-struc-
ture D = ({D* | s€ S}, {fP | f € F}, {rP | r € R}) consists of an S-sorted
set of non-empty carrier sets D* with s € S, a set of functions fP with f € F,
and a set of predicates r? with r € R.

For a function symbol f € F with f : s1...s, — s let fP be an n-ary
function, such that fP : D% x ... x D% — D* holds.

For a predicate symbol r € R with 7 : 51 ... s,, let 2 be a m-ary predicate,
such that r? C D% x ... x D™ holds. <

P. Hofstedt (ed.), Multiparadigm Constraint Programming Languages, Cognitive Technologies, 9
DOI 10.1007/978-3-642-17330-1_2, © Springer-Verlag Berlin Heidelberg 2011



10 2 Basic Notions

The following example illustrates these definitions and will be used in the
subsequent sections.

Example 1 Let Xy = (S, F, R) be a signature consisting of the set of sorts
S = {nat}, the set F = {succ,plus,mul,0,1,2,...} of function and con-
stant symbols and the predicate symbols R = {eq, geq} with the following
declarations:

succ : nat — nat

plus, mul : nat nat — nat
0,1,2,...: nat

eq, geq : nat nat

We define a Xy-structure Dy by Dy = ({N}, {fN| f € F},{rV | r € R}),
where the carrier-set N is the set of natural numbers on which the functions
N and predicates N apply, e.g.

succ¥: N — N and for every x € N holds: succ™(x) = (z + 1),
plus™: N x N — N, and for every z,y € N holds: plus" (z,y) = (z +y),

0N: N with 0N = 0,
1N N with 1N =1,

eq¥ € N x N, where for all z,y € N holds: eq"(z,y) iff z =1y,
geq" € N x N, where for all z,y € N holds: geq"(z,y) iff x > y. O

2.2 Terms, formulae, and validity

Based on the notion of a signature, we define terms and formulae. We provide
these syntactic elements with a meaning, i.e. a semantics, and determine the
validity of formulae with the help of the corresponding X-structure.

In the following, let X = (S, F,R) be a signature, let X be a set of
Y-variables, and let D be a X-structure.

Terms are built from the symbols of Y. They are defined inductively. Besides
variables and constant symbols, there are terms composed of subterms based
on the declarations of the involved function symbols.

Definition 3 (term, ground term) The set T (F, X) of terms over X and X
is defined as follows: T(F, X) = J,.q T (F, X)*, where for every sort s € S
the set T(F, X)® of terms of sort s is the smallest set containing

1. every variable z € X*® (of sort s),
2. every O-ary function symbol f € F with f : s, i.e. every constant symbol,
and
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3. every expression f(t1,...,t,), n > 1, where f € F is a function symbol with
declaration f : s1...s, — s and every ¢;,i € {1,...,n}, is a (composite)
term of T (F, X)*.

Terms without variables are ground terms. <

A position p in a term t is represented by a sequence of natural numbers.
The empty sequence is denoted by e. We recursively define ¢|, to denote the
subterm of ¢ at position p as t|e = ¢ and f(t1,...,tn)|ip = tilp. By t[r], we
denote the term which is obtained from ¢ as the result of the replacement of
the subterm ¢|, with the term r.

Example 2 Let z,y,z € X. For our signature Xy from above, z, 2, succ(x),
plus(2, suce(3)), and plus(suce(x), mul(2, succ(y))) are terms.

For a term ¢t = plus(xz, mul(2, succ(y))) examples of subterms are t|. =,
t)y = x, tla = mul(2, suce(y)), tlee1 = y, and replacements are given by e.g.
timul(2, z)]2 = plus(x, mul(2, z)) and t[1]a21 = plus(x, mul(2, suce(1))). O

Terms represent elements or objects of the corresponding domain. For exam-
ple, terms over Xy are arithmetic expressions. Similarly, boolean expressions
can be built over an appropriate signature Xp.

To determine the semantics of terms w.r.t. a X-structure D we must assign
values to the variables of the terms. This is done by means of a valuation.

Definition 4 (valuation) An S-sorted family of mappings ¢: X — D = (¢®:
X* — D*)%€S which assigns each variable z € X* an element of the carrier
set D*, s € S, is a valuation. <

Now, we can evaluate terms w.r.t. a structure D and a valuation .

Definition 5 (evaluation of terms) Let ¢: X — D be a valuation. The eval-
uation ¢: T(F,X) — D of a term w.r.t. the structure D and the valuation
s is a family of mappings (¢*: T(F, X)* — D*)*¢% with:

o *(x) = ¢*(x) for every variable z of sort s,

o &(f) = fP for every constant symbol f € F with f : s, and

o S(f(ty,... tn)) = fP(S1(t1),. .., 3% (t,)) for every function symbol f € F
with f:s1...5, =& s and every sort si,...,8,,s € S and all terms
e T(F,X)*, ie{l,...,n}. <

The evaluation of a variable is just its valuation, the evaluation of a constant
symbol is the corresponding constant from the structure. For a composite
term we evaluate its subterms and apply the corresponding function from the
structure.

The set Formulae(X, X) of formulae of (first-order) predicate logic deter-
mines the syntax of predicate logic.

Definition 6 (formulae of predicate logic) The set of formulae of pre-
dicate logic over a signature Y and a set of variables X, denoted by
Formulae(X, X), is inductively defined as follows:
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1. For all predicate symbols r : sj...s, and all terms t; € T(F, X)%,
i€ {1,...,m}, the expression r(t1,...,ty) is a (atomic) formula.

2. true and false are (atomic) formulae.

3. For every formula ¢ the expression —¢ is a formula.

4. For all formulae ¢ and 1 the following expressions are formulae too:
(6V ), (DA D), (6 — v), and (¢ «— v).

5. If ¢ is a formula and z € X is a variable, then (Vz.¢) and (Jz.¢) are
formulae. <

We denote the set of variables occurring in a term or formula F', resp., by
var(F). The quantifiers V and 3 bind variables in formulae. We introduce
certain notions concerning quantifiers.

Definition 7 (bound and free variable, open and closed formula) An occur-
rence of a variable z in a formula ¢ € Formulae(X, X) is called bound, if x
appears in a subformula of ¢ in the form 3z.¢ or Vz.1. Otherwise z is a free
variable. A formula ¢ without occurrences of free variables is called a closed
formula, otherwise ¢ is open. <

Definition 8 (universal and existential closure) Let {z1,...,z,} € X be
the set of free variables of a predicate logic formula ¢ € Formulae(X, X).
The universal closure V¢ and the existential closure 3¢ of ¢ are defined
by

Vo =Vri...Vr,. ¢ and d¢=dxy...dzr,. ¢, resp.

The expression Y with ¥ C X denotes a (arbitrary) sequence of the
variables of the set Y. By 31 we denote the existential closure of the
formula 1) except for the variables of Y. <

In the following, we write Vz,y.¢ instead of Vz.Vy.¢p and Jz,y.¢ instead of
dx.dy.¢ as is usually done.

Example 3 Consider the signature Xy and the structure Dy from Example 1
and the variables {z,y,z} C X.

The following formulae are elements of Formulae(Xy, X):
true, false, geq(2, ), eq(mul(2,2),4), ~geq(2, x)V-geq(z,2), true — false,
eq(2,z) +— eq(succ(2), succ(x)), YV, y. eq(z, plus(x, y)), V. Jy. eq(x, succ(y)),
geq(x,2) — Jx.eq(x,2).

Consider p = Vx,y. eq(z, plus(z,y)) and ¢ = geq(z,2) — x. eq(x,2). The
variables x and y are bound in formula p, while the variable z is free. In the
formula ¢ the first occurrence of variable x is free, while its second occurrence
is bound by the existential quantifier 3.

The formulae true, false, eq(mul(2,2),4), Vx.3y.eq(z, succ(y)), and
true — false are closed, all other formulae given above are open.

Let Y = {z,y} C {x,y,2z} C X. The following holds:
3y eqlz plus(z,y)) = 3,y eq(z,plus(z,y)) = 3z. eq(z, plus(z,y)). O
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The semantics of predicate logic is determined by the assignment of a
meaning to every formula w.r.t. the associated structure. We define the
validity relation between structures and formulae (see e.g. [55]).

Definition 9 (validity, £, model) Let ¢,v¢ € Formulae(X, X) be formulae
of predicate logic. Let ¢ : X — D be a valuation. A valuation which maps
the variable € X to a € D and all other variables y to ¢(y) is denoted by
Slxfa]: X — D, i.e.

clo/al(y) = {ffy) o

The relation F is defined as follows:

D,s)Er(ty,... tm) iff (S(t1),...,¢(tm)) € 7P,

(

(D, <) E true,

(D,g)}z‘false

(D,s) E ift (D,q) ¥ ¢,

(D,C)'CQS/W/J ifft (D,¢)E ¢ and (D, <) E v,

(D,s)Fovy  iff (D,q)F¢or (D,s)F1,

(D,s)E¢p— 1 iff (D,s)¥ ¢ or (D,)E 1,

(D,o)Fp+— o iff (D,¢)E ¢ — ¢ and (D,s) Fp — ¢,

(D) EVx.9p ift (D,s[xz/a)) E ¢ for every a € D%,s € S, x € X*

(D,¢) E3x.0 iff (D,¢[xz/a]) E ¢ for at least one a € D%, s € S, x € X*.

A formula ¢ is valid in D, i.e. it holds D E ¢, if for every valuation
¢: X — D holds: (D,s) E ¢. In this case, we call D a model of ¢. <

Example 4 Consider the signature Xy and the structure Dy of Example 1.
Let ¢ be a valuation with ¢(x) = 1, ¢(y) = 2, and ¢(2) = 3. We study the
validity of various formulae:

Dy, s) E true and (Dy, ) ¥ false.
Dr,s) F geq(2, ), because 2N =2 > 1 = 11,
DN,g) F eq(plus(2,2),4), because plus™(2,2) = 4.
Dy, <) F ~geq(2, ) V ~geq(,2),
because the validity of one subformula ¢ or ¢ of a formula ¢ V 9 is
sufficient and (1,2) & geg" resp. 1 # 2.
(Dn,s) ¥ true — false
according to the definition of validity of formulae of the form ¢ — ¥
(see above).
(D, ¢) E (eq(2, 2) +— eq(suce(2), suce(x))),
because (2,1) ¢ eq" resp. 2 # 1 and (3,2) ¢ eq" resp. 3 # 2.
(D, <) ¥V, y.eq(z, plus(z,y)),
because there are valuations ¢’ of  and y such that 3 # ¢'(z) +<'(y).
(Dn, <) ¥ Va. y. eq(x, suce(y)),

(
(
(
(
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because when x has the value 0 there is no value for y such that
r=y+ 1.
(D, <) F geq(x,2) — Fz.eq(x,2), because (1,2) & geq".

Of the above formulae the following are valid in Dy, i.e. they hold in Dy
for every valuation: true, eq(plus(2,2),4), eq(2,x) +— eq(succ(2), suce(x)),
and geq(z,2) — Jx. eq(z, 2).

2.3 Substitutions and unifiers

When defining operational principles of programming languages later on in
this book, we will need certain notions concerning substitutions.

A substitution applied to a term or atomic formula replaces variables by
terms.

Definition 10 (substitution) A substitution o is a function o : X —
T(F,X) with o(x) € T(F,X)* for all x € X*.

We extend the function o to 6 : T(F,X) — T (F, X), i.e. for application
on terms by

o G(x) = o(z) for all variables x € X,

a(f(tr, ... tn)) = f(G(t1),...,0(t,)) for all terms f(ty,...,t,).

Analogously, o is extended for application on atomic formulae. In the following,
we identify a substitution o with its extension & and write o instead of 5. <

In this book, we deal with finite substitutions ¢ in the sense that for only
finitely many variables x holds: o(z) # z. A substitution o can, thus, be rep-
resented in the form o = {z/o(x) | o(z) # '}, where we explicitly enumerate
all its elements. We denote the identity substitution by d.

The composition of substitutions describes the sequential application of
substitutions on a term or formulae.

Definition 11 (composition of substitutions) The composition of substi-
tutions o and ¢ is defined by (¢ o o)(e) = ¢(o(e)) for all terms and atomic
formulae e. <

Example 5 Consider a set X of variables with {x,y,z} C X and the signa-
ture Yy from Example 1.

Let o and ¢ be substitutions with o = {z/4,y/plus(3,2)} and ¢ = {z/1}.
The following holds:

o(suce(2)) = succ(o(2)) = succ( )
o(suce(x)) = suce(o(x)) = ( )
o(mul (3, plus(z, succ(y)) ) ul(3, plus(4, suce(plus(3, z))))
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)
2))))
) 0

Unifiers are substitutions which allow one to identify certain terms or
formulae.

(¢ o o) (mul(3, plus(z, succ(y)))) = (o (mul(3, plus(z, succ(y))))
= ¢(mul (3, plus(4, succ(plus(3,
= mul (3, plus(4, succ(plus(3, 1)

Definition 12 (unifier, most general unifier, mgu) Let s and ¢ be terms or
atoms. A substitution o with o(s) = o(t) is a unifier of s and ¢t. A unifier o
of s and t is a most general unifier (we write o = mgu(s,t)) if for every
unifier ¢ of s and t there exists a substitution ¢ such that ¢ = v o ¢ holds.<

For algorithms to compute most general unifiers we refer to [194, 106]. If two
terms or atoms s and ¢ are not unifiable, we write mgu(s,t) = (.1

Example 6 Consider the signature Xy and the set {z,y,2z} C X. The
terms s = mul(z, succ(z)) and t = mul(2,y) are unifiable with substitution
o ={x/2,y/succ(z)}, i.e. o is a unifier of s and :

o(s) = mul(2, suce(z)) = o(t)
The substitution ¢ = {x/2,y/succ(3), z/3} is a unifier of s and ¢ too:

@(s) = mul(2, suce(3)) = ¢(t)

The substitution o is a most general unifier of s and ¢. For o and ¢ there
is a substitution ¢ = {2/3} such that ¢ = ¢ o o holds. O

Let the parallel composition of idempotent substitutions be defined as
n [175]. We compute the parallel composition (o 1T ¢) of two idempotent
substitutions ¢ and ¢ as follows:

(U ) (b) = mgu(f(xh sy Ty Yl e vym)v f(U((El), s ,J(.’Iin), ¢(y1)7 te (b(ym)))ﬂ
where z;, i € {1,...,n}, and y;, j € {1,...,m}, are the domain variables of
o and ¢, resp.

Example 7 Given Yy, a set X of variables with {w, z,y, z} C X, and the sub-
stitutions o = {x/0,y/z}, ¢ = {w/succ(x),y/0}, and ¢ = {y/0, z/succ(0)},
we build their parallel compositions:
(01 ¢) = mgu(f(z,y,w,y), f(0,z, succ(z),0))

= {2/0,y/0,2/0,w/succ(0)}
(¢ 1) = mgu(f(w, y,y, 2), f(succ(x), 0,0, succ(0)))
{w/suce(x),y/0, z/succ(0)} O

! Note that () has a completely different meaning than the identity substitution id.






Chapter 3
Programming Languages and Paradigms

Before we can discuss the amalgamation of programming paradigms in Chap-
ter 5, we need to become familiar with basic concepts and notions from the
programming languages area.

Thus, we recall essential concepts of programming languages and indicate
fundamental and advanced literature in Section 3.1. We introduce the notion
of a "programming paradigm" and discuss classical and new paradigms and
their representatives in Section 3.2.

3.1 Programming languages and compilation

Programming languages are formal languages for the description and control
of the behaviour of computers (and other machines). They are used to realize
a precise, reliable, and automatic management and manipulation of data and
knowledge. There is a broad variety of literature concerning programming
languages, their principles, and implementation, for example [201, 48, 2, 224,
146, 230].

Syntax and semantics. A programming language is defined by its syntaz
and semantics. The syntaz of a programming language is a formal language
which defines its correct expressions. It is typically formally fixed using syntax
diagrams or (E)BNF ((EXTENDED) BACKUS-NAUR FORM). For example, in
Section 6.1 we define the syntax of the language CCFL using EBNF. The
semantics defines the meaning of the language elements, expressions, and
programs. It is sometimes formally specified by means of rules but sometimes
only given by its implementation, i.e. the realization of the program execution
on hardware and software. There are different approaches to the formalization
of the semantics of programming languages, mainly the operational, the deno-
tational, and the aziomatic semantics and combinations of these, which differ
in their methods and application goals (cf. [11, 231]). For examples see Sections

P. Hofstedt (ed.), Multiparadigm Constraint Programming Languages, Cognitive Technologies, 17
DOI 10.1007/978-3-642-17330-1_3, © Springer-Verlag Berlin Heidelberg 2011
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3.2 and 5.2-5.5 as well as Sections 6.3 and 7.2, where we formally specify the
semantics of several paradigm representatives and concrete programming
languages, resp.

Compiler and interpretation. A programming language usually comes
with a compiler which translates programs (of the source language) into another
programming language (the target language). While the source language is
typically a high-level programming language (HLL), the target language may
be a lower-level language, like assembly language or machine language, or
another HLL.

The compilation of a program is performed in a sequence of phases (see
Figure 3.1): Lexical analysis (or scanning) partitions the source program
into its elements, such as keywords, variables, operators, numbers etc., i.e.
a stream of tokens. Syntactic analysis (in a narrower sense) builds from the
tokens an abstract syntax tree (AST) representing the semantic components
of the program, such as assignments, loops, case-decisions, procedures or
functions. This is performed by the so-called parser. Semantic analysis follows,
which verifies resp. computes context conditions and type information and
augments in this way the AST. Finally, the coder generates target code
from the annotated AST (possibly via intermediate program representations).
Before and after the actual code generation (optional) optimizations can be
applied. The syntactic and semantic analyses constitute the so-called front-end,
code generation and optimizations the back-end of the compiler.

Contrary to the presentation in Figure 3.1, the compilation phases interfere
with each other, e.g. the scanner is called by the parser when it needs a further
token or type checking and intermediate code generation can be done during
syntactical analysis.

HLLs are often distinguished into compiled languages and interpreted
languages. An interpreter usually performs a syntactic and a semantic analysis,
too. On top of this it either executes the source code or AST, resp., nearly
directly or generates some intermediate code which is immediately executed.

However, often the borders between compilation and interpretation are
blurred, because on the one hand the execution of target code of a compiler can
be seen as a special kind of interpretation and, on the other hand, techniques
like just-in-time compilation and bytecode interpretation lie in-between. For
many languages there exist compilers as well as interpreters.

Running a program. Figure 3.2 shows the system architecture during the
evaluation of a (target) program. On top of the hardware and the operating
system resides the language runtime system. A runtime system is software
which provides language features or program elements for a running program.
Depending on the language it may consist of different elements. For example,
the standard C library contains functions for I/O handling, mathematical
functions, code for memory management and more. The JAVA Runtime
Environment (JRE) provides the JAvA class libraries, used e.g. for I/O, and
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Fig. 3.1 Phases of a compiler

the JAVA Virtual Machine (JVM) for the execution of JAVA bytecode. Garbage
collection can also be considered to be part of the runtime system. Languages
with constraints evoke the handling and solving of constraints at runtime and,
thus, need constraint solvers as part of their runtime system.

Actually, one may loosely consider the runtime system of a language as a
collaboration of a number of abstract machines which provide base functions
for the compiled program. An abstract machine (AM) is, in general, just a
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Fig. 3.2 Layer architecture of program evaluation

software implementation of some kind of machine or computer which allows
the execution of a program consisting of particular function calls.

3.2 Programming paradigms

Programming languages can be classified into paradigms differentiated by the
ways the language constructs support the programmer in solving problems of
certain application domains or patterns.

Terminology 1 (programming paradigm) A programming paradigm is a
general approach the programmer can take to describe and solve a problem.
This approach is supported by the programming languages of the paradigm
which is reflected by the language concepts, i.e. the language constructs and
evaluation mechanisms.

For instance, using an object-oriented language, like JAVA or C++, pro-
grammers can think of a program as a collection of interacting objects, while
in logic programming, using e.g. PROLOG, a program can be thought of a
description of a search problem, and a functional program (written in e.g.
HASKELL or OPAL) is a collection of mathematical functions.

Programming languages can be classified according to their paradigms. We
consider typical classes in the following and we discuss certain paradigms in
more detail. This concerns, in particular, paradigms which we will reconsider
later in this book in the context of multiparadigm constraint programming
languages in Chapter 5 in general and w.r.t. our case studies CCFL and
META-S in Chapter 6 and Chapter 7, resp.

3.2.1 Imperative and declarative languages

Imperative programming was probably the earliest programming paradigm.
An imperative program consists of a sequence of statements or instructions
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Program 3.2.1 Recursive Fibonacci using C and HASKELL, resp.

int fib (int n) {

if (n< 2)
return n;
else
return fib (n—1) + fib (n—2);
}
fib

n =
if (n < 2) then n else fib (n—1) + fib (n—2)

which change a program state step-by-step over time. This is often called
stateful or time-dependent computation. There is a close connection to the
von Neumann architecture, since one can consider the imperative paradigm
as an abstraction of this model. Typical examples of imperative languages
are assembly languages, FORTRAN, ALGOL, PASCAL, and C.

While imperative languages describe "How" the computation of the solution
for a certain problem takes place, languages of the declarative paradigm in con-
trast describe "What" is to be computed. Here, the user provides a declarative
description of the problem resp. its solution(s) by means of functions, relations
and/or constraints, but the actual solution algorithm is left unspecified and
realized by the underlying language evaluation.? Computations of declarative
programs are stateless and time-independent, i.e. an expression always has
the same semantic meaning independent of its context or time. Languages
of the declarative paradigm can be classified in general into functional, logic,
and constraint-based languages (cf. Sections 3.2.3 — 3.2.5).

Let us illustrate the differences (and similarities) in programming concepts
and styles when using an imperative and a functional language, resp.

Program 3.2.1 provides recursive definitions of the Fibonacci function
written in C (above) and HASKELL (below). The programs look very similar
in structure (as well as in naming). However, the imperative C program
describes the computation procedure as "... compute fib (n—1) and compute
fib (n—2), return the sum of both results ...." while the HASKELL version is
just a function definition.

The imperative nature of C becomes even more obvious in Program 3.2.2.
Here we see explicit variable assignments and reassignments in a loop, where
we compute iteratively (a prefix of) the Fibonacci sequence and store it into
an array which must also be explicitly described by the programmer.

2 However, many declarative languages, in particular logic and constraint-based instances,
allow one to guide the solution algorithm by describing strategies or implementation
details (cf. the discussions about extra-logical predicates in PROLOG in Section 3.2.4 and
about strategies in META-S in Section 7.3.3).
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Program 3.2.2 The Fibonacci sequence, iterative C version

int xfibArray (int n) {

int xfibs = (int*x)malloc ((sizeof(int)) * n);
int a = 0, b =1, i, sum;
for (i =0; ¢ < n; i++) {
fibs[i] = a;
sum = a + b;
a = b;
b = sum;
}
return fibs;

Program 3.2.3 The Fibonacci sequence using lazy lists in HASKELL

fibs@(_:tfibs) = 0 : 1 : zipWith (+) fibs tfibs

In functional programming we can compute the Fibonacci sequence in
a comparable way (of course without assignments, but by means of defini-
tions). However, in languages with lazy data structures such as HASKELL one
will formulate the problem more adequately using infinite lists as given in
Program 3.2.3.

The idea here is to define the infinite Fibonacci sequence by itself. This is
mathematically possible and in languages like HASKELL also a well-known
programming technique: we generate the elements of the list only when we
actually need them. Figure 3.3 illustrates the computation. We generate the
list fibs starting with 0 and 1, where the remaining part of fibs is computed
by combining fibs and its tail using zip With (+). In this way, we compute
new list elements step-by-step when they become arguments of the zip With
function call. Figure 3.3 shows the first step computing the third list element
and a later computation situation.

fibs : 0 : 1 : 1e.
+ tfibs: 1: 15)

fibs: 0:1: 1=7.

fibs : 0:1:1:2: 3 : 5.
+ tfibs: 1:1:2: 3 : 55)
fibs : 0:1: 1:2:3: 52",

Fig. 3.3 Lazy computation of the infinite Fibonacci sequence
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While the computation of the Fibonacci numbers in all the cases presented
is based on the same formula, the algorithmic methods may differ considerably
depending on the underlying data structures and the concepts of the paradigms
and corresponding language features.

3.2.2 Procedural and object-oriented languages

Structured imperative programming with subroutines or procedures is called
procedural programming. Except for assembly languages all imperative lan-
guages mentioned in Section 3.2.1 are procedural. The C functions fib and
fibArray in Programs 3.2.1 and 3.2.2 are such subroutines, returning a Fi-
bonacci number and a pointer to an array holding a prefix of the Fibonacci
sequence as results resp.

Many popular and widely used programming languages have both procedu-
ral and object-oriented programming aspects. Object-oriented programming
has become very popular recently. Languages of this paradigm use objects en-
capsulating data and operations and their interactions to describe applications.
Armstrong [18] identified a number of fundamental concepts of this paradigm.
A "class" defines the characteristics of its elements, the "objects". The objects’
abilities are their "methods". "Inheritance" describes a hierarchy of classes and
subclasses and the principle of "encapsulation' conceals the functional details
of a class. In many cases, object-oriented programming allows an elegant and
well structured style close to the real world even for large applications, which
in connection with its well-known imperative background has led to its high
popularity.

To express simple computations like the Fibonacci function one does not
gain from using object-oriented concepts so this is typically realized using an
imperative programming style in object-oriented languages, too. However, the
object-oriented style of programming and way of thinking supports modeling
of complex domains in a convenient way, where the objects directly represent
elements of the real world. For example, when programming in a geometrical
domain (see Program 3.2.4) it is natural to deal with points, lines, and
shapes, their attributes and methods directly, instead of thinking in real and
integer variables. The same holds for e.g. domains of animals, production
lines, libraries and so on.

Well-known languages of the object-oriented imperative paradigm are JAVA,
C#, and C++. However, there are also popular languages which allow the object-
oriented programming style in other paradigms, like SCALA [171] combining
functional, imperative, and object-oriented programming, COMMON LISP
OBJECT SYSTEM CLOS [127, 209] which is part of ANSI COMMON LISP,
OBJECTIVE ML [190] integrating object-oriented concepts in the functional
language ML, and Oz [165, 212] which supports declarative and object-
oriented programming and concurrency.
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Program 3.2.4 Java: a geometric domain

class Point {
double z, y;

void move (double dz, double dy) {
T = 1z + dr;
y =y + dy;

}

}

class ColoredPoint extends Point {
int color;

}

abstract class Shape {
abstract double area();

}

class Circle extends Shape {
Point center = ...;
double radius = 0.0;

void moveTo (Point p) {
center = p;
}

double area () {
return (3.14 % radius * radius);
¥

void draw (...) { ... }
}

class Rectangle extends Shape {
Point anchor = ...;
double height = 0.0;
double width = 0.0;

double area () {
return (height x width);
}

3.2.3 Functional programming languages

Functional languages belong to the declarative paradigm. A Functional pro-
gram counsists of a set of (data type and) function definitions. It is evaluated
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by reduction of a functional expression. The typed lambda calculus [24]
with constants provides a model for functional programming. Languages
which allow a functional programming style (some of them contain fea-
tures of other paradigms as well) are e.g. HASKELL, ML, and OPAL (see
[177, 178, 216, 109, 61, 187]), SCHEME [213], Lisp [181], and ERLANG [19].

We briefly sketch the main concepts of the functional programming
paradigm, where we consider functional languages from a conceptual point
of view. Examples of function definitions using HASKELL are given in Pro-
grams 3.2.1 and 3.2.3.

Let X = (S, F, R) be a signature, consisting of a set S of sorts and a set F'
of function symbols; let R = (). We distinguish two (disjoint) subsets of the
set F' of function symbols: the set A of constructors of the underlying data
types and the set I" of defined functions. Let X be a set of variables.

Definition 13 (functional program) A functional program P over X is
given by a finite set of rules (called pattern-based definitions) of the form
f(t1,...,ty) — t', where f € I' is a defined function and the parameter
terms t; € T (A, X) are linear constructor terms, i.e. they are built up from
constructors and variables such that every variable occurs only once. The
right-hand side ¢’ € T(F,X’) is an arbitrary F-term, restricted to those
variables X’ C X that actually occur on the left-hand side. <

The evaluation principle of functional languages is reduction. A ground
term t is stepwise reduced using the rules of a functional program P until a
normal form is reached, that is no more reduction steps are possible.

Definition 14 (reduction step, reducible expression, redex) Let ¢ be a ground
term, let P be a functional program.
If there exist a position p in ¢, a rule [ — r from P, and a substitution o
such that ¢, = o(l), then
t i to(r)]p
is a reduction step. We write t ~» t[o(r)], and omit the rule if it is obvious

from the context.
The expression t|, is called a reducible expression or redex. <

Example 8 Let z,y € X be variables. We provide rules of a functional
program for the addition of natural numbers which are represented by the
constructors 0 and s.3

1 add(0,2z) — =

2 add(s(z),y) — s(add(z,y))

This leads e.g. to the following evaluation sequence, where we underlined
the reduced subterms:

add(s(0),s(5(0))) ~(2) s(add(0,5(s(0)))) ~(1) s(s(s(0))) %

3 Note, that for concrete functional languages the syntax will normally differ, e.g. the
second add rule in HASKELL looks like this: add (s z) y = s (add z y).
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In the evaluation of an expression within a functional program, there are two
sources of non-determinism: (1) There may be different applicable rules for a
chosen subterm caused by overlapping left-hand sides. Thus, the rule selection
strategy of the language, e.g. first-fit or best-fit, ensures a deterministic rule
choice. (2) Reduction strategies decide on the redex choice in each step; we
distinguish e.g. call-by-value, call-by-name, and call-by-need. These strategies
lead to quite different semantics as has been studied extensively in [150]. We
refer to [150, 187, 178] for a detailed discussion.

Definition 15 (call-by-value, call-by-name, call-by-need) Using a call-by-
value (or eager) strategy all inner (i.e. argument) redexes are evaluated
completely before their outer function is called.

A reduction with call-by-name strategy substitutes function arguments
directly (and unevaluatedly) into the function body whose evaluation is
preferred.

Call-by-need (or lazy) is a variant of the call-by-name strategy using
sharing to avoid the multiple evaluation of argument expressions (as is possible
for the call-by-name strategy). <

The following example underlines the effects of these different reduction
strategies.

Example 9 Consider the following tiny functional program:

double(z) — z + z
addOne(z) — = + 1

Figure 3.4 shows evaluation sequences for the expression double(addOne(7))
using the evaluation strategies call-by-value (1), call-by-name (2), and call-by-
need (3). The call-by-value strategy chooses the inner redex addOne(7) first,
thus it is also called an innermost strategy. Call-by-name and call-by-need are
outermost strategies and reduce (leftmost) outermost expressions first. Thus,
if, using an outermost strategy, an argument is not used in the evaluation
of the function, it is never evaluated (which may be advantageous in case of
non-terminating derivations); if the argument is used several times, it will be
re-evaluated each time as we can see for the call-by-name evaluation sequence.
This multiple evaluation is avoided with the help of sharing of arguments
which are evaluated only once in the call-by-need strategy. In Figure 3.4 the
shared arguments of the expressions are represented in gray color. O

3.2.4 Logic programming languages

(Definite) clauses and resolution are the main ingredients of logic programming
(LP) languages. Logic programming languages are based on first-order logic.
Definite clauses are universally quantified disjunctions of atomic formulae
with exactly one positive, i.e. unnegated, atom. They allow one to express
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Fig. 3.4 Evaluation of functional programs: reduction strategies

facts and inference rules. Starting from a goal expression, the logic program
evaluator searches over the tree of potential proofs using resolution. In this
way variable bindings or substitutions, resp., are generated and applied to
the goal to get valid instances of it.

PROLOG and its dialects, like ECLIPS® [1, 17] and SICStus [205], and
adaptations like MINERVA [157] for intelligent client-server applications on
the internet and the parallel system AKL [85] are typical logic languages. For
further reading on logic languages we refer to [169, 204, 106].

Let us consider logic programming from a conceptual point of view.

Definition 16 (logic program) A logic program P is a sequence of clauses
of the form @ :- Q1,...,Q,. where @ and Q;, ¢ € {1,...,n}, are atoms (i.e.
atomic formulae). A clause with n > 0 is called a rule. In case n = 0 a clause
has the form @. and is called a fact.

The expression @ on the left-hand side of a clause is the head, the sequence
Q1,...,Q, on the right-hand side is the body of the clause.

A goal for a logic program P has the form ?- Q1, ..., @Q,,. The expressions
Q;, 1 €{1,...,m}, are atoms, again. <

We interpret clauses and goals as predicate logic formulae and assign a
declarative semantics to a logic program in this way. Therefore, we consider
the symbol ":-" as left-oriented implication "«—" and the commas "," in the
rule body and in the goal as conjunctions "A".

The empty clause O or (7 —.) represents the formula false +— true or false.
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Example 10 Consider a logic program defining the concatenation of lists
(for lists in logic languages see e.g. [106]).

1 append([],X,X).
2 append([X|XS1,YS,[X1251) :- append(XS,YS,ZS).

This program represents the formula

(VX append([1,X,X) )
A (V X,XS,YS,ZS. append([X|XS],YS, [X|ZS]) <— append(XS,YS,ZS))

The first clause describes the fact that an empty list []1 combined with
another arbitrary list X yields again the list X. Rule (2) defines the general
case: The result of the concatenation of the lists [X| XS] and YSis [X|ZS], if
the concatenation of XS and YS yields ZS. O

The declarative semantics of a logic program is determined by its logical
consequences, i.e. implied formulae.

Definition 17 (logical consequence, F) A closed formula F is a logical con-
sequence of a logic program P, written P E F, if F holds in every model of
p. <

A correct answer is a substitution which we can apply to a goal G to obtain
a logical consequence of a program.

Definition 18 (answer, correct answer) Let P be a logic program, let G be
a goal with G = 7= Q1,..., Q. A substitution o (for the variables of G) is
an answer for (P,G). An answer o for (P, Q) is correct iff the formula

V(o(Qi)N...ANo(Qm))

is a logical consequence of P. <

The operational semantics describes the evaluation of a logic program with
the aim to compute correct answers for goals. Logic programs are evaluated
using SLD-resolution. In the following, let a variant of a clause R denote a
clause obtained by the unique replacement of the variables in R by other
variables.

Definition 19 (SLD-resolution step) Given a logic program P and a goal
G=7-Ry,...,R,. withm > 1.If

e there is a variant C = (Q :- @Q1,...,Qn.), n > 0, of a clause of P, such
that G and C do not have a variable in common and

e there is an ¢ € {1,...,m} such that R; and @ are unifiable with most
general unifier o, i.e. 0 = mgu(R;, Q),

then G —, ¢ G’ is an SLD-resolution step with
G =7-0(R),...,0(Ri-1),0(Q1),...,0(Qn),0(Rit1),...,0(Rm).
We write G —, G’ if C is clear from the context. <
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A sequence of resolution steps builds a derivation.

Definition 20 (SLD-derivation, SLD-refutation) Given a logic program P
and a goal G.

An SLD-derivation of (P, G) is a (potentially infinite) sequence G+, ¢,
G1 —y,00 G2 04,05 G — ... of resolution steps.

An SLD-refutation of (P,G) is a finite SLD-derivation
G =000 G1 —oy,0y Go .o 0, ¢, Gy of (P,G), where G,, = 0. <

An SLD-refutation of a goal generates substitutions whose composition is
called a computed answer.

Definition 21 (computed answer) Let P be a logic program, let G be a goal.
Let G —4,.c; G1 o0, G2 = ... =4, ¢, O be an SLD-refutation. The
substitution o = o'[,q, (), Where 0/ = 0, 00,1 0... 001, is a computed
answer of (P,G). <

Example 11 Counsider the append program from Example 10. We show two
possible SLD-refutations for the goal G = ?- append(4,B,[6,3,2]).
?- append(4,B,[6,3,2]).

oy = {a/[, B/[6,3.2], x/[6,3,2]}, (1)
[
We obtain the computed answer o as follows:
o0 = 0'|varc) = {4/ 01, B/[6,3,2]}, where 0’ = 07.

Another derivation of G is the following;:

?- append(4,B,[6,3,2]).

s, = {a/[6|xs], YS/B, X/6, ZS/[3,2]}, (2)
?- append(XS,B,[3,2]).

Freo = {xs/[], B/[3,2], x1/[3,2]}, (1)

OJ

The substitution § is the computed answer:
6 = 0'|par(e) = {4/ (6], B/[3,2]} with
0'=3d500;
= {4/[61,x/6,xs/[1,YS/[3,2],2S/[3,21,B/[3,2],x1/[3,2]}. O

Lemma 1 determines the relation between the operational semantics and
the declarative semantics of logic programs.

Lemma 1 (soundness and completeness of SLD-resolution, cf. [169]) Let P
be a logic program, let G be a goal.

1. Every computed answer is a correct answer of (P,G).
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2. For every correct answer o of (P,G) there exist a computed answer ¢ and
a substitution ¥ with o(x) = (Y o ¢)(x) for all x € var(QG).

While every computed answer is correct, there may be correct answers o
which cannot be computed using SLD-resolution. This is caused by the fact
that SLD-resolution computes most general unifiers. Instead, it is possible to
compute a more general (correct) answer ¢, such that o = v o ¢.

Negation can be represented using the Clark completion. Since this is also
fundamental to the interpretation of constraint logic programming later on,
we briefly sketch its essential issues.

The main point is a change in the interpretation of clauses. We assume
now that all positive knowledge is explicitly contained in or implied by the
logic program.

Definition 22 (Clark completion) Let P be a logic program. The Clark
completion P consists of the formulae obtained by the following transfor-
mations:

e We replace every m-ary predicate p with clauses of the form

p({l) M Gl-

p(tn) := G.
by the formula
VX, (p(X) ¢— (X =11 AG) V... VIV, (X =t, AG,)), where

t; are sequences of terms according to the arity of p,
Y; are sequences of the variables appearing in G; and ¢;, and

X s a sequence of m different variables which do not occur in G; or £;,
ie{l,...,n}.

e We replace every predicate symbol ¢ which only occurs in the body of a
rule by the formula } .
VX. - q(X)

e Finally, we add the following axioms for equality:

xT=z (
T=y—y==u (
T=yANy=z—1T=2 (
r1=n A ATy =Y — f(T1, - xn) = f(Y1, .y Un) (
r1=nA... ATy =Yn — (0(x1,.. . 2n) — DY1, - Yn)) (
f@r, o ovmn) = fy, .oy yn) — 21 =1 A .. ATy = Yp (
flxr, . sxm) = g(y1,. .. yn) — false, i f#gorm#n (
x =1t — false, if x is a variable appearing in ¢. (

CCCCC LT
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The axioms (1) — (3) and (4) — (5) ensure that = is an equivalence relation
and congruence relation, resp. The axioms (6) — (8) formalize the properties
of unification. <

The Clark completion P of a program P does not delete or add positive
information, i.e.

PEA «— P EA.

However, negative literals can be logical consequences of a program P resp.
its completion P now.

Presuppose a selection strategy for goal literals. An SLD-tree (or search-
tree) [106, 169] represents all possible SLD-derivations for a goal ?7- G. If
there is a finitely failing tree, i.e. all its branches are finite but unsuccessful
(i.e. they terminate with goals # ), then 7- G. is finitely failed and - G
holds.

Lemma 2 (soundness, completeness of negation (as finite failure), cf. [169])
Let P be a logic program, let 7= G be a goal.

1. If 7= G. has a finitely failing SLD-tree, then P EV - G.
2. If P¥ EY = G holds, then there exists a finitely failing SLD-tree for (P, G).

For a more detailed discussion we refer to [106, 169, 71, 117].

Prolog and its dialects are implementations of the presented concepts, and
thus, in general, adaptations and extensions.

PROLOG’s computation method always chooses the first or leftmost, resp.,
subgoal of a goal for the next resolution step. The clauses of a program are
explored according to their order in the program from top to bottom. Since
PROLOG traverses the tree of possible derivation sequences, i.e. the search-tree,
using depth-first search and backtracking, the completeness of SLD-resolution
is lost. That means that the PROLOG evaluation may follow a non-terminating
branch, even in the case of existing SLD-refutations.

Furthermore, PROLOG offers the developer extra-logical predicates with
the aim to make programming more comfortable and to allow one to restrict
the search-tree traversal. This encompasses the cut (written as "!") for "cut-
ting away" certain (e.g. failing or redundant) branches of the search-tree, a
restricted form of negation (based on the cut), and built-in arithmetic. For
details see e.g. [106, 169].

3.2.5 Constraint-based programming languages

Today, most PROLOG systems, like ECLPS® [1, 17] or SICStus [205] support
constraint programming (CP) techniques. And vice versa, most constraint



32 3 Programming Languages and Paradigms

programming languages are logic languages. This is caused by the fact that
logic programming can be interpreted as an instance of constraint program-
ming which is, thus, a natural extension of the former. Also historically logic
languages were the first to be extended by constraints.

In general, constraint languages allow one to describe problems by means
of relations between variables in the form of constraints. Constraints are
particular first-order predicate logic formulae and are handled by constraint
solvers. These are specialized optimized algorithms, which are integrated into
the corresponding language evaluation mechanisms.

We introduce constraints and related concepts and notions in Chapter 4. We
consider constraint-based languages in detail in Chapter 5 as multiparadigm
languages, because constraints are typically integrated into languages of other
paradigms which provide the environment for structured programming.

3.2.6 Sequential, concurrent, and parallel languages

Programs of a sequential programming language are evaluated by a sequence of
steps, either originally described by a sequence of instructions as in imperative
languages or specified by the solution method or the evaluation algorithm in
the case of declarative languages.

Concurrent systems allow the concurrent performance of causally indepen-
dent actions, i.e. actions which do not need computation results from each
other. Independent actions, which are often also called processes or agents,
may be performed either sequentially in arbitrary order on one processor,
even interleaved, or in parallel on several processors and possibly at the same
time.

The sequential, parallel, and concurrent paradigms are orthogonal to the
classification of languages into imperative and declarative ones. Accordingly,
there are several languages which appear in different versions. For instance,
besides the originally sequentially evaluated (imperative) language FOR-
TRAN, there is the parallel version HIGH PERFORMANCE FORTRAN (HPF)
[193]. Similarly, there exist concurrent and parallel versions and extensions
of the functional language HASKELL, for instance CONCURRENT HASKELL
[179], GLASGOW PARALLEL HASKELL (GPH) [140], GLASGOW DISTRIBUTED
HaskieLL (GDH) [183], and DATA PARALLEL HASKELL [40]. Furthermore,
many languages allow different programming styles with respect to this classi-
fication, like ADA, and this is often realized by means of libraries, as in JAVA
or OPAL [177].

For further reading on concurrent and parallel languages and programming
methods we refer to [95, 135, 13]. We discuss concurrent programming with
constraints in Section 5.3 and Chapter 6.
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3.2.7 Languages of further paradigms

Further paradigms which are mainly orthogonal to the above-mentioned clas-
sification include e.g. aspect-oriented programming and literate programming.

On the other hand there are languages belonging to very specific classes like
visual languages, database languages or so-called domain-specific languages
(DSL).

Aspect-oriented programming (AOP) [129, 111] is intended to aid pro-
grammers in the separation of cross-cutting concerns, that is aspects like
logging, synchronization, security or error handling which defy typical en-
capsulation and "cut" across multiple modules in a (often object-oriented)
program.

The concerns (the aspect code) are implemented separately to the actual
program code (the business code). This approach simplifies the maintenance
of code and allows its expansion and exchange. The aspect code is woven
(aspect weaving) into the business code before or after compilation or even at
runtime.

Examples of AOP languages are HYPERJ [110] and AspEcTJ [128] for
Java, AspecTL [49] for ComMmON Lisp/CLOS, and AspEcTML [51] for ML.

Literate programming is a methodology combining an actual program-
ming language with a documentation language with the goal to improve its
readability by humans. This makes the programs more robust, more portable
and more easily maintained. Examples are WEB [130] and its derivatives.

Visual programming languages rely on the idea to specify programs by
manipulating program elements graphically instead of textually. The main
language concepts are visual expressions and the spatial arrangements of text
and graphical symbols. Examples are SIMULINK, the constraint-based language
THINGLAB [28], and the MICROSOFT VISUAL PROGRAMMING LANGUAGE
(MVPL) for programming robots in the MICROSOFT ROBOTICS STUDIO.

Database or query languages are used to request information from
databases and information systems. The STRUCTURED QUERY LANGUAGE
(SQL) is the standard interactive and programming language for querying
and modifying data and managing databases. Its origin goes back to the
nineteen-seventies. Besides, there are many other query languages which differ
according to the underlying database model or type, like XQUERY [34] which
is used to query collections of XML data, DATALOG [38] which is syntactically
a subset of PROLOG but applied to deductive databases, and the object query
language OBJECT CONSTRAINT LANGUAGE (OCL) [227, 170] as an ingredient
of UML.
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Domain specific languages [223] are dedicated to a particular problem
domain, problem representation or solution technology, again with the aim to
enhance quality, flexibility, and coding performance of software. Well-known
examples are the ABSTRACT SYNTAX DESCRIPTION LANGUAGE (ASDL) [45]
for the description of tree-like data structures in compilers, the BACKUS-NAUR
ForMm (BNF) which is a compact meta-syntax used to express context-free
grammars, the document markup language KTEX and the typesetting system
language TEX itself, the software development tool MAKE for building large
applications, and the HYPERTEXT MARKUP LANGUAGE (HTML) for web
pages. Many of the languages mentioned in the above sections and paragraphs
can be considered as DSLs (and are considered as such, dependent on the
context and background of the observer).



Chapter 4
Constraints

This chapter deals with constraints and constraint programming (CP). In
Sections 4.1 and 4.2 we introduce fundamental notions of constraint program-
ming and illustrate them by means of examples. We show the appearance
and use of constraints in programming languages in Section 4.3 and discuss
applications of constraints in Section 4.4.

Based on the concepts introduced here, in Chapters 5 — 7 we discuss the
extension of programming languages and paradigms by constraints which
yields multiparadigm constraint programming languages.

For further reading we refer to the following books [106, 71, 15, 153, 195]
and articles [119, 118]. The presentation of Sections 4.1 and 4.2 partially rely
on [106], Chapter 3, which is due to the author of this book.

4.1 Constraints and constraint systems

Constraints are predicate logic formulae used to describe problems by means
of properties of objects or relations between them. Constraints are classified
into domains by the applicable solution algorithms. A constraint system gives
a clear description of a corresponding class.

Definition 23 (constraint, constraint system) Let X' = (S5, F, R) be a signa-
ture, where the set R contains a predicate symbol =* for every sort s € S; let
X be a set of Y-variables. Let D be a Y-structure with equality, i. e. for every
predicate symbol =® there is an equality predicate which is a congruence
relation. Let 7 be a X-theory.

A constraint (over X) has the form r(ty,...,t,), where r € R is a
predicate symbol and ¢; are terms of appropriate sorts. The set C of constraints
(over X) additionally contains the constraints true and false with D = true
and D [~ false.

A 5-tuple ¢ = (X,D, T, X,Cons), where {true, false} C Cons C C is a
constraint system. <

P. Hofstedt (ed.), Multiparadigm Constraint Programming Languages, Cognitive Technologies, 35
DOI 10.1007/978-3-642-17330-1_4, © Springer-Verlag Berlin Heidelberg 2011
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The theory 7T is intended to describe important properties of D. Thus, in
the following, 7 must reflect the structure D sufficiently, i.e. D and 7 must
correspond.

Definition 24 (correspondence of D and T, [119])
Let ¢ = (X,D,T,X,Cons) be a constraint system. The structure D and the
theory T correspond w.r.t. the constraints of Cons if

e D is a model of 7 and
e for every constraint ¢ € Cons holds: DE Jciff T E Je. <

Moreover, we presuppose satisfaction completeness of T, i.e. for every
constraint ¢ € Cons either 7 F dc or T F = 3J¢ holds.

Typical examples are finite domain constraint systems, systems defining the
linear arithmetic domain, domains with non-linear arithmetic constraints, and
Boolean constraints. Even logic programming with the Herbrand-structure
based on the Herbrand-universe can be interpreted as constraint program-
ming. Corresponding solving and constraint handling algorithms are based
on consistency checking and search (see e.g. [153, 106]) for finite domain
constraints, on the simplex method [180, 54, 152] or Gaussian elimination [30]
for linear arithmetic constraints, on Buchberger’s Groébner bases algorithm
[35, 160], interval arithmetic [15, 96], or a simple delay mechanism [47] for
non-linear constraints, on Boolean unification [154], local consistency tech-
niques [155, 46] or an adaptation of Buchberger’s Grobner bases algorithm [3]
for Boolean constraints, and on resolution (see Definitions 19 and 20) for the
Herbrand-domain. For a collection of (further) references and a presentation
of some of these solving algorithms see e.g. [106, 98]).

4.1.1 Linear arithmetic constraints

As a first example we consider linear arithmetic constraints. They allow
efficient handling of linear equations, inequalities, and disequations on real
numbers. Typical examples come from operations research (see e.g. [54, 106]).

Let Cg,,, be a constraint system with
CRiin = (R, DR, TRys» Xr, Consg,,,, ).

The signature Xy contains constant symbols for the real numbers, binary
function symbols +, —, %, and /, and the binary predicate symbols =, >, <,
<, >, and #.

IR = (S]R,FR, RR) = ({real}, {0, 1,—-1,2,...,4, — %, /}, {:, >, << >, 7&})

The structure Dgr consists of the set of real numbers R, corresponding
constants and the functions +%, =& «® /R and predicates =%, >® <& <&
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>R and #R which are defined as usual.
DR = ({R}V {ORv 1R7 _1R7 2R7 LR +R7 _Rv *Rv /R}v {:Rv >R7 <R7 SRv ZRa #R})

We restrict Consg,,, to linear constraints and 7g,,, to linear arithmetic.
Thus, the set Consg,,, of constraints of (g,,, contains besides true and false
constraints of the following form, exclusively:

a1 *T1+ ...+ an * T, ©D,

where z1,...,z, € Xg are variables, ay,...,a,,b are real numbers, and
© €{=,>,<,<,>,#} is a predicate symbol.

Expressions like (2% 2 — 1%z < 1) and (3 %z = 4), where z,z € Xg, are
linear constraints. However, we will consider also e.g. ((342) x (z —y) < z) or
(3.2%x = w*y) as linear constraints, i.e. expressions which can be transformed
into the above form.

The set Consg,,, is a proper subset of Cr because non-linear constraints,
like (x*x+y+y = z*z) are elements of the set Cgr but not contained in the set
Consg,,, . This restriction is required by the simplex method used as a solving
algorithm for constraints of this domain. We refer to [106, 54, 176, 152, 114]
for further reading.

4.1.2 Finite domain constraints

Another example are finite domain constraints. They are characterized by the
fact that the domains of the involved variables are a priori finite.

Let (#p be a constraint system with

(rp = (Xrp, Drp, Trp, X7p,Consrp).

Constraints of (zp allow the formulation of arithmetic problems in which
variable domains are finite sets.

Let the signature X' zp contain integer symbols, arithmetic function symbols,
unary predicate symbols for determining membership of finite domains and
binary predicate symbols to express equality, inequality, and disequations.

EFD = ({int}v{ov17_1727"'7+7_a*7/}7
{6 {617"'3616} | € € Z}U{:3¢7<7>§72})

The structure Drp consists of the set of integers Z and functions and
predicates appropriate to the symbols of Y'zp which, however, operate on
integers.

The set of constraints Conszp contains all constraints of Crp. Examples
of FD-constraints are « € {3,6,9,10}, 2 # 7 and x x y < 8.
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A finite domain constraint as defined above does not a priori finitely restrict
the domain of all involved variables. This property is realized by means of
constraint satisfaction problems which determine the actual form a problem
description must take when solved using a finite domain constraint solver.

Definition 25 (constraint satisfaction problem (CSP)) A constraint sat-
isfaction problem (CSP) is a conjunction C = C' AN Ey A ... AN E, of
constraints of Conszp over the variables x1,...,x, € Xzp such that

e the constraint conjunction C” does not contain constraints of the form
x €D,

e var(C) C {xy,...,x,} holds, and

e the constraints E; have the form z; € {e;1,...,¢; % }. The constraint
E; assigns a finite set of values to the variable x;. The set D(z;) =

{e]D,...,el P} is called the domain of the variable ;.
The constraints true and false are also CSPs. <

Finite domain constraints are solved by domain narrowing using consistency
checking algorithms (node consistency, arc consistency, path consistency)
nested with search techniques. We refer to [153, 106] for detailed descriptions,
references, and applications.

Example 12 A typical example which "has finally reached the masses" [207]
is the puzzle sudoku.

A 9x9 grid is partitioned into 3x3 blocks. Every position may take one of
the numbers 1,2, ...,9, where some assignments are already fixed. The aim is
to fill all positions of the 9x9 grid such that each column, each row, and each
of the nine 3x3 blocks contains the digits from 1 to 9 only once each.

An example of an initial situation is given in Figure 4.1. The constraint
solving process performs a narrowing of possible values comparable to the
human deduction process.

Consider e.g. the 3x3 block at the middle position in the lowermost row.
For each of the remaining positions the set of potential values is {3, 5, 6,9},
which follows from the values already used within this 3x3 block. This is
illustrated by Figure 4.2 (a). These sets can be narrowed by means of the
known values in the complete rows (Figure 4.2 (b)) of the 9x9 grid and in its
columns (Figure 4.2 (c)). Since the bottom left value is finally fixed to 3, this
value can be deleted from the domains of the other positions (Figure 4.2 (d)).
With a final step we reach the configuration given in Figure 4.2 (e): The
middle position is the only one where the value 5 is allowed.

The correct distribution of 6 and 9 at the remaining positions can be found
out by search or by further narrowing of other areas of the 9x9 grid, which
again restricts the domains of these positions. O
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Fig. 4.1 Sudoku
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Fig. 4.2 Stepwise narrowing of the domains

4.2 Constraint solvers

Given a constraint-based problem description the user of a constraint pro-
gramming system is typically interested in finding out about satisfiability and
concrete solutions.

In the following, let ¢ = (X, D, T, X,Cons) be a constraint system.

Definition 26 (satisfiability) A conjunction C'= A ny Ci of constraints

ie{l,...,
C1y...,Cp € Cons is
satisfiable or consistent in D if DE3C,
unsatisfiable or inconsistent in D if D= -3C. <

If a constraint (conjunction) is satisfiable, then there exists at least one
solution.

Definition 27 (solution) A valuation ¢ : X — D is a solution of a conjunc-
ny Gi of constraints c1,..., ¢, € Cons if (D, <) EC. <
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Example 13 Let the constraint system (g,,, for linear arithmetic be given.
The constraint conjunction x > 3 Ay > x Ay + x < 7 is satisfiable. A
solution (but not the only one) is & = 3 A y = 4. The constraint conjunction
x>3ANy>xzAy+ x =06 is unsatisfiable. O

While a solution is, in fact, a mapping from the set of variables into the
carrier set, in the following we simplify the presentation.

We assume that a solution ¢ of a constraint conjunction C' can always be
represented by means of a conjunction of equality constraints

/\ (x:fz)7

z € var(C)

where f, are O-ary function symbols of the signature X' and it holds:

DOE A @=1).

z € var(C)

Note, that this is actually not necessarily satisfied for every constraint con-
junction of a constraint system, but it is often or mostly so.

A constraint solver is a set or a library of tests and operations on
constraints of a constraint system. Typically these include a satisfiability
test, an entailment test, and a projection function. Further operations are
e.g. simplification and determination detection (see [106, 119]). They are
realized by means of particular algorithms specialized for particular constraint
domains. We mentioned some of these algorithms in the previous section in
connection with the corresponding constraint domains.

In the following, let
ACons ={c1 N...ANcy | me€Nand ¢,...,cp € Cons}
denote the set of all constraint conjunctions of ¢ and
VACons ={C1V...vC|leNand C1,...,C; € ACons}

the set of all disjunctions of constraint conjunctions.

Let us consider four main constraint solver operations: satisfiability, entail-
ment, projection, and simplification.

Satisfiability is the most important property of constraints checked by
constraint solvers. The satisfiability test

solve : ACons — {true, false, unknown}

checks whether a constraint conjunction C' is satisfiable in structure D. The
following must hold:
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If solve(C) = true, then C is satisfiable in D:  DE3JIC and
if solve(C) = false, then C' is unsatisfiable in D: DEF -~3C.

Example 14 A constraint solver for linear arithmetic applied on the con-
straints of Example 13 yields the following results:

solve(x >3 Ny >z ANy+x<T7)=true and
solve(x > 3Ny >xAy+ax=06)= false. O

Definition 28 ((in)complete satisfiability test) A satisfiability test

solve : ACons — {true, false, unknown} is complete if it decides the sat-
isfiability in D for all C € ACons, i.e. for every C' in ACons holds
solve(C) € {true, false}. Otherwise the test is incomplete. <

Example 15 Often linear arithmetic solvers are equipped with a simple delay
mechanism to handle non-linear constraints. The delay mechanism suspends
non-linear constraints until they become linear because of certain variable
bindings.

While a linear solver is not able to handle a constraint zxy+y*z = zx z,
it may receive bindings for x and y during the solution process and, thus, be
able to handle the corresponding constraint conjunction later on:

solve(x xy +y*z = zxx) = unknown and
solve(zxy+yxz=zxx ANz =4ANy=23) = true. O

This completeness property also applies to the corresponding constraint
solver.

Definition 29 ((in)complete constraint solver) A constraint solver is com-
plete if its satisfiability test is complete. Otherwise the solver is incomplete.<

Entailment is a second important property of constraints checked by con-
straint solvers. The entailment test

entail : ACons x VACons — {true, false, delay}

checks whether a constraint conjunction C entails a disjunction E of constraint
conjunctions. The following must hold:

If entail(C, E) = true, then C' is satisfiable and E follows from C' in D:
DE (3C)AY(C — E).

If entail(C, E) = false, then E is not entailed by C' (while C' must hold):

DE-3(CA(C— E)).

The result delay covers the situation that both of the following hold:
DEI(CA(C— E)and DE-((3C)AV(C — E)).
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In this case the entailment of F by C cannot be decided yet but is delayed
(or suspended). Adding a new constraint to C' may allow one to decide the
entailment relation later on.

The result delay can be used furthermore to express that a solver is not (yet)
able to deal with C' or E, i.e. it is not able to find out about the entailment
relation.

Example 16 Consider the constraint system (g,,, from Section 4.1.1 and
the constraint C' = & > 3. An entailment test may yield the following results:

entail(C, E) = delay, where E = (z <5),

because the entailment of E by C cannot be decided yet.

We add further constraints to the store such that the entailment test yields
true or false, resp.

entail(Cy, E) = true, where Ch, = C A (z < 4).
entail(Cy, E) = false, where Cy = C A (z > 5). O

Projection extracts knowledge about a certain restricted set of variables
from a given constraint conjunction.

proj : ACons x P(X) — VACons

And it holds:
If proj(C,Y) = C’, then DEV((3_¢ C) +— C’), where Y C var(C).

The result of the projection of a constraint conjunction C' w.r.t. a subset Y
of its variables is a disjunction C’ of constraint conjunctions such that C’
describes a part of the knowledge of C', actually the relations of the variables
of Y. Projection is, thus, also called variable elimination because for the result
C’ all other variables except those of Y are eliminated.

Example 17 Consider again the constraint system (g,,, for linear arithmetic.
Let C=(x>y)A(y=4N(z=2+y)A(w < z—3x*z). We build projections
w.r.t. different sets of variables:

proj(C,{z}) = (z > 4),

proj(C,{y}) =(y=4),

proj(C,{z}) =(2238),

proj(C,{z,w}) =@x>4)N(w<d-2x%x),

proj(C,{z,y, z,w}) = C. O

Note that projection is a partial function because it is not always possible to
build a projection. Since, furthermore, the projection operation may become
very costly, in practice the condition to build a projection is often softened
such that the equivalence relation is replaced by an implication:

If proj(C,Y) = C’, then DEV((3_yC) — C’), where Y C var(C).
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Simplification is a constraint solver operation which "simplifies" a conjunc-
tion C' and builds an equivalent conjunction C’ which is "simpler" in a certain
sense.

simplify : ACons — ACons

And it holds:
If simplify(C) = C’, then D EV(C +— C").

The concrete relation "is simpler than" depends on the particular solver.
Often the result of a simplification is some kind of normal form subject to
the underlying constraint system.

The constraint store

A constraint solver is usually equipped with a constraint store. The constraint
solver operations given above operate on this store which is taken into account
by the first argument of type ACons in each case. That is, the satisfiability test
checks the satisfiability of the constraint store, the entailment test analyses the
entailment of constraints by the store, projection projects it and simplification
normalizes the store.

4.3 Constraints as language constructs

In this book we consider multiparadigm constraint programming languages.
We are, thus, interested in the functionalities in which constraints may act
as language elements. We mainly distinguish three categories: (1) abstraction
over a number of basic language constraints, (2) stating properties of objects
and (3) checking or questioning of conditions. We discuss the three aspects in
the following.

4.3.1 Constraint abstractions

A constraint language usually provides the user with a set of basic constraints,
e.g. as built-in constraints or by constraint libraries. However, to write com-
pact and readable programs in a convenient way, it is often desirable to
summarize or abstract over sets of constraints, just as functions abstract
over statements. Such abstractions are called user-defined constraints or
constraint abstractions.

Example 18 In PROLOG the user abstracts over a set of constraints (and/or
predicates) by defining a predicate. Program 4.3.1 shows the definition and
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Program 4.3.1 A user-defined domain constraint in ECL’PS®-PROLOG

:— use_module(library(ic)).
myDom(X,L,R) :- X #>= L, X #=< R.
predicate(...) :- ... myDom(4,0,9), myDom(B,-1,1),

Program 4.3.2 A user-defined domain constraint in TURTLE

1 constraint domain (v: !int, min: int, max: int)
2 require v >= min and v <= max;

3 end;

4 ...

5 wvar a: lint;

6 wvar b: int := 0;

7 require domain(a,b,9);

use of a domain constraint myDom for integer variables in ECL!PS*-PROLOG. It
restricts the integer variable X to values between L and R, i.e. L < X < R, and
uses the finite domain integer constraints (#>=) and (#=<) of the constraint
library <c. O

Example 19 TURTLE [77, 106] (see also Section 5.6) is a multiparadigm
language merging concepts from the constraint-based and the imperative
paradigms. Program 4.3.2 shows the definition and use of a domain constraint
corresponding to Program 4.3.1 using this constraint-imperative language.
In TURTLE, variables of type !int are constraint variables which are deter-
mined by constraints, while imperative variables (e.g. b of type int) are set
to values by assignment statements. O

The user-defined constraint alldifferent as given in Program 4.3.3 using
TURTLE is another example of a constraint abstraction. This constraint is
applied to a list s of n variables and restricts these to be pairwise different by
means of w disequality constraints.

However, unlike in Program 4.3.3, alldifferent is typically a global constraint.
Global constraints [25] are logical combinations of constraints of a constraint
system ¢ which are provided by constraint libraries and languages. In contrast
to a user-defined constraint, a global constraint is not handled and solved
like its ingredient constraints but by a dedicated specialized and optimized
algorithm. The use of specialized algorithms allows in general a more efficient
computation and/or a stronger restriction of the sets of potential solutions.
For example, the global alldifferent constraint is usually solved by means of
graph algorithms [189, 108, 215] or Hall-intervals [145, 185].
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Program 4.3.3 A user-defined alldifferent-constraint in TURTLE

1 constraint alldifferent (s: list of !int)
2 while (tl s <> null) do

3 var ss: list of !int = tl s;

4 while (ss <> null) do

5 require hd s <> hd ss;

6 ss = tl ss;

7 end ;

8 s = tl s;

9 end

10 end;

4.3.2 Tell-constraints for constraint propagation

The most natural and most common application of basic as well as user-defined
constraints in a language is their use to state properties of problems or their
solutions. These constraints are often called tell-constraints. Examples are
e.g. the evocation of myDom(4,0,9) in Program 4.3.1 or domain(a,b,9) using
require in Program 4.3.2.

Languages with constraints integrate constraint solvers into their runtime
system which are used to check the satisfiability of constraints and to compute
solutions at runtime. They can be interpreted as abstract machines of the
runtime system, as shown in Figure 3.2.

A constraint solver is usually equipped with a constraint store. During
the program evaluation, constraints are stepwise collected and propagated
into the constraint store. Adding a new constraint to the store is called
constraint propagation (or tell). Thereby, either the consistency of the store
is ensured immediately or after a number of propagations, e.g. by particular
statements or commands. Checking the consistency of the store is done using
the satisfiability test of the constraint solver (cf. Section 4.2).

Constraint solvers mostly work incrementally: When constraints are step-
wise propagated to the store, it is not solved again and again from scratch.
Instead, the store usually contains an intermediate or normal form of the
constraints added so far which is enhanced and simplified (using the simpli-
fication operation of the constraint solver, cf. Section 4.2) with every new
constraint propagation. This saves computation steps and makes the solution
process more efficient.

4.3.3 Ask-constraints for process coordination

The third functionality of constraints frequently appearing in constraint
languages is to check conditions to influence the program evaluation. This
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Program 4.3.4 A producer and a consumer communicating over a shared
buffer in CCFL

fun produce :: a -> [a]l -> C
def produce item buf =
with bufl :: [a]
in buf =:= ditem : bufl & produce item bdbufl
fun consume :: [a]l -> C
def consume buf =
buf =:= first : bufil ->

consume bufl

fun main :: C
def main =
with buf :: [al

in produce 1 buf & consume bdbuf

typically concerns reactive systems, i.e. systems where concurrently working
processes cooperate and coordinate their work. So-called ask-constraints
are used to synchronize processes for the cooperative work on a common
task and to decide between alternative computation paths. The cooperative
processes work on a shared constraint store which is used to collect the
common knowledge propagated by tell-constraints and to synchronize the
processes using ask-constraints. Synchronisation using ask-constraints is done
by checking their entailment by the constraint store using the entailment test
of the constraint solver (cf. Section 4.2).

This behaviour can be modeled using the concurrent constraint program-
ming (CCP) model of Saraswat [199, 200]. We discuss concurrent constraint
programming in general in Section 5.3 and w.r.t. the concurrent constraint
functional language CCFL in Chapter 6.

Example 20 Program 4.3.4 shows a producer-consumer setting in the con-
current constraint functional language CCFL.

The producer process produce (of result type C, i.e. a constraint) generates
infinitely many items (here just the number 1) of a buffer buf (represented
by a list of type [a]). At this, the free variable buf1 is instantiated by the
tell-constraint produce 4item bufl during the computation.

The consumer process works on the same buffer buf. A guard consisting of
the ask-constraint buf =:= first : bufl ensures that consume can only be
processed when the buffer contains at least one element first. In this way,
the consumer is forced to synchronize with the producer process. O

Example 21 Ask-constraints can also be used by a process to decide between
alternative computation paths. Program 4.3.5 shows a member-constraint in
CCFL which non-deterministically chooses a value from a given list.
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Program 4.3.5 Non-deterministic choice of alternative paths in CCFL

fun member :: [a]l -> a -> C
def member 1 = =
1 ==y : ys -> z =:= y |
1 =:= y : ys -> case ys of [] -> T =:1=y ;

z : zs —-> member ys x

The expression member [1,2,4] b reduces to Success and generates one
of the three possible solutions {b/1}, {b/2}, or {b/4}.

The member-constraint behaves non-deterministically. While classical PrRoO-
LOG uses backtracking and potentially explores the complete search-tree,
concurrent declarative languages like CCFL follow exactly one computation
path. While the former is called don’t know non-determinism, for the latter
the term don’t care non-determinism (or committed choice) is used. O

4.3.4 Computing solutions

During the computation of a constraint problem, constraints are propagated
stepwise to the constraint store, thereby narrowing the set of potential solutions
described by the store. Eventually the store contains constraints which describe
the set of solutions, that is, in general, more than exactly one valuation. Thus,
an interesting aspect for the user of a constraint programming language is the
way of computing concrete solutions, i.e. one, n, or all solutions or a global
or local optimum, resp.

The computation of solutions strongly depends on the solving mechanism
of the constraint solver and, thus, of the concrete constraint domain. For
example, for finite domain problems the set of solutions is a priori finite. Thus,
finite domain constraint solvers usually offer a constraint labeling(L) which
instantiates all variables of the list L to values of their remaining domains
(consistent with the constraints) and computes in this way a solution (and
potentially all solutions by a subsequent search).

Example 22 Program 4.3.6 shows a simple finite domain problem and cor-
responding system answers using ECL'PS®-PROLOG.

The goal ?7- fdProblem(L). just initiates a consistency check of its
(sub)constraints and narrows the domains of the variables. Using labeling
we are able to compute the concrete solutions. O

In contrast, consider linear arithmetic constraints over real numbers, where,
in general, a constraint problem may have infinitely many solutions. The
simplex method as solving mechanism considers the solution set as a polyhe-
dron and initially computes one solution, a so-called basic feasible solution, to
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Program 4.3.6 ECL/PS®-PROLOG: application of the labeling-constraint

:- use_module(library(fd)).

fdProblem(L) :-
L = [4,B,D],
L :: 1..3,
alldifferent (L),
A #< B.

fdSolve(L) :-
fdProblem(L),
labeling(L).

?- fdProblem(L).

L = [4{[1, 21}, B{[2, 31}, D{[1..3]}]
There are 4 delayed goals.

Yes

?- findall(L, fdSolwe(L), R).
R = [[1, 2, 31, [1, 38, 21, [2, 3, 111
Yes

Program 4.3.7 ECL/PS®-PROLOG: linear optimization

:-use_module(library(eplez)).

linProblem(L) :-
L = [4,B,D],
L :: 0.0..3.0,
A $>= B + 1.5,
B $>= D + 1.0,
optimize(min(4),V).

?- linProblem(L).
L = [2.5, 1.0, 0.0]
Yes

check the satisfiability of the constraint problem. To obtain concrete solutions
the problem is optimized with respect to a certain objective function. In this
way, the algorithm computes vertices of the solution polyhedron as concrete
solutions.

Example 23 Program 4.3.7 is a linear arithmetic problem description in
ECL‘PS¢-PROLOG, where the domains of the variables 4, B, and D are re-
stricted to real numbers between 0.0 and 3.0. The goal optimize(min(4) , V)
eventually minimizes the value of the variable 4, where ¥V is the value of the
computed optimal solution (and just the value of 4 in this program). In this
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example, the linear arithmetic solver eplex based on the simplex method is
used. O

4.4 Constraint-based applications

Scientific applications of constraint programming frequently come from the
area of artificial intelligence, like natural language processing, automatic
theorem proving, and spatial and temporal reasoning, and even from the area
of molecular biology. In the industrial context, constraints are often used for
planning and scheduling and optimization tasks, such as for stand allocation of
airplanes and ships, for network configuration, and for assembly line scheduling.
Other typical applications are timetabling and crew rotation or personnel
assignment, e.g. for hospitals and flight and railway companies. Besides,
constraints are used for electrical circuit design and verification, graphical
systems and user interfaces. For concrete examples see e.g. [225, 184, 195, 206].

Since we are dealing with constraints in programming languages, we briefly
review the application of constraints in this context.

One application area is static analysis. The aim of static program analysis
is to find out information about the runtime behaviour of a program at
compiletime. This information can be used to make programs safer (e.g. by type
checking or error correction), faster and shorter (both by optimization). Beside
other approaches, like fixpoint definitions, closure-condition based definitions,
rule-based approaches, and game-theoretics approaches, the constraint-based
paradigm has been applied to program analysis.

Constraint-based program analysis performs in two steps: First, the source
program is investigated and constraints are generated which describe possible
values computed by the program. In the second step, a constraint solver is
applied on the constraints to provide solutions which contain useful static
information about the program. This clear separation of constraint generation
and program analysis by constraint resolution is seen as an advantage of
the constraint-based approach over other approaches. It allows a clear mod-
ularization of analysis systems and supports understanding of the analyses,
reuse and specialization in this way. For example, the toolkit for building
constraint-based analyses BANSHEE [23, 132] and its predecessor, the Berke-
ley ANalysis Engine BANE [6], use this separation and can, thus, e.g. free the
analysis designer from writing a constraint solver. Besides this, constraints al-
low a simple but concise description of the program properties. The constraints
are usually local w.r.t. the parts of the analyzed program but contribute all
together to the overall global property to be analyzed.

The most widely used approaches to constraint-based program analysis are
based on set constraints and on equality constraints.
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Set constraints [4, 90] describe relations between sets of terms of a free
algebra. For a set C of constructors and a set X of variables, set expressions
are defined by the following grammar, where o € X and ¢ € C"

E = Oz|®|C(E17...,En)‘E1UE2|E1ﬂEg|ﬁE1

There are several extensions, like projections and function spaces (primarily
used in the analysis of functional programming languages).

Set constraints allow one to describe all kinds of data types commonly
used in programming. Aiken [5] illustrates this by expressing some classical
program analysis problems, i.e. data flow analysis, type inference, and closure
analysis, using set constraints as the common language.

It is decidable whether a conjunction of set constraints is satisfiable, and
all solutions can be finitely presented. Respective resolution algorithms can
in general be computationally expensive. However, certain restrictions allow
one to improve this situation (cf. [4, 174] for further references).

Early applications of set constraints in program analyses were used for the
optimization of LISP programs by eliminating runtime type checks [192] and
to reduce reference count operations at garbage collection [123]. Examples
of the use of set constraints for type inferencing in functional programs are
[159, 7, 8, 89, 151]. For logic programs the first set-based analysis was by
Mishra [158]. Other set-based approaches to the analysis of logic programs e.g.
with respect to types, termination, and partially instantiated structures, are
[90, 91, 92, 87]. An example of a set-based analysis of concurrent constraint
programs with the aim of a static prediction of the runtime error "deadlock
or failure" is [182]. Analysis of imperative or object-oriented program aspects
using set constraints are discussed e.g. in [63, 59, 56, 121].

Many other constraint-based analyses rely on equality constraints. The
Hindley-Milner type inference system [50, 156] is a classical example. Other,
more recent examples are [214, 93, 43]. While equality constraints can be
solved via unification in nearly linear time and, thus, scale well to large
programs, they are often less precise than set constraints, because they cannot
model the direction of the value flow in a program. In contrast, methods
based on set inclusion constraints are quite precise, but often inefficient in
practice. [58] describes a framework for constraint-based program analyses
that allows one to embed terms and set expressions within each other and
thus to combine set inclusion constraints and equality constraints over terms.
The authors discuss the improved efficiency and show applications for ML.

Other constraint domains applied in program analysis include finite domain,
Boolean and arithmetic constraints. For example, [168] uses finite domain
constraints or Boolean constraints, resp., for the analysis of logic programs
w.r.t. non-termination. The mode inference system of MERCURY described in
[173] is based on mapping each predicate to a system of Boolean constraints.
Set-based analysis can be extended to produce accurate information on numeric
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ranges [88], e.g. for eliminating array bounds checks and for array data
dependence analysis.

Besides optimization and (type) error detection, one application of program
analysis which developed into a proper research area is recovery from and
explanation of errors. In particular, the constraint-based approach supports
these applications because of the partitioning of the analysis process into
constraint generation and solution. Such approaches may, thus, work on the
complete set or on subsets of the generated constraints e.g. to find out about
conflicting subsets, and they may influence the order of constraint propagation.
We enumerate some work in this area.

The automated error correction system KiMa [10] for concurrent logic
programs builds on the mode system [43] of MODED FLAT GHC which uses
equality constraints (see above). Another example is the HELIUM system
[79, 86] (for a beginner-friendly variant of Haskell) which uses heuristics
to determine the propagation order of constraints generated from the type
analysis system. It allows one to improve type-error messages and even to
suggest corrections in certain cases. Explanation-based constraint programming
[124, 125] tries to find (minimal) sets of constraints justifying propagation
events of the constraint solver, like value removal, bound update, or contra-
diction. The resulting constraint sets can be used for debugging purposes,
automatic constraint relaxation, dynamic problem handling, and even to build
new search algorithms.

An area related to program analysis is test data generation from program
code. There are few constraint-based approaches in this field. The main idea
is again to generate constraints from the program code and to solve them in
a subsequent step, but now with the aim to obtain test data.

There are early approaches [186, 52] on FORTRAN (subsets) which use
equality constraints or even some forms of linear constraints and rather simple
constraint solving techniques. Consistency techniques and mixed-integer linear
programming, resp., are used in [75] and [136] for test data generation for C
programs.

Another promising approach is GLASSTT [163] for JAVA in which constraint
generation can be parametrized by a test criterion; its solving mechanism
is based on a solver manager which dynamically handles a cooperation of
linear and non-linear constraint solvers. This approach has been adopted in
[62] for an application to functional logic programs of the language CURRY
[82]. The constraint solving for generating test cases was realized here by the
narrowing-based execution mechanism of CURRY itself.






Chapter 5

Multiparadigm Constraint Programming
Languages

The notion "multiparadigm programming language' refers to the inte-
gration of concepts and constructs of two or more paradigms such that the
programmer can describe problems and their solutions in a mixed style using
an appropriate view at any one time. This allows comfortable and efficient
modeling, programming and solving of problems. For instance, to integrate a
database application into a functional program, the user is best served if the
functional language provides established database concepts and terminology.
Another example is the description of scheduling tasks within an impera-
tive program which is more appropriately done using e.g. constraint-based
expressions rather than a pure imperative description.

Interest in multiparadigm programming languages and systems has grown
in recent years (see e.g. [31, 60, 83, 84, 164] or the annual workshops on
"Functional and (Constraint) Logic Programming" (WFLP) and on "Multi-
paradigm Programming with Object-Oriented Languages' (MPOOL)). One
can observe approaches of a loose coupling of paradigm concepts on the
one hand and languages with a tighter paradigm integration on the other
hand. For example, the first class comprises the Microsoft software platform
.NET with the standardized intermediate code CIL (Common Intermediate
Language) as common base for .NET programming such that components
written in different languages may interact. These languages may come from
different paradigms, e.g. from imperative and object-oriented programming,
like C#, C++, VisuaAL Basic .NET, and J#, from the functional paradigm,
e.g. HASKELL.net, OPAL.net, sml.net or DOTLISP, or even from logic pro-
gramming: PROLOG.NET. The approach described by Zave [232] is based on
a similar idea, namely a loose coupling by concurrently, cooperatively working
elements of the separate paradigms.

In the context of this book, we are interested in the second class, that is the
tight integration of concepts from different paradigms in one language. Popular
representatives are e.g. COMMON Lisp with the CoMMON Lisp OBJECT
SYSTEM (CLOS) for functional, imperative, and object-oriented programming,
Apa for distributed, concurrent, imperative, and object-oriented programming,

P. Hofstedt (ed.), Multiparadigm Constraint Programming Languages, Cognitive Technologies, 53
DOI 10.1007/978-3-642-17330-1_5, © Springer-Verlag Berlin Heidelberg 2011
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and AOP languages. While we mentioned the latter as a single paradigm in
Section 3.2.7, in fact AOP languages may be considered as multiparadigm
languages, because they integrate aspects into the paradigms of their host-
languages.

There is a wide variety of multiparadigm programming languages. We
will consider in particular multiparadigm constraint programming languages
because the use of constraints for convenient description and efficient solution
of problems has generated a remarkable increase of interest in and application
of constraint-based programming in science and practice.

This chapter is structured as follows: In Section 5.1 we discuss paradigm
integration by programming languages and libraries, in general. Sections 5.2 to
5.7 provide fundamentals and examples of particular paradigm combinations
with constraints.

5.1 Language integration and programming libraries

In the tight integration of concepts from different programming paradigms, one
distinguishes two main forms: The language approach and the library approach.
We briefly sketch both and discuss their advantages and disadvantages.

The language approach directly allows a paradigm and language integra-
tion by creating a new language or by introducing new facilities and concepts
into an existing language on both the syntactic and the semantic level.

This method is well suited for the realization of an actual and fine-grain
paradigm integration. It is most appropriate for the exploration of new problem
classes and new solution ideas. As an example of this, consider the integra-
tion of concurrency into (constraint) logic programming languages. While
(constraint) logic programs describe search problems and their evaluation
is based on a possibly complete exploration of the search-tree (also called
don’t know non-determinism), concurrent (constraint) logic programs describe
applications as systems of communicating processes which pass through solely
one branch of the search-tree and discard all other alternatives (don’t care
non-determinism). We discuss the underlying principles and ideas in detail in
the Sections 5.2 and 5.3.

The drawback of the language approach is that extension of a language
semantics is, in general, non-trivial and its development may demand a long
period of time. Moreover, the process of acceptance of a new language or even a
new paradigm in practice is much more complicated and questionable than that
of a new programming library for an established language. Most of the systems
discussed in the following sections are examples of the language approach, e.g.
ECLPS®-ProLoG, AKL, Oz, Curry, Toy, CCFL, KALEIDOSCOPE, and
TURTLE. They all come with a new or extended semantics.
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The library approach enables the extension of an existing language based on
programming libraries, where the language semantics and evaluation principles
are not altered. The library approach allows one to simulate programming
concepts of one paradigm within a language of another paradigm.

Macros, templates, overloading, and other concepts present in the base
language, like classes in object-oriented languages or functions (e.g. in their
role of closures) in functional languages, can support a smooth integration or
emulation of foreign constructs. However, such an emulation will always lack
the convenience and clearness of the original language realisation.

Examples from the constraint programming area are constraint libraries
and toolkits for imperative and object-oriented languages (cf. Section 5.6), like
the JAvA-library CHOCO or the C++libraries GECODE, IBM ILOG Solver,
and TURTLE++. Such constraint libraries are used to conveniently implement
search and optimization problems within e.g. reactive applications, like flight
or railway booking systems or even complete airport planning and scheduling
systems including the "parking slot" or stand allocation of airplanes, schedules
for departures, arrivals, and connecting flights, and airline crew scheduling.

To summarize, language extensions by libraries are suited for problem
classes which are widely examined and whose instances can already be ex-
pressed in an appropriate way in the language itself. In contrast, the language
approach is well suited for the exploration of new problem classes and new
solution ideas.

In the following, we focus on particular paradigm integrations and refer to
representatives of the language and library approaches, resp.

5.2 Constraint logic programming (CLP)

Constraint logic programming (CLP) augments logic programming by con-
straints. Although we introduce constraint logic programming (CLP) as a
multiparadigm approach here, actually this is not completely true. The rea-
son is twofold: First, CLP relies on a relatively simple extension of logic
programming, such that logic programming can be considered as constraint
programming. Therefore, and secondly, CLP can be considered as and, nowa-
days, is established as a separate paradigm itself.

Many (maybe most) logic programming systems provide constraints, e.g.
ECL‘PS°-PrROLOG [1, 17], SICStus-PROLOG [205], CHIP [42], and GNU
ProLOG [74]. They can be considered as representatives of the language
approach.

The presentation of this section is taken from [106], Chap. 6, which is
due to the author of this book. We refer to [106, 153, 119, 118] for detailed
presentations of this paradigm.
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Program 5.2.1 ECL'PS®-PROLOG: a diet menu

:- use_module(library(fd)).

lightmeal (A,M,D) :- 10 #>= I+J+K,
appetizer(4,I), main(M,J), dessert(D,K).

appetizer(pasta ,4).
appetizer(radishes ,1).

© 00Uk WN —

main(pork,11).
10 main(beef,7).

12 dessert(fruit,2).
13 dessert(icecream,6).

Constraint logic programming extends logic languages to include concepts
from constraint programming. In the first place this means that the syntaz of
a logic language is extended by allowing constraints on the right-hand side
of rules and in goals. These constraints are tell-constraints. Thus, from a
(operationally) semantical point of view, the evaluation mechanism resolution
is enhanced by collecting constraints in a constraint store and checking their
satisfiability.

Definition 30 (constraint logic program) Let ¢ = (X, D, T, X,Cons) be a
constraint system. A constraint logic program P is a sequence of clauses
of the form

Q . Qla"wQ'ﬁn
where @ is an atom and Q;, ¢ € {1,...,n}, are atoms or constraints of Cons.
A clause with n > 0 is called a rule. In case of n = 0 a clause has the form
Q.

and is called a fact.
A goal for a constraint logic program P has the form ?7- Q1,...,Q,,. The
expressions @, i € {1,...,m}, are atoms or constraints. <

Example 24 Program 5.2.1 is a simple CLP example taken from [72] and
adapted for our presentation. This ECL'PS*-PROLOG program describes a
diet menu consisting of an appetizer, a main meal, and a dessert. Six facts
state calorific values for certain dishes. In line 1 it imports the finite domain
constraint programming library. The only finite domain constraint of the
program is 10 #>= I+J+K. The aim of a goal ?- lightmeal(X,Y,2). is to
find appropriate dishes such that the overall calorific value does not exceed a
value of 10. O
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Practical CLP systems not only allow one to use built-in constraints in rule
bodies to restrict the variables’ domains, but they enable the computation of
concrete solutions and the optimization of solutions w.r.t. objective functions
by specialized methods.

Example 25 Using ECLPS®-PROLOG we can specify the sudoku problem
of Example 12 as given in Program 5.2.2.

The predicate sudoku specifies the 9x9 grid with certain predefined values
in the lines 4-14 and calls the predicate sudokuConstraints describing the
typical constraints of this game. The constraint Vars :: 1..9 in line 20
restrict the values of the remaining positions to 1 to 9. The alldifferent-
constraints in lines 22, 25, and 28 state that the values within each row, each
column, and each of the nine 3x3 blocks must be different, where we used a
built-in iterator construct foreach. Finally, in line 30 the labeling method
instantiates the problem variables taking the constraints into account and
searches for a concrete solution.

The transposition of the 9x9 grid and an appropriate transformation
to get a list of lists representing the 3x3 squares are done using the PRO-
LOG predicates transpose and transform whose definitions are left out in
Program 5.2.2 but indicated by "..." in the program’s last line. O

In the following, let P be a constraint logic program. We presuppose a
constraint solver for the constraints of ¢ with the operations solves and
simpli fyc.

The operational semantics of CLP is an extension of the resolution principle
of logic programming by constraint handling. Thus, we denote a system state
by means of a pair Z = (G, C) consisting of a goal G (as for logic programming)
and a conjunction of constraints C' € ACons, i.e. the constraint store. The
constraint store C' collects constraints and substitutions o computed during
resolution as equality constraints £(o) = A, ¢ ,(¢ = t). The operational
semantics is given by sequences of derivation steps —. ¢ p on system states
(actually a state transition system).

Definition 31 (CLP-derivation relation . ¢ p)
Let Z = (G,C) = (?- Ry,...,Rpn.,C), m > 1, be a system state. The
derivation relation . ¢ p is composed of three subrelations:

e unfold: Let R; be an atom. If there is a variant A = Q := Q1,...,Qn.,
n > 0, of a clause in P, such that Z and A do not have a variable in common,
and there exists a most general unifier o of R; and @, i.e. 0 = mgu(R;, Q),
then it holds:

<Ga C> Hc,unfold,C,P
<?—R1/\.../\Ri_1 /\E(O')/\Ql/\.../\Qn/\Ri+1/\.../\Rm.,C>



58 5 Multiparadigm Constraint Programming Languages

Program 5.2.2 ECL/PS®-PROLOG: sudoku

1 :- use_module(library(fd)).

2

3 sudoku

4 L= 1[[_,_,8, _,_,_, 6,_,_1,
5 L4, , 9,_,2, _,5,_.1,
6 _._,_, 6,4,8, s_s_1,
7

8 [,3,9, _,2, , 1,7,.1,
9 1., _._,_, _,3,_1,
10 [,8,5, _,1, , 2,6,.1,
11

12 [, -y 2,8,7, _,_,_1,
13 [_.,6,_, 1,_,4, _,8,_1,
14 _,_,2, _,_,_, 5,_,_11,
15

16 sudokuConstraints(L).

17

18 sudokuConstraints(L) :-

19 flatten(L, Vars),

20 Vars :: 1..9,

21 % different row elements
22 ( foreach(List,L) do alldifferent(List) ),
23 transpose(L,TL),

24 % different column elements
25 ( foreach(List,TL) do alldifferent(List) ),
26 transform(L, Squares) ,

27 % different square elements
28 ( foreach(List,Squares) do alldifferent(List) ),
29 % solve by search

30 labeling(Vars).

31

32

e failure: Let R; be an atom. If there is no clause in P, such that an unfold-
step on R; is possible, then it holds:

<G7 C> e, failure,(, P <D,false>

e propagate (1): Let R; be a constraint. If solvec(R; A C) # false, then the
following holds:

<G, C> e, propagate,C, P <?—R1 AN ANRi_1 ANRijy1 N Ry C/>

where simplifyc(R; NC)=C",i.e. DEY(R; NC +— ().
e propagate (2): Let R; be a constraint. If R; cannot be propagated to the
store C, i.e. solvec(R; A C) = false and D F —~3(R; A C'), then
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<G7 C) '_>C7p7‘0pagate,C,P <D,fal86>.

The CLP-derivation relation . ¢ p is defined by

'_>c,<,P = Hc,unfold,C,P U Hc,fm’lure,(,P U Hc,propagate,C,P .
If P and (¢ are clear from the context, we just write . <

The relation ¢ propagate,c,p realizes the propagation of constraints to
the store using the satisfiability test and the simplification operation of the
constraint solver. The relations ¢ unfota,c,p and —¢ faiture,c,p implement
SLD-resolution. Note, however, that unifiers generated during resolution are
not immediately added to the store but added to the goal instead for a later
propagation by - propagate,c,p- It is possible to emulate SLD-derivations
using CLP-derivations in a simple way (cf. [106]).

A CLP-derivation of a goal G starts with an empty constraint store C' =
true, i. e. from the initial state (G, true), and consists of a sequence of derivation
steps. As for logic programming, CLP-derivations can be finite or infinite.
We consider the results of finite CLP-derivations (G, true) —. (G1,C1)
... ¢ (Gp, Cp) such that no more derivation step is possible on (G,,, C,).

There are two possible forms of final states: A state (O, C') with C' = false
or with C' # false is called a failed final state and a successful final state, resp.
Note that even for a successful final state ((J, C') the constraint conjunction C'
of the store may be unsatisfiable in case of an incomplete solver. Such a solver
may propagate a constraint ¢ to its store C; if the answer of the satisfiability
test solve(Cj, ¢) is unknown.

Definition 32 (answer) Let (G, true) = (Go, Co) —c ... —c (Gi, Ci) e
. = (0,Cy) be a finite derivation. An answer of a goal 7- Gy. is an

expression which is equivalent to the formula 3= —— C,. <
var(Go)

Example 26 Recall the diet problem of Program 5.2.1. Let us assume that,
in general, I,J,K> 0 holds.

We consider a CLP-derivation of the goal 7-14ightmeal(X,Y,2) . A super-
script n on a derivation step ... =7 ... denotes an n-fold application. Line
numbers of the rules from Program 5.2.1 applied in an unfold-step are marked
as subscript (m), i.e. by ... ¢ unfoid (m) -

(?- lightmeal(X,Y,2) ., true)
rcunfold (3)
<?— X=4, Y=M, Z=D,
10 #>= I+J+K, appetizer(4,I), main(M,J), dessert(D,K) .,
true)
3
c,propagate

(7= 10 #>= I+J+K, appetizer(4,I), main(M,J), dessert(D,K) .,
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X=A N Y=M A Z=D)
¢, propagate
(7~ appetizer(4,I), main(M,J), dessert(D,K).,
10 #>= I+J+K A\ X=A N\ Y=M \ Z=D)
—cunfold (7)
(?- A=radishes, I=1, main(M,J), dessert(D,K) .,

10 #>= I+J+K A X=A N\ Y=M A\ Z=D)

2
c,propagate

—

(?- main(M,J), dessert(D,K).,

9 #>= J+K A X=radishes A A=radishes A\ I=1 \ Y=M A Z=D)
e unfold (10) - - - 7 propagate

(7~ dessert(D,K) .,

2 #>= KA X=radishes \ A=radishes \ I=1 A Y=beef A M=beef A J=T A Z=D)
Freunfold (12) - -+ epropagate

(7= 0, Cfinar) with

Cfmaz = (X='ra.d1Lshes NA=radishes \ I=1\ Y=beef N M=beef N\ J=7 N\

Z=fruit A D=fruit \ K=2)

The latter state is a successful final state. The constraint conjunction of
the store is satisfiable. An answer of the goal 7-1ightmeal(X,Y,Z2) . is

Answer = (X=radishes) A (Y=beef) N (Z=fruit) with O
DE VX,Y,Z. (Answer <— 3 4,I,M,J,D,K. Ctinar).

The declarative semantics associates answers of CLP-derivations and so-
lutions of goals. We need the following notion: A constraint solver is theory-
complete [118] if for every constraint ¢ € Cons holds:

solve¢(c) = false, iff T F —3c and
solve¢(c) = true, iff T F Je.

A search-tree for a CLP goal G representing all possible derivations of G is
constructed as for a logic program (see Section 3.2.4 and [106]).

Lemma 3 (soundness and completeness of CLP-derivations, [119, 118]) Let
P be a constraint logic program, let G be a goal.

1. If G has a successful derivation (i. e. a derivation with successful final state)
with answer ¢, then P, T EV(c — G).

2. If G has a finite search-tree with answers c1,. . ., ¢y, then P, T EV(G +—
\/ie{1,...,n} ci)-
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3. Let ¢ € ACons be a constraint conjunction. If P, T EV(c — G), then
there are derivations of G with answers c1, ..., ¢y, such that the following

holds: T EV(¢c — Vie{l,m,n} ci)-
4. If G has a finitely failing search-tree, then P, T E —3G.

5. If P, T E—3G, then G finitely fails, i. e. we always get a finitely failing
search-tree for G, for any fair literal selection rule and a theory-complete
constraint solver.

The soundness statements (1) and (2) correspond to Lemma 1(1) for
logic programs. The completeness statement (3) is related to its counterpart
Lemma 1(2); propositions (4) and (5) concern finitely failed search-trees and
correspond to Lemma 2(1) and Lemma 2(2) for logic programs, resp. For a
more detailed discussion and corresponding proofs we refer to [118, 119, 106].

Practical constraint logic programming systems like ECL{PS¢-PROLOG or
SICStus-PROLOG use the same goal and rule selection strategies as discussed
for logic programming systems in Section 3.2.4. That is, the leftmost subgoal
is always chosen for derivation and the clauses are searched from top to
bottom in the program. Moreover, the search-tree of a goal is traversed using
depth-first search and backtracking.

5.3 Concurrent constraint logic programming (CCLP)

Concurrent constraint logic programming (CCLP) arose from concurrent logic
programming [203]. However, one may consider this paradigm also as an
extension of CLP by concurrency. The following presentation partially relies
on [106], Chap. 7, which is due to the author of this work. We also refer to
[106] for many application examples.

CCLP relies on the concurrent constraint model of Saraswat [200, 199].
The main idea is to describe cooperatively working processes or agents, which
communicate and synchronise by means of a common constraint store. Thus,
on the one hand, processes may propagate constraints to the store as in CLP.
On the other hand, the processes synchronize by questioning the store about
the entailment of constraints. Clauses of a concurrent constraint logic program
include a guard which is partitioned into ask-constraints for checking their
entailment by the store and tell-constraints for propagation to the store.

Definition 33 (concurrent constraint logic program) Consider a constraint
system ¢ = (X, D, T, X,Cons). A concurrent constraint logic program
P is a sequence of clauses of the form

Q :—Al,...,An:Tl,...,Tm | Ql,...,Qp.
~—~

head ask tell body
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Program 5.3.1 A producer-consumer setting

1 produce(X) :- true : X=[] |
2 produce(X) :- true : X=[1|Z] | produce(Z).
3 consume(X) :- X=[]1 : true |
4 consume(X) :- X=[11Z] : true | consume(Z).

where @ and Qg, k € {1,...,p} are atoms, and A;, ¢ € {1,...,n}, and T},

j €{1,...,m}, are constraints of Cons.

The expression Ay,..., A, : Ti,...,T,, is the guard of the clause (or
rule). It consists of the ask-constraints Ay,..., A, and the tell-constraints
T1,...,Ty. The head @Q of a clause has the form p(Xjy,...,X}), where X,
i€{1,...,h}, are different variables.

A goal has the form

?7- By,...,B,.
where the literals B;, i € {1,...,r}, are atomic formulae. <

Example 27 Program 5.3.1 describes a producer and a consumer of a poten-
tially infinite list of ones. We discuss its reading in Example 28 in connection
with the operational semantics of CCLP. O

In the following, let P be a concurrent constraint logic program over the
constraint system (.

We consider the operational semantics. The evaluation of a goal comprises
a process for each of its subgoals. The processes communicate over a common
store. The rule choice for a process is controlled by the guards of all rules
with matching rule heads. There is no predefined order for the rule choice.
Instead all rules compete and one rule is chosen non-deterministically, if the
ask-constraints of its guard are entailed by the store and the tell-constraints
of its guard are satisfiable in conjunction with the store.

The operational semantics is formally given by means of a derivation
relation on system states. As for CLP, a system state is represented by means
of a pair Z = (G, C) consisting of a goal G and the constraint store C. The
initial state for a goal G is (G, true).

Definition 34 (derivation relation .. ¢ p)

Let Z = (G,C) with G = 7= Ry,...,R., m > 1, be a state, where R;,
i€ {l,...,m}, is an atom. If

1. there is a variant K = H :- A : T | Q. of a clause in P, such that Z and

K do not have a variable in common and R; and the clause head H are
unifiable with a most general unifier o,

2. the ask-constraints A of the guard of K are entailed by the store C' (ask):
DEV(C — 3X(E(o) AN A)) with X = var(K), and
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3. the tell-constraints T' of the guard of K are satisfiable in conjunction with
C (tell: DEIE()NCNANANT),

then there is a derivation step
<G, C> —ce,¢,P <?—R1 ANo..ANR;_1 N Q A Ri+1 AN...NRy,,., O/>

where DEV((E(e) N\CANANT) «— C").

If P and ( are clear from the context, then we write .. <

Example 28 Consider Program 5.3.1 and a goal
?- produce(4), consume(4). A derivation sequence might start as follows:

(7= produce(4), consume(4) ., true)
e (2) (77 produce(2), consume(d)., A=[11Z] A ...)
ree,(2) (7= produce(Z1), consume(4)., A=[1,11Z1]1 A ...)
'_>CC

In the derivation sequence, we underline the goals with applicable rules. In
the initial situation, for produce(4) either of the rules (lines 1 and 2) could
have been applied. The ask-constraints of both clauses are true and, thus,
always entailed. The tell-constraints are satisfiable with the store because
of the unbound variable A. Actually, for an unbound buffer variable, the
producer can always produce ones independent from the consumer as can be
seen exemplarily by the second step.

In contrast, the ask-constraints of the guard of the consumer rules check
for a binding of the buffer variable. To apply a rule, the buffer must either be
bound to an empty list "[1" (line 3) or to a list starting with "1" (line 4). Thus,
in the initial situation the consumer suspends because there is no applicable
rule.

The derivation sequence may continue now by a number of consumer and
producer steps. Note however, that the consumer suspends if the producer
did not provide a value to the buffer. Of course, in contrast to the example
derivation sequence given below, the producer-consumer-cooperation may be
infinitely prolonged.

produce(Z1), consume(4)., A=[1,11Z1] A ...)
?7- produce(Z1), consume(Z2)., Z2=[11Z11 A ...)
e, (2) (7 produce(Z3), consume(Z2)., Z2=[1,11Z3] A .. )

Hree,2) (7-
) (7
(7
Free,(a) (7- produce(Z3), consume(Z4)., Z4=[11Z31 A ...)
(7
(7
(7=

cc,(4

?7- produce(Z3), consume(Z5)., Z5=Z3 A ...)
?7- consume(Z5)., Z5=[1 A ...)
0, zs=1 A ...) 0

e ,(4)
e, (1)

cc,(3)
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While for the derivation relation . for constraint logic programs (cf.
Definition 31) there were three subrelations, actually ¢ un foids “e, failure,
and ¢ propagate, the relation — . for concurrent programs is defined unitarily.
Constraint propagation and unfolding of rules are merged; failure is not taken
into consideration, so that a derivation sequence may just end with a non-
empty goal G.

We distinguish two forms of final states (G, C), i.e. states for which no
derivation step is possible any more: A state (O, C) is a successful final state.
All other final states are deadlocked. We call a derivation with deadlocked
final state a deadlocked derivation. Note, that for every final state ((J,C) in
CCLP holds D E 3C. This is caused by the fact that for every constraint ¢’
added to the constraint store C’ the satisfiability of ¢/ A C” is ensured (tell).*

Let the notion answer of a CCLP-derivation of a goal be defined analogously
to Definition 32, where we just replace . by .

To discuss soundness and completeness results, we interpret concurrent
constraint logic programs as follows: The symbols ":", "|", and "," on the
right-hand side of rules are considered to be conjunction operators "A". In
this way, we obtain predicate logic formulae.

Lemma 4 (soundness of CCLP-derivations [149, 119]) Let P be a concur-
rent constraint logic program, let G be a goal. If G has a derivation with
answer ¢, then P T EV(c — G).

This is according to the soundness results for logic and constraint logic
programs in Lemma 1(1) and Lemma 3(1), resp.

Concerning completeness, note that in CCLP we consider only one deriva-
tion sequence, in contrast to the generation of a complete search-tree by
backtracking as for (C)LP. Moreover, concurrent processes may intention-
ally work infinitely long (for reactive systems) and the rule choice is non-
deterministic. To allow a completeness statement, we use the notion of a
determinate program.

Definition 35 (determinate program [149, 119]) A concurrent constraint lo-
gic program P is determinate if every reachable state (G, C) is determinate.
A state is determinate if for every chosen goal there is at most one applicable
rule. <

That is, if a program P is determinate, derivations which are not deadlocked
differ only in the order of rule applications.

Lemma 5 (completeness of CCLP-derivations [149, 119]) Let P be a deter-
minate concurrent constraint logic program, let G be a goal with at least one fair
derivation. Let ¢ € ACons be a constraint conjunction. If P, T EV(c — G)
and T E e hold, then every derivation of G is successful and has an answer

¢ with T EV(c — 3¢).

4 In Definition 34 we presuppose that entailment and satisfiability can be checked
completely (cf. [119]). If this is not the case or the associated solver is incomplete, we
just get more deadlocked final states.
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This result corresponds to Lemma 1(2) and Lemma 3(3) for logic and
constraint logic programs, resp.

In CCLP, one considers only one possible derivation sequence of a search-
tree. The rule choice is protected by means of a guard, and once a rule is
chosen this choice cannot be undone. This behaviour is called committed choice
or don’t care non-determinism, while considering the complete search-tree as
in (C)LP is described by the term don’t know non-determinism.

In our implementation of CCLP by Definition 34 the relation .. presup-
poses the entailment of the ask-constraints by and the satisfiability of the
tell-constraints in conjunction with the store. This procedure is costly but
ensures that the constraint store always remains satisfiable. This form of the
propagation operation is also called atomic tell. There is an alternative CCLP
model, called eventual tell, where for the rule choice only the entailment of
the ask-constraints by the store is checked. Thus, it may happen that a rule
with incompatible tell-constraints is chosen which yields a suspending (or
failing) derivation.

Representatives of the CCLP paradigm are e.g. GUARDED HORN CLAUSES
(GHC) [218], CONCURRENT PROLOG [202], PARLOG [78], AKL [120], and Oz
[212, 165]. Also the constraint-based functional language CCFL (cf. Chapter 6)
relies on the concurrent constraint model. All these examples are exemplars
of the language approach (cf. Section 5.1). The languages GHC, PARLOG,
AKL, Oz, and CCFL (cf. Chapter 6) are based on the eventual tell, while
CONCURRENT PROLOG relies on the atomic tell.

5.4 Functional logic programming (FLP)

Functional logic programming languages amalgamate concepts from the func-
tional and from the logic paradigms. Hanus [80] gives an overview on functional
logic programming, from which we extract the following observation: "In com-
parison with pure functional languages, functional logic languages have more
expressive power due to the availability of features like function inversion,
partial data structures, and logic variables. In comparison with pure logic lan-
guages, functional logic languages have a more efficient operational behaviour
since functions allow more deterministic evaluations than predicates."

While syntactically a functional logic program looks like a functional
program, the difference lies in the evaluation mechanism. Functional logic
programs allow the solution of equality constraints over functional expressions
(as tell-constraints) using narrowing [80, 14, 81] and residuation [210, 9]. Lan-
guages based on the former evaluation principle are e.g. BABEL [162], CURRY
[82], BROOKS [104], and FCLL (in the context of META-S, cf. Sections 7.2.2
and 7.3.2), while Oz [165, 211] and ESCHER [138] rely on the latter. They
typically follow the language approach and they have an extended semantics
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w.r.t. functional or logic languages, resp. The language CCFL (cf. Chapter 6)
is a constraint-based functional language and uses the evaluation principle
residuation for handling free variables in functional expressions, as described
in this section.

In the following, we presuppose a signature X' = (5, F, R), where R = ()
and F' is partitioned into the disjoint subsets A of constructors and I' of
defined functions. Let X be a set of variables. Let the syntax of functional
logic programs be defined as for functional programs (cf. Definition 13).

At first, we consider the operational semantics by narrowing.

Definition 36 (narrowing step) Let ¢ be a term in T (F,X). Let P be a
functional logic program.

A narrowing stept ~»_,, , , t' is defined as follows: a term ¢ is narrowable
to a term ¢’ if there is a non-variable position p in ¢, i.e. t|, € X, l — ris a
new variant of a rule from P, o = mgu(t|,, 1), and t' = o(¢t[r]p).

We write t ~+_y,, t' and t ~», t’ if p and/or the rule | — r are obvious
from the context. <

A functional logic computation is composed of a sequence of narrowing
steps.

Example 29 Consider the program defining the addition of natural numbers
in Example 8. In contrast to functional programming, using narrowing it is
possible to reduce non-ground terms, i.e. terms containing variables.

Note, that variables in functional logic languages are typically denoted by
strings starting with an upper letter (like in logic languages) in contrast to
functional languages, where variables start with lower letters.

In order to solve the equality constraint add(s(4) ,B) = s(s(0)) we apply
narrowing. This leads e.g. to the following evaluation sequence, where the
reduced subterms are underlined:

add(s(4),B) = s(s(0))
W(2)7{X1/A, Y1/B} s(add(A,B)) = S(S(O))
W(l),{A/()} X2/B} 3<B) = S(S(O))

Thus, a solution of the initial equality constraint is given by the substitution
o ={4/0, B/s(0)} which we gain from the composition of the substitutions
of the derivation sequence and from the unification of s(B) and s(s(0)) after
the last narrowing step. O

Confluence of the rewrite system of the functional logic program is essential
for completeness. Thus, the rules of functional logic programs must usually
satisfy particular conditions, e.g. linearity of the left-hand sides, no free
variables on the right-hand sides and (weak) non-ambiguity for lazy languages
(cf. [80]). Furthermore, as for functional programming languages, different
evaluation strategies are possible which have been discussed in depth in
[80, 14, 81].
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An alternative evaluation principle is residuation. It is based on the idea to
delay function calls until a deterministic evaluation is possible. To allow non-
deterministic search, however, there are also generating rules to be evaluated
with resolution or narrowing. Note that residuation is an incomplete evaluation
principle.

Example 30 Consider again the addition of natural numbers as given in
Example 8. Additionally we presuppose generating rules for natural numbers
in a logic programming style:

3 mnat(0).
4 nat(s(X)) :- mnat(X).

We want to evaluate the expression add(4,s(0)) = s(s(0)) & nat(4)
using residuation. The operator "&" stands for the concurrent evaluation of
the subexpressions.

Initially, the evaluation of add(4,s(0)) = s(s(0)) by residuation sus-
pends, because both rules (1) and (2) match. Thus, we continue with the
evaluation of the second expression nat(4) using resolution. We underline
reduced subterms.

add(4,s(0)) = s(s(0)) & nat(4)
~(4),{a/s(x1)} add(s(X1),s(0)) = s(s(0)) & nat(X1)

Now, for the leftmost subterm a deterministic evaluation using rule (2) is
possible:

add(s(X1),s(0)) = s(s(0)) & nat(X1)
~(2),{x2/x1, v2/s(0)} S(add(X1,s(0))) = s(s(0)) & nat(X1)

In the next step, again the evaluation control switches to the second
expression and returns to the first as soon as a deterministic rule choice is
enabled.

s(add(X1,s5(0))) = s(s(0)) & nat(X1)
~3),{x1/0}  $(add(0,5(0))) = s(s(0))
~7(1),{x3/s(0)} s(s(0)) = s(s(0))

A solution of the constraint conjunction add(4,s(0)) =s(s(0)) & nat(4)
is, thus, 4 = s(0). O

5.5 Constraint functional logic programming (CFLP)

Functional and functional logic languages can be extended further by guarding
the rules with sets of constraints. This yields constraint functional (logic)
programming.
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Again, we consider a constraint system ¢ = (X, D, T, X,Cons) with X =
(S, F, R), where F' is partitioned into a set A of constructors and a set I" of
defined functions.

Definition 37 (constraint functional logic program)
A constraint functional logic program P over X is given by a finite set
of rules of the form

f(t1,...,ty) — t where G

where fe ') t; € T(A, X),t € T(F,X),and G C Cons denotes a set of basic
constraints over X and X. <

A first step from functional logic programming (cf. Section 5.4) in the
direction of constraint functional logic programming was the introduction
of equality constraints on functional expressions in the part ... where G
of the rule. These constraints were solved recursively by narrowing; the
extended operational principle was called conditional narrowing (see [80] for a
discussion and further references). BABEL [162] is a functional logic language
with conditional equations.

An extension of conditional equations by constraints of other constraint
domains yielded constraint functional logic programming languages. Constraint
functional logic programs are evaluated using constraint narrowing [144]. A
term ¢ is narrowed to a term ¢’ using a rule of a program P while the constraints
of the constraint part ... where G of the rule are collected and checked for
satisfiability.

We use this principle for the language FCLL which we integrate into the
solver cooperation system META-S as discussed in Sections 7.2.2 and 7.3.2.
A narrowing step with constraints is applied on a subterm of an equality
constraint e and yields an updated equation and a constraint conjunction to
be handled by external constraint solvers.

Definition 38 (narrowing step with constraints) Let e be an equation, let
P be a constraint functional logic program.

If in e there is a non-variable subterm ¢ at position p, that is, e[, = ¢ with
t ¢ X, a new variant (I — r where G) of a rule in P, and a substitution
o, such that o = mgu(t,l), then e ~., (o(e[r],),o(G)) is a narrowing
step with constraints. It yields the new equation o(e[r],) together with the
instantiated constraint o(G). <

Other approaches using constraint narrowing include the language Toy [57,
217] for which the integration of different arithmetic constraint domains has
been examined over the recent years and OPENCFLP [131] which integrates
lazy narrowing and collaborative constraint solving over different domains.
The integration of linear constraints over real numbers into the functional
logic language CURRY is shown in [148].

An integration of functional (logic) programming and constraints can,
however, also be realized based on a different (syntax and) semantics as can
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be seen e.g. by the residuation-based languages Oz [165, 211] and CCFL (cf.
Chapter 6) and by the functional constraint library FACILE [32].

5.6 Constraint imperative programming (CIP)

With constraint programming concepts gaining attraction in practice, interest
arose in integrating constraints into imperative and object-oriented languages.
What is now traditionally called Constraint imperative programming (CIP),
actually comprises the combination of concepts from the constraint-based
paradigm with procedural languages on the one side and with object-oriented
languages, like JAVA or C++, on the other side.

Both the imperative (including object-oriented languages) and the constraint-
based paradigms are specific to certain application areas. Imperative languages
allow a precise and efficient modeling of the behaviour of real-world processes.
They are very popular and widely used in practice. Constraints, in contrast,
have a clear mathematical foundation, support elegant modeling and come
with efficient solution mechanisms.

The combination of concepts from both paradigms is, however, intricate, be-
cause imperative programs depend on a global machine state while constraints
as formulae are independent of time and state. As a consequence, constraint-
based and other declarative languages widely separate the declarative problem
description in the user program on the one side and the program evaluation or
computation of solutions by the language evaluation mechanism on the other
side. A declarative paradigm combination can, thus, often be realized on a
clear mathematical and operational basis. In contrast, in imperative languages
the user is responsible for describing both in one program, i.e. the problem
and its solution, and these are, moreover, strongly interwoven which makes a
combination with declarative constraints challenging.

The notion constraint imperative programming was originally coined by
Freeman-Benson [70] to cover all languages with concepts from the constraint-
based and the imperative and object-oriented programming paradigms. The
following example originates from [143].

Example 31 (cf. [102]) Program 5.6.1 uses a pure imperative approach to
describe the positioning of a graphical element in a user interaction. The
graphic can be dragged with the mouse inside certain borders. By pressing
a mouse-button its vertical coordinate y is adapted within a minimum and
a maximum range. This description reflects the temporal — i. e. imperative —
behaviour but also requires declarative properties, like the range restrictions,
to be expressed imperatively. They are ensured by explicit tests which must
be performed in each pass within a while-loop as long as the button is pressed.

In contrast, Program 5.6.2 gives an equivalent CIP implementation in the
syntax of the CIP library TURTLE++. The initial instantiation of y by a so-
called preferred value mouse.y gives an orientation for the optimization w.r.t.
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Program 5.6.1 A user interface example in imperative style

1 while (mouse. pressed)

2 | // message processing is left out
3 int y = mouse.y;

4 if (y > border.max)

5 y = border.max;

6 if (y < border.min)

7 y = border.min;

8 draw_element (fix_x, y, graphic);

9

Program 5.6.2 The user interface example using the CIP library TURTLE++

while (mouse. pressed)

1
2 |

3 constrained<int> y = mouse.y;

4 require (y >= border.min && y <= border.max);
5 draw_element (fix_x, y(), graphic);

6 }

the required constraints. It will be overwritten by border. min or border. max,
resp., in case the mouse exceeds a border. Program 5.6.2 is not only shorter,
but expresses the relationship between the border-object and the y-coordinate
in exactly the way a programmer would think about it. O

Languages of the CIP paradigm are the constraint-based object-oriented
language KALEIDOSCOPE [142] used to specify constraints between attributes
of objects, a language combination LEDA [36] for imperative and relational
programming, ALMA-0 [16] which is an extension of MODULA-2 by logic
elements and backtracking, and TURTLE [77]. Besides, there are a number of
popular CIP representatives following the library approach, like the CHOCO
constraint solver [44] on finite domain constraints written in JAvA, GECODE
[73] for finite domain constraints and finite set constraints implemented in C++
(with bindings to several languages), the C++ library IBM ILOG Solver [112]
for different constraint domains, and the C++ library TURTLE++ [102] as has
been used in Program 5.6.2.

In the following, we discuss the Turtle family as an example of CIP. We
sketch popular examples of constraint-based object-oriented programming
libraries in Section 5.6.2.
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5.6.1 The Turtle family for CIP

TURTLE is a multiparadigm programming language enabling procedural pro-
gramming enhanced by constraints. The C++ library TURTLE++ inherited
the main ideas from the TURTLE language but was extended for smooth
integration into C++. While both approaches rely on the same general ideas
and concepts for the integration of constraints into the imperative paradigm,
they differ in many details and may even support a different programming
style for particular applications. We only sketch their common concepts and
refer to [102, 76, 77, 106] for details.

In both approaches, four concepts enable constraint programming in an
imperative context: constraint variables, constraint statements, user-defined
constraints, and constraint solvers.

Constraint variables are distinguished from imperative variables. While
values of normal, imperative variables are given by assignments as usual,
constraint variables are determined by constraints.

As an example consider the definition of the Send-More-Money problem
in Program 5.6.3. This is a crypto-arithmetic puzzle such that the equation
send + more = money holds and each letter of s, e, n, d, m, o, r, y repre-
sents a different digit. The constraint variables s, e, n, d, m, o, r, y are
introduced by certain data type annotations, e.g. a constraint integer variable
is declared with type !int (cf. lines 6-8). An initialization of a constraint
variable (not shown in the example) is possible but can be overwritten by fol-
lowing constraints. Apart from that, both constraint and imperative variables
are handled throughout the program in the same way.

Constraint statements allow the programmer to place constraints on con-
straint variables. A constraint statement consists of a constraint conjunction
introduced by the keyword require and of a sequence of statements, called the
body. The constraints in the conjunction are enforced, i.e. they must hold,
as long as the body executes. While in the TURTLE language a particular
solution is computed immediately when the body of a constraint statement
is entered, TURTLE++ delays the computation of particular values for the
variables until they are actually needed, e.g. for a function call. There are
require-statements without a body, such that their constraints hold as long
as the constraint variables they constrain exist.

In our example, the require-statement establishes constraints on the con-
straint variables in lines 9-14 and prints a solution of these in its body
(lines 16-18).

The third concept of TURTLE is user-defined constraints which abstract
over constraints to support re-usability of frequently used logical combinations
of constraints. User-defined constraints imperatively generate a declarative
construct, i.e. a conjunction of constraints.

Specifications of the user-defined constraints domain and alldifferent as
used in Program 5.6.3 were shown in the Programs 4.3.2 and 4.3.3, resp.
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Program 5.6.3 TURTLE: the Send-More-Money problem

1 module smm;

2 import io;

3

4

5 fun main(args: list of string): int

6 var s: lint;

7

8 var y: lint;

9 require domain(s,0,9) and domain(e,0,9) and
10 domain(y,0,9) and

11 alldifferent ([s,e,n,d,mo,r,y]) and
12 (s % 1000 + e = 100 + n * 10 + d) +
13 (m % 1000 + o % 100 + r % 10 + e) =
14 (m % 10000 + o % 1000 + n x 100 + e * 10 + y)
15 in

16 io.put ("s="); io.put (!s); io.nl ();
17

18 io.put ("y="); io.put (ly); io.nl ();
19 end;

20 return O0;

21 end;

The parameters of the domain-constraint (cf. Program 4.3.2, line 1) are the
constraint variable v and the imperative variables min and max, where the
latter must be bound to ground values if the domain-constraint is called.
Similarly, the alldifferent-constraint abstraction receives a list of constraint
variables and places inequality constraints on each pair of list elements (cf.
Program 4.3.3). The require-statements appear without a body in these
abstractions, such that their constraints shall hold globally in the subsequent
code.

Constraint solvers have been integrated into TURTLE and TURTLE++, resp.,
to ensure satisfiability or compute solutions of constraints at runtime. The
language TURTLE comprises a linear solver based on the indigo algorithm [29]
and a finite domain constraint solver, while the TURTLE++ library contains a
linear arithmetic solver using the simplex algorithm and a Boolean solver.

Both instances of the Turtle family allow the use of constraint hierarchies
(not shown in the examples). Constraint hierarchies allow one to assign strength
to individual constraints which represent their importance. The solver respects
these strengths when solving the constraint store and tries to satisfy the most
important constraints, even if that means that less important ones (preferential
constraints) are left unsatisfied. Especially for over-constrained problems this
is very useful.
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Program 5.6.4 A magic-square problem using IBM ILOG Solver, cut-out
from [113]

1 // create environment

2 IloEnv env;

3 // step 3: initiate search

4 try {

5 // create model

6 IloModel model(env);

7 // step 1: declare variables

8 R

9 IloIntVarArray square(env,n*n,1l,n%n);
10 ITloInt sum = n*x(nxn+1)/2;

11 // step 2: declare constraints
12 model.add(IloAllDiff(env, square));
13 .

14 // constraints on rows

15 for (i = 0; % < n; i++){

16 IloEzpr ezp(env);

17 for(j = 0; 7 < mn; gj++)

18 erp += squareln*i+j];

19 model.add(exp == sum);

20 exp.end();

21 }

22

5.6.2 Constraints as objects

Constraint programming libraries based on object-oriented languages are very
successful in practice. They typically model the CP concepts such as con-
straints, constraint stores, solvers, search spaces, and choice points by objects
and define corresponding methods for constraint propagation, satisfiability
checking, the generation of choice points, and the activation of search.

Program 5.6.4 shows a cut-out of a magic squares problem using the com-
mercially very successful C++ library IBM ILOG Solver [112]. The program
declares the problem constants and variables, i.e. an array square of n?
elements ranging from 1 to n? and an integer value sum in lines 9-10. The
problem constraints are given starting from line 12: First, an alldifferent
constraint I1oAllDiff states that the variables of the array square are all
different from each other. Lines 1521 create constraints on the rows of the
array which state that the sums of the rows are all equal to the value sum.
The rest of the program, where similar constraints are stated on the columns
and the diagonals of the array and a search for solutions is activated, is left
out here.

There are many libraries and toolkits extending languages like JAVA and
C++ to support constraint programming as referenced above. Such CP libraries
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Program 5.6.5 The 8-queens problem using IBM ILOG OPL

int n = 8;
var int queens[1..n] in 1..n;
solve {
forall(ordered 4,5 in 1..n) {
queens[i] <> queens[j];
queens[i] + 4 <> queens[j] + j;
queens[i] - 4 <> queens[j] - j
};
3
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keep the programmer in a familiar language and offer the possibility to extend
their functionalities e.g. by new problem-tailored search techniques.

On the negative side, the syntax drifts away from the mathematical descrip-
tion and becomes less readable due to the fact that things like environments,
models, and even solvers must be handled explicitly in an object-oriented
environment.

The Optimization Programming Language IBM ILOG OPL [112, 94]
is built on top of the IBM ILOG Solver CP library and tries to overcome
these problems. It is a domain-specific modeling language for mathematical
programming and combinatorial optimization which allows one to use and
specify constraints and solvers on the one side and search procedures and
strategies on the other side.

OPL models are declarative: The following example demonstrates that,
using OPL, we do not describe the solution process but instead the problem
or its solutions, resp., in a mathematical form.

Example 32 Program 5.6.5 shows an OPL program describing the n-queens
problem (cf. [195]). The goal is to place n (here 8) queens on an nxn chess
board such that none of them would be able to attack another.

Since each column of the chess board must hold exactly one queen, it
suffices to use a list queens of variables representing the columns. The values
of the variables stand for the rows on which the queens are placed. The
constraints in lines 4-8 describe that no two queens can attack each other.(

5.7 Further constraint-based paradigms

We sketch three further approaches to multi-domain programming languages
with constraints which may be considered as DSLs.

Constraint solver cooperation. The combination of constraint systems and
the cooperation of constraint solvers is an established concept for improving
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efficiency and performance of constraint resolution. We go into detail w.r.t.
this topic in Chapter 7, where we present the solver (and language) cooperation
system META-S.

To provide an environment for structured programming, solver cooperations
are typically integrated into a host-language which yields multiparadigm
constraint programming languages as discussed in the sections above.

While the META-S approach pursues the idea to integrate languages into
a system of cooperating solvers, other approaches typically come from the
opposite point of view and extend a programming language by cooperative
constraint evaluation. Host-languages of such approaches are mainly logic
languages [107, 161, 197] or functional logic languages [131, 57].

The languages discussed in the referenced papers are representatives of the
language approach for paradigm integration. The languages FCLL and CLL
(as presented in Sections 7.2 and 7.3.2) lie in between the language and the
library approach. While they extend the solver cooperation system META-S
by particular languages, META-S and the constraint paradigm in general
are so expressive that narrowing, residuation, and resolution as evaluation
principles can be considered as constraint solving algorithms. As a result,
META-S allows one to emulate all the above mentioned approaches as it
subsumes them.

Constraint Query Languages and Constraint Databases. There is
a close relationship between constraint programming and database query
languages. This relies on a simple but fundamental duality: On the one
hand, the set of solutions of a constraint formula ¢ with variables X =
{x1,...,2,} can be seen as a set of tuples (aq,...,a,) each satisfying ¢. On
the other hand, the description of data objects represented over the variables
of X can be interpreted as constraints. There are several approaches to the
integration of constraints and database programming. For a survey, discussion,
and references on constraint query languages and constraint databases see
[126, 33, 226, 191, 53].

The Object Constraint Language (OCL) [227, 170] is an extension of
the UNIFIED MODELING LANGUAGE (UML) [221]. OCL constraints are tell-
constraints and they are used to specify invariants in class diagrams, conditions
in sequence diagrams, and pre- and postconditions of methods. While UML
tools often allow the specification of OCL constraints, most of them do
not support their parsing, type-checking, or execution and only recently
have approaches to the verification of UML/OCL class diagrams emerged
[37, 12]. Typically, these verification approaches transform the diagrams into
formalisms where efficient constraint solvers or theorem provers are available.
OCL is, in general, more expressive than first-order predicate logic. To avoid
undecidability, existing methods usually limit the OCL constructs in the
models.
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After having introduced the fundamental notions and the main developments in
the areas of programming languages, paradigms and paradigm combinations,
and after having investigated constraints in a multiparadigm setting, the
second part of this book explores two concrete examples of multiparadigm
constraint programming in detail.

The concurrent constraint-based functional programming language CCFL
is presented in Chapter 6. The language offers constraints for efficient problem
modeling, but also for the description of non-deterministic behavior, of systems
of concurrent processes, and even of typical parallelization patterns. We present
programming with CCFL by example, and discuss the design of the language
syntax and semantics, its implementation and extensions.

Chapter 7 introduces a generic framework for multiparadigm constraint
programming. First of all, it allows the combination of constraint systems
and the integration of constraint solvers to solve hybrid constraint problems.
But even more interesting, the approach enables the extension of declarative
languages by arbitrary constraints by considering the language evaluation
mechanisms also as particular constraint solvers. We discuss the combina-
tion framework in detail and sketch its implementation, the multiparadigm
constraint programming system META-S.






Chapter 6

Concurrent Constraint Functional
Programming with CCFL

The Concurrent Constraint Functional Language CCFL is a multiparadigm
constraint programming language combining the functional and the constraint-
based paradigms. CCFL allows a pure functional programming style, but
also the use of constraints for efficient problem modeling on the one hand
and for the description of communication and synchronization of concurrent
processes on the other hand.

We describe and discuss design, use, and implementation of CCFL. There
exist two implementations, each with a different focus.

In Sections 6.1-6.4 we present basic CCFL and a compiler with target
language LMNtal (pronounced "elemental"). This is another multiparadigm
language which realizes a concurrent model based on rewriting of hierarchical
graphs. According to the creators of LMNtal, one of its major aims is to
"unify various paradigms of computation" [219]. This was a main motivation to
investigate the application of LMNtal as model and compiler target language
for CCFL as multiparadigm language.

The second version of CCFL focuses on parallelization and allows one to
express typical parallelization schemes and the evaluation of CCFL programs
in a multicore environment. We sketch parallel CCFL in Section 6.5.

Further extensions of CCFL and related work are discussed in Sections 6.6
and 6.7, resp.

6.1 Programming with CCFL

CCFL is a declarative language combining concepts and constructs from the
functional and constraint-based paradigms and allowing the description of
concurrent computations. We introduce CCFL by examples before formally
specifying the language syntax and semantics.

P. Hofstedt (ed.), Multiparadigm Constraint Programming Languages, Cognitive Technologies, 31
DOI 10.1007/978-3-642-17330-1_6, © Springer-Verlag Berlin Heidelberg 2011
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Program 6.1.1 A naive implementation of the Fibonacci function

1 fun fibomnacct :: Int -> Int

2 def fibomacci n =

3 case n of 0 -> 0 ;

4 1 ->1 ;

5 m -> let f1 = fibonacci (m-1);
6 f2 = fibonacci (m-2)
7 in f1 + f2

6.1.1 Functional programming

Functions are used to express deterministic computations. The functional sub-
language of CCFL partially inherits notions and concepts from the functional
languages HASKELL and OPAL (see e.g. [26, 109, 178, 172]). A functional
CCFL program is a sequence of data type definitions and functions. A func-
tion consists of a type declaration and a definition, allowing typical constructs
such as case-expressions, let-expressions, function application, and some prede-
fined infix operation applications, constants, variables, and constructor terms.
A function call (without free variables) evokes a computation by reduction.

Program 6.1.1 and the function length in Program 6.1.2 give examples of
functional programming with CCFL. Program 6.1.2 shows, furthermore, the
definition of a data type MyList a. In the following, we will, however, use
the HASKELL-typical notions for lists, i.e.[] and e.g.[1,6,2,5] for an empty
and non-empty list, resp., and ":" as the list constructor. The list data type
is denoted by [_].

6.1.2 Free variables

One of the main characteristics of constraints is the use of free variables. In
CCFL, expressions in general are allowed to contain free variables; this also
applies to function applications. Function applications with free variables are
evaluated using the residuation principle (cf. Section 5.4). This means that
function calls are suspended until variables are bound to expressions such that
a deterministic reduction is possible. For example, a function call 4 + z with
free variable z will suspend. In contrast, consider Program 6.1.2. The function
main introduces the free variable y of type Int using the with-construct in
line 9. Here, a concrete binding of y is not necessary to proceed with the
computation of main which yields 3.
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Program 6.1.2 List length

1 data MyList a = [1 | a : (MyList a)

2

3 fun length :: [a]l -> Int

4 def length list = case list of [] -> 0 ;

5 z : zs -> 1 + length zs
6

7 fun main :: Int

8 def main =

9 with y :: Int

10 in length [1,y,4]

6.1.3 Constraint programming

User-defined constraints allow one to describe non-deterministic behavior and
systems of concurrent cooperating processes. A user-defined constraint is given
by a constraint abstraction and a type declaration. A constraint always has
result type C. A constraint abstraction consists of a head and a body which
may contain the same elements as a function definition. Additionally, the
body can be defined by several alternatives, the choice of which is decided by
guards. A constraint abstraction is allowed to introduce free variables and
each body alternative is a conjunction of constraint atoms.

Examples of user-defined constraints are game, dice, and member in Pro-
gram 6.1.4 and produce, consume, and main in Program 6.1.5. We discuss
them in detail subsequently.

6.1.3.1 Ask- and tell-constraints

In CCFL we distinguish constraints with two functionalities: ask-constraints
and tell-constraints.

Constraints in the body of a rule are tell-constraints (cf. Section 4.3.2). Their
propagation generates bindings or incomplete knowledge. Tell-constraints

include applications f fexpr; ... fexpr, of user-defined constraints and
equality constraints between a variable and a functional expression. While a
satisfiable equality constraint © =:= fexpr produces a binding of the variable

z to the expression fexpr and terminates with result value Success, an
unsatisfiable equality is reduced to the value Fail representing an unsuccessful
computation.

Example 33 Consider the constraint abstraction failList.

fun fatlLlist :: C
def faillist =
with z :: [Int], y :: Int

in z =:= [] & z =:= [y]
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Program 6.1.3 Boolean or

1 fun or :: Bool -> Bool -> Bool -> C

2 def or z y z =

3 z =:= True -> z =:= True |

4 y =:= True -> z =:= True |

5 z =:= False -> z =:= y |

6 y =:= False -> z =:= ¢ |

7 z =:= False -> ¢ =:= False & y =:= False

Its body consists of a conjunction of two conflicting equality constraints such
that the derivation of the constraint failList yields Fail (cf. Example 41).0

The atoms of the guard of a user-defined constraint are ask-constraints (cf.
Section 4.3.3). If a guard of a rule with matching left-hand side is entailed, the
rule alternative concerned may be chosen for further derivation. In case that
the guard fails or cannot be decided (yet), this rule alternative is suspended.
If all rule alternatives suspend, the computation waits (possibly indefinitely)
for a sufficient instantiation of the variables concerned.

For ask-constraints, we distinguish between bound-constraints bound x
checking whether a variable x is bound to a non-variable term and match-
constraints x =:= ¢ x1 ... x, which test for a matching of the root symbol
of a term bound to the variable x with a certain constructor c. Here, the
variables x1,...,x, are fresh.

Example 34 Program 6.1.3 gives a definition of the Boolean function or
as CCFL constraint. The guards decide on the choice of a rule alternative
dependening on the bindings of the variables z, y, 2. While an evaluation of
the constraint (or z y True) suspends until a binding of z or y is provided
(by a concurrently working process), the constraint (or True False z) eval-
uates non-deterministically to Success and produces the binding {z/True}
using one of the alternatives at lines 3 and 6. O

6.1.3.2 Non-deterministic computations

User-defined constraints can be used to express non-determinism. While in Ex-
ample 34 the evaluation of a constraint, like for example (or True False 2z),
leads to the same result independent of the chosen alternative, this is not
mandatorily the case. By a certain constraint different guards may be entailed,
such that their rule alternatives may lead to completely different computation
results.

Example 35 Program 6.1.4 shows a game between two players throwing a
dice n times. The constraint abstraction member in lines 17-20 is the source
of non-determinism in this program and it is used to simulate the dice. The
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Program 6.1.4 A simple game of dice

1 fun game :: Int -> Int -> Int -> C

2 def game = y n =

3 case m of 0 -> z =:= 0 & y =:= 0 ;

4 m =-> with =1 :: Int, yl1 :: Int,

5 z2 :: Int, y2 :: Int

6 in dice z1 & dice yl &

7 z =:= add z1 22 & y =:= add yl y2 &
8 game z2 y2 (m-1)

9

10 fun add :: Int -> Int -> Int

11 def add z y = =z + y

12

13 fun dice :: Int -> C

14 def dice =z = member [1,2,3,4,5,6] =z

15

16 fun member :: [a]l -> a -> C

17 def member 1 z =

18 1 ==y : ys -> g =:= vy |

19 1 =:= y : ys -> case ys of [] -> ¢ ==y ;
20 z : zs -> member ys T

match-constraints of the guards of both alternatives of this constraint are
the same, i.e. 1 =:= y : ys, while the bodies differ. Thus, the evaluation
of a constraint member [y1,¥2, ..., ¥y,] z non-deterministically generates a
constraint which binds the variable « to one list element ;.

The user-defined constraint game describes the game: The constraint appli-
cations dice z1 and dice yI in line 6 non-deterministically produce values
which are consumed by the applications of the function add in the equality
constraints ¢ =:= add z1 z2and y =:= add yl y2, resp., in line 7. These
function applications suspend until their arguments are sufficiently instan-
tiated (that is, completely instantiated) for the application of the built-in
function +.

A trace showing a non-deterministic computation with n = 2 is given in

Example 39. O

6.1.3.3 Concurrent processes

CCFL allows the description of systems of cooperating and communicat-
ing processes. The main idea is to express concurrent processes by means
of conjunctions of tell-constraints. Several tell-constraints combined by the
&-combinator generate a corresponding number of processes and these com-
municate over common variables.

For example, in Program 6.1.4 both computations of dice values, i.e.
dice z1 and dice yi1, which are independent, could have been computed
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Program 6.1.5 A producer and a consumer communicating over a common
buffer

1 fun produce :: [a] -> C

2 def produce buf =

3 with bufl :: [al, dtem :: a

4 in -- generate item here

5

6 -- then put it into the buffer and continue
7 buf =:= dtem : bufl & produce bufl
8

9 fun consume :: [a]l -> C

10 def consume buf =

11 buf =:= first : bufl ->

12 -- consume first here

13

14 -- and continue

15 consume bufl

16

17 fun main :: C

18 def main =

19 with buf :: [al

20 in produce buf & consume buf

concurrently. There is no required order of the players in this game. However,
the computation of the sum by ¢ =:= add =122 depends on the computation
of the dice values z1 and z2 which must have been processed in advance.

Example 36 Program 6.1.5 shows a consumer and a producer cooperating
over a shared buffer. The main-function creates the buffer as a fresh variable
buf using the with-construct and initiates the computation by two processes
produce and consume communicating over the shared buffer.

The user-defined constraint consume (lines 9-15) describes the behavior
of the consume-process. The consumer must wait until the buffer has been
filled with at least one element first. This is ensured by the guard of the
consumer rule (cf. line 11). In contrast, the produce process is not restricted to
synchronize with the consumer. This rule is not guarded by any ask-constraint,
but produces buffer elements by tell-constraints in its body (line 7). O

6.2 Syntax

In this section we formally specify the syntax of CCFL and underline certain
features by means of further examples.

Figure 6.1 presents the syntax of CCFL programs in an EBNF-like nota-
tion. A CCFL program is a sequence of data type definitions and declarations
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Prog — Def T

Def  — TDef | FDecl | FDef

FDef — def FName Var* = Expr

FDecl — fun FName :: Type

TDef — data TypeName TypeVar * = CType (| CType) *
CType — Constructor SType *

SType — (SType) | TypeVar | CType | Int | Float | Bool
Type — ( Type) | SType | Type => Type | C

Fig. 6.1 Syntax of CCFL programs in EBNF-like notation

and of definitions of functions and user-defined constraints. In this context we
use the notion "function" for both, i.e. we consider user-defined constraints as
functions of result type C.

A data type definition starts with the keyword data.® A function declaration
is indicated by the keyword fun, a function definition by the keyword def.
Of course, the parameter variables of a function must all be different.

As an example consider Program 6.2.1 which shows a definition of a data
type Tree a containing the empty tree N1l and trees consisting of nodes
Node with a value of (the polymorphic) type a and a left and a right subtree.
Furthermore, the program declares and defines an arithmetic function foo
with two arguments.

Program 6.2.1 A tree data type and a simple arithmetic function on floats

data Tree a = Node (Tree a) a (Tree a) | Nil

fun foo :: Float -> Float -> Float
def foo z y =y +. (z /. y)

Constants, constructors, and variable and function names as used in the
following, are defined by the grammar given in Figure 6.3. Names consist
of alphanumerical symbols; data type names and constructors start with an
upper letter while identifiers of variables and functions start with a lower
letter.

Expressions are distinguished into functional, constraint, and guarded
expressions. The syntax of expressions is given in Figure 6.2.

5 Note that (currently) function types are excluded from user-defined data types.
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Ezxpr — FEzpr | CEzpr | GEzpr
FEzpr — Appl | Infiz | CaseExpr | LetExpr
Appl — [ FEzpr| SEzpr
SEzpr — Var | Constant | ( FExpr) | Constructor
Constant — Float | Int | Bool
Infix — FExpr BinOp FEzpr
BinOp —  ArithOp | RelOp | BoolOp
ArithOp  — + | = | * | / | +. | - | *. | /.
RelOp — == | <= | < | > | > | ~= | ==t | ~=
==. | <=. | <. | > | >=. | ~=
BoolOp  — && | ||
CaseEzpr — case FExpr of Branch (; Branch) *
Branch — Pat -> CExpr
| Var -> CEzpr (* otherwise-branch x)
Pat — Constructor Var ™ | Int | Bool
LetExzpr ~ — 1let Binding (; Binding) * in CExpr
Binding — Var = FExpr
CFEzpr —  With | Conj
With — with Var :: CType (, Var :: CType) *
in Conj
Conj —  Atom (& Atom) *
Atom — Var =:= FExpr (* tell-equality *)
| FExpr (* func. expression *)
GEzpr — GAlt (1 GAlt) *
GAlt —  Guard -> CEzpr
Guard —  CPrim (& CPrim) *
CPrim — bound Var (* bound-constraint x)
| Var =:= Pat (* match-constraint x)

Fig. 6.2 Syntax of CCFL expressions

Functional expressions. A functional expression FEzpr is either a function
application, a basic infix operator application, a case-expression, or a let-
expression.

A function application consists of a (optional) functional expression and
a simple expression, like a variable, a constant, a parenthesised functional
expression or a constructor (expression).

A number of basic binary arithmetic and Boolean operations and relations
can be used in infix notation. Operations on floating point numbers are
followed by a dot ".", comparison operations on Booleans by a colon ":".

Case-expressions use the keywords case and of and the different branches
are separated by a semicolon ";". Different cases are distinguished by their top
constructor symbols, where the following variables must be fresh and they must
match the arity of the constructor. We allow branching on integer numbers and
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Program 6.2.2 if-alternatives are realised using the case-construct

fun <f :: Bool -> a -> a -> a
def if c¢c t e = case ¢ of True -> t ;
False -> e

fun depth :: Tree a -> Int
def depth tree =
case tree of
Nil -> 0 ;
Node left walue right ->
let ldepth = depth left ;
rdepth = depth right
in i¢f (ldepth >= rdepth) (ldepth + 1) (rdepth + 1)

Program 6.2.3 A function bar using local definitions

fun bar :: Int -> Int -> Int
def bar a b = a + (let a = b;
b = a + 2;
a = a * b
in (let a = a + b

in b + a))

-- or semantically equivalent:
def bar a b = a + (let a0 = b;
bo a0 + 2;
al a0 * b0
in (let a2 = al + b0
in b0 + a2))

Booleans by considering them as (0-ary) constructors. An otherwise-branch
(with a fresh variable as pattern) can be defined for case alternatives on integer
numbers as shown for the naive implementation of the function fibonacci in
Program 6.1.1 in line 5.

An if-construct is realised as a function using the case-construct of basic
CCFL as shown in Program 6.2.2. Function depth calculates the depth of a
tree of type Tree a as defined in Program 6.2.1.

Local definitions are introduced by let-expressions. They are allowed to refer
to previously defined let-elements; thus, their order is crucial. Program 6.2.3
shows two semantically equivalent versions of a function bar illustrating the
effect of shadowing variables.

Constraint expressions. The second form of expressions are constraint
expressions CEzpr. These may introduce new logical variables (annotated
with their type) using the with-construct and consist in general of a conjunction
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Bool — True | False

Int — ([ Sign) Digit ¥) | Digit *

Float — ([ Sign] Digit * . Digit T [ Ext])
| Digit © . Digit ™ [ Ext]

Ext — (e | E)[ Sign] Digit *

Var —  Lowerld

TypeVar —  Lowerld

FName —  Lowerld

Constructor — Upperld

TypeName — Upperld

Lowerld — LAlpha (Alpha | Digit ) *

Upperld — UAlpha (Alpha | Digit ) *

Alpha — UAlpha | LAlpha

LAlpha — al.. |z

UAlpha = 4.z

Digit S 0. ]9

Sign =+ |-

Fig. 6.3 CCFL constants, constructors, variable and function names

of atoms. An atom is either a tell-equality constraint or a functional expression
(including applications of user-defined constraints).

Guarded expressions. Finally, there are guarded expressions GEzpr: They
consist of a disjunction of constraint expressions, each with a preceding guard
which is a conjunction of constraint primitives. While constraint expressions
may be looked at as tell-constraints, guard atoms represent ask-constraints.
They include a test bound x of a variable = to be bound to a non-variable

term and a match-constraint x =:=c¢ z1 ... x, of a variable x to be bound
to a term with constructor root symbol ¢ (including Booleans and integer
numbers) and fresh variables x1, ..., x,.

The producer and the consumer processes of Program 6.1.5 were defined
using constraint and guarded expressions.

6.3 Semantics

In a nutshell, CCFL expressions are evaluated using a lazy strategy. For
function applications with free variables, however, the residuation principle is
used. Equality constraints are interpreted as strict. That is, the constraint
t1 =:= to is satisfied if both expressions can be reduced to the same ground
data term [82].
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We give a formal presentation of the operational semantics of CCFL and
illustrate it by means of examples.

Let P be a CCFL program. Let X be a set of variables, let F'= AU
denote the set of function symbols according to P, where A is the set of (data)
constructors and I is the set of defined functions. By Val C A we denote
the union of the sets of Booleans and integer and floating point numbers
according to the CCFL types Bool, Int, and Float, resp.

We extend substitutions for application on CCFL expressions (i.e. Expr
according to Figure 6.2).

Definition 39 (application of a substitution on CCFL expressions)
Presuppose the definition of a substitution ¢ as given in Definition 10. We
extend o to ¢ : Expr — Expr, i.e. for application on a CCFL expression
Ezpr, by the following case distinction:

let-in:

o(let vy =ey; vy = €9 ...; U, = €, in cexpr)

= let vy =d(e1); va =3d(e2); ...; v, = d(ey) in 6 (cexpr)
case-of:

o(case fexpr of
C1 V1,1 «.. Ul p, —> CEXTPTY ;

Ck Uk --. Uk, => CETPTY)

= case &(fexpr) of
€1 V11 ... V1, => O(cexpry) ;

Ck Uk -+ - Uk, —> 0(cexpry)

This holds similarly for otherwise-branches.

constraint expression:

g(withwvy 12 Ty, ..., Uy t: Ty 1im cony)
=withvy :: 71, ..., Uy :: Ty in G (cony)
alatomy & ... & atom,,)
= d(atom) & ... & &(atom,,)

constraint:
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guarded expression:

Gla11 & ... & arpn, —> cexpry |

Am,1 & - & Quyp,, => CETPTy,)

=d(a11) & ... & 5(a1n,) -> d(cexpry) |

G(am,1) & ... & 5(am,n,,) => G(cexpry)

We identify a substitution o with its extension 6 and write o instead of
G. <

We presuppose a constraint solver with functions solve, entail, and proj as
introduced in Section 4.2, in general. Currently, CCFL only supports equality
constraints on terms and user-defined constraints, both as tell-constraints, and
match- and bound-constraints as ask-constraints. Thus, the constraint store
just holds equality constraints z =:= ¢, z € X,t € T(A,X) on functional
expressions, which are expressed by means of substitutions. Accordingly, the
constraint solver can be based on the parallel composition 1 of substitutions
(cf. Section 2.3).

Let C be a conjunction of equality constraints representing a substitution
oc. We define the solver operations as follows:

satisfiability:

true if oc T {v/w} #0

solve(C Av =:=w) = {false ifoc 1 {v/w} =0

entailment:

Bound-constraints are used to check whether a variable is bound to a
non-variable constructor term or value.

true if oc(v) € X
entail(C, bound(v)) = f ool ) 4
delay otherwise
A match-constraint checks on the matching of two constructor terms or
values. Let v,v1,...,v, € X, c,d € A, t1,...,t, € Expr.
t ) =cty...t
entail(C,v =:=cvy...v,) = e zfac(v? on "
delay otherwise
and resp.
true ifd=cand m=n
entail(Cyd ty ...ty =t=cvy...0,) = ! ]
delay otherwise
The entailment of a conjunction of constraints can be tested by checking
the constraints individually, because the variables on the right-hand side
of the match-constraints are all fresh.
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delay if Fi € {1,...,n}: entail(C, a;) = delay
true  otherwise

entail(C,a1 & ... & ay) = {

projection:
proj(C {z}) = (z =:= oc())

We define the operational semantics of CCFL by means of a derivation
relation ~»p on system states. A system state Z = (A, C) consists of a multi-
set A of expressions and a conjunction of constraints C' € ACons, i.e. the
constraint store. The function of the constraint store C'is to collect constraints
computed during the program evaluation. We use multi-sets A of expressions
to describe their concurrent computation. The multi-set operation union is
denoted by W. The empty multi-set {} of (constraint or guarded) expressions
is also denoted by {Success}. The multi-set {Fail} is a derivation result of
an unsatisfiable set of constraints.

Definition 40 (derivation relation ~»p) Let P be a CCFL program. Let
Z = ({p} WA, C) be a system state, where p is an expression. The derivation
relation ~ p is composed of the following subrelations:

let-in:  Let-expressions introduce local definitions of variables which may
refer to previously defined let-elements. Thus, the right-hand sides of the
local definitions are stepwise substituted into the subsequently following
local definitions and constraint expression.

Here, we assume that shadowing variables of different local definitions have
already been disambiguated by renamings (as shown in Program 6.2.3).

Let p be an expression of the following form:
let v; =¢€;; ...; v, = €, in cexpr
The following holds:
({p}WA,C)~p {p}WAC), where o = {v;/e;} and

p' =o(let viy1 = €115 ...; vy =€, in cexpr) for i < n,
/
p fr—

o
° o(cexpr) for i = n.

case-of: A case-expression drives the evaluation of the distinguishing func-
tional expression fexpr to normal form and applies the substitution emerg-
ing from the matching with the corresponding alternative.

e Let p be an expression of the following form:

case fexpr of
Cl1 V1,1 -.. Vip, —> CETPTy ;

Ck Vg1 «-- Uk, —> CEXTPTY
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If (fexpr,C) ~% (¢; ti1 ... tin,,C), where ¢; t;1 ... t;p, is in normal
form and i € {1,...,k}, then

{ptwA,C) ~p ({P'}wA,0C),

where p’ = o(cexpr;) with o = {v;1/ti1, ..., Vin, [tin, }

e Let p be an expression of the following form (with otherwise-branch):

case fexpr of
c1 —> cexpry ;

.c;—> cexpry, ;
m => cerpriii
with ¢1,...,c; € Int and m € X.
If (fexpr,C) ~% (c,C), where ¢ = ¢; with i € {1,...,k}, then
({p} W A,C)~p ({cexpr;} W A, C).
If (fexpr,C) ~% (¢,C) and Ai € {1,...,k}: ¢ =¢;, then
{ptw A, C) ~p ({o(cexprii1)} W A, C),

where o = {m/c}.

apply: The application of a function realizes a call-by-name evaluation
strategy. Actually, CCFL evaluates lazily, which, however, cannot be
expressed accordingly, here.

Let p be an expression of the following form:
ft1 ... t, withn >0.

If there is a rule def f vy ... v, = expr in the program, then
{p WA C)~p ({PHWAC),

where p’ = o(expr) with o = {v1/t1,...,v,/tn}.

var: A variable is evaluated by a lookup in the constraint store for its

current binding.

Let p = v be a variable.

If proj(C,{v}) = (v =:=1t), where t #v and ¢t € T (A, X), then
({prWA,C) ~p ({t}WA,C).
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built-in operators: A built-in operator initiates the evaluation of its argu-
ments to normal form.

Let p be an expression of the following form:

fexpri ® fexprs,
where @ is a built-in operator BinOp according to Figure 6.2.
If (fexpry, C) ~5 (w1, C) and (fexpra, C) ~5 (wa, C) with wy,wy € Val,
then
(P} 4,C) =p ({1} 6 4,C),
where p’ = eval(w; ® wy) is the result of the application of the operator &

on wy and ws.

constraint expression: The with-construct in a constraint expression only
introduces fresh logical variables. Thus, the derivation just unfolds the
atoms of the constraint expression.

Let p be an expression of the form
withvy :: 74, ..., Uy :: T, inatomy & ... & atom,,, or
atomy & ... & atom,,, resp.,

where n,m > 1.
The following holds:
{ptw A, C) ~p ({atomy, ..., atom,,} J A, C).

tell: A tell-constraint v =:= fexpr introduces an equality between the ex-
pression bound to the variable v and the functional expression fexpr.
Since both are functional expressions (of base type) their evaluation is
deterministic.
The constraint v =:= fexpr is satisfied if both expressions can be reduced
to the same ground data term (strict equality, [82]). Thus, we evaluate
both expressions to data terms and then perform a unification of the
resulting expressions. The evaluation to constructor terms is interleaved
with unification.

We distinguish four cases concerning the propagation of equality constraints:
Let p be an expression of the form v =:= fexpr.
o If (fexpr,C) ~% (w,C), where w € X U A, and
solve(C' Av =:= w) = true, then
{p} WA, C) ~p (4,C),
where D E V(C' +— (C Av =:=w)).
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o If (fexpr,C) ~% (w,C), where w € X U A, and
solve(C ANv =:=w) = false, then
{p} W A, C) ~p ({Fail}, false).

o If (fexpr,C) ~% (¢ t1...1,,C), with ¢ € A, t; € T(F,X), i €
{1,...,n}, and

solve(C Nv =:=cwvy ... vy,) = true, where v;, i € {1,...,n}, are fresh,
then

{ptWA,C)~p ({vr ==t1, ..., v, =:=t, WA C),
where DEV(C' «— (CAv=:=cuv ... v,)).

o If (fexpr,C) ~% (¢ t1...t,,C), with ¢ € A, t; € T(F,X), i €
{1,...,n}, and

solve(C ANv =:=cwvy ... v,) = false, where v;, i € {1,...,n}, are fresh,
then

{p} W A, C) ~p ({Fail}, false).

guarded expression: Guards are used for a conditional choice of alternatives

within the definition of a user-defined constraint. If more than one guard
is entailed by the constraint store, then the choice of the alternative to
be applied is non-deterministic. If none of the guards of a rule is entailed,
the computation suspends, either indefinitely or until another concurrent
process provides a sufficient binding.

Let p be a guarded expression:

a1 &...&a1,, —> cexpry |
am1 & ... & o, => cexpry,

If there is an i € {1,...,m} such that we can successfully check the guard’s
a1 & ...&a;y, entailment, i.e.:

e For every ask-constraint a, ; holds:
— Either it is a match-constraint of the form fexpr =:=cvy...v; and
({fexpr}, C) ~% ({d t1,.. .t }, C) with ¢ = d and m =k,
then a; ; = (d t1...ty =:=cvr...vp),
and o; = {v1/t1,...,ve/ts}.
— Or a,; ; is of the form bound v.

. .o .
In this case, a; ; = a; j and o; = id.
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e The entailment of the guard (in normal form) is checked successfully:

entail(C,a}, & ... & aj,, ) = true.
then a derivation step
<{p} WA, C> P <{p/} WA, C>a

is possible, where p" = o(cexpr;) with o =1;c(1,... n,} 0 resulting from the
evaluation of the match-constraints of the chosen alternative’s guard.

If P is clear from the context, we just write ~-. <

The computation of a CCFL expression e is described by means of a
derivation sequence using the ~»p relation starting with the initial state
({e}, true). In the initial situation, the constraint store is empty which is
denoted by the constraint true. In general, for a system state there may be
more than one applicable rule for a ~»p step which choice is non-deterministic.
There are two forms of final states:

o A state S = ({Fail}, false) is a failed final state.

o A state S = (A, C) with C' # false such that no derivation on S is possible
anymore, is called a successful final state.

Note that we do not explicitly distinguish between successful and suspended
final states (or deadlocked final states, resp.). The result of the evaluation of a
functional expression remains in the multi-set A of expressions of a successful
final state (A, C'). The application of a (user-defined) constraint may yield a
successful final state (A, C) with empty multi-set A = {} (or A = { Success
}, resp.) which represents a successful computation. If, in contrast, there
remain expressions (different from Fail) in the multi-set component A of the
final state, then this indicates a suspended computation. We discuss relevant
examples in the following.

Example 37 We consider the derivation of a functional expression bar 1 4
w.r.t. Program 6.2.3. We denote the name of each applied rule as the subscript
of the ~~ relation.

({bar 1 4}, true)

~ apply ({1 + (let a0 = 4; b0 = a0 + 2; al = a0 * b0
in (let a2 = al + b0 in b0 + a2)) }, true)

The built-in operator + enforces the derivation of the let-expression:

({ let a0 = 4; b0 = a0 + 2; al = a0 * b0
in (let a2 = al + b0 in b0 + a2) }, true)

tet—in ({let b0 =4 + 2; al = 4 * b0
in (let a2 = al + b0 in b0 + a2) }, true)
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~

({let a2= (4 x (4 +2)) + (4 +2)
in (4 + 2) + a2}, true)

sret—in ({4 +2) + ((4 x (4 +2) + (4 +2) }, true)

WZuilt—in < { 36 }’ lrue >

Now, the original computation continues:

*
let—in

~ apply ({1 + (let a0 = 4; b0 = a0 + 2; al = a0 * b0
in (let a2 = al + b0 in b0 + a2)) }, true)

~ek ({37}, true)

Observe that the evaluation of a functional CCFL program does not influence
the constraint store. O

Example 38 Lazy evaluation is a strategy combining call-by-name evaluation
and sharing of variable bindings such that an expression is only evaluated
once and copies originating from this expression are not reevaluated but just
replaced by the result (cf. Section 3.2.3). This is, however, not explicitly
expressed by the rules of the ~~p relation.

We consider a program square which builds the square value of an integer
number.

fun square :: Int -> Int
def square T = z * Z

The evaluation of the expression square (3 + 1) illustrates lazy behavior.
The term 3 + 1 is unevaluatedly substituted into the function’s body accord-
ing to the call-by-name strategy. Thereby, the term appears twice, where it is
actually shared between its occurrences, represented by the grey color.

({ square (3 + 1) }, true)
~apply ({ (B +# 1) * (3 + 1) 1}, true)
M built—in < { 16 }, true >

Here, the evaluation of the built-in function * requires the computation of
3 + 1 which is performed only once for the shared term.

({ @3+ 1) }, true)
~pwitt—in (({ 4 }, true) 0

Example 39 Now, consider our game of dice from Example 35, Program 6.1.4.
We show a derivation of the constraint game a b 2.
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({ game a b 2}, true)

~rapply  ({ case 2 of 0 => @ =:= 0 & b =:=0 ;
m —=>withzl :: Int, yl1 :: Int,
z2 :: Int, y2 :: Int
in dice =1 & dice y1 &
a =:= add z1 z2 & b =:= add yl1 y2 &
game z2 y2 (m-1) },
true )

~rcase—of ( { with =1 :: Int, yi :: Int, z2 :: Int, y2 :: Int
in dice z1 & dice y1 &

a =:= add z1 z2 & b =:= add yl1 y2 &
game z2 y2 (2-1) },
true )

~ith—in { { dice 1, dice yi,

a =:= add z1 22, b =:= add y! y2, game z2 y2 (2-1) },
true )
~roply  ({ member [1,2,3,4,5,6] 1,
member [1,2,3,4,5,6] y1,
a =:= add z1 22, b =:= add y! y2, game z2 y2 (2-1) },
true )
~appty ({ ([1,2,3,4,5,6] =:=y : ys -> zl =:= y |
[1,2,3,4,5,6] =:= y : ys
-> case ys of []1 -> z1 =:= y ;

z : zs —-> member ys zl1),
member [1,2,3,4,5,6] y1,
a =:= add z1 z2, b =:= add y!1 y2, game z2 y2 (2-1) },
true )

~?guarded expression

({z1=:=1,
member [1,2,3,4,5,6] y1,
a =:= add z1 22, b =:= add y! y2, game z2 y2 (2-1) },
true )
¥ ({21 =:=1, y1 =:= 5,
a =:= add z1 z2, b =:= add y1 y2, game z2 y2 (2-1) },
true )
2 ({a=:=add 21 22, b =:= add y1 y2, game z2 y2 (2-1) },

z1 =1Ayl=5)

~et ({a=:=add 1 22, b =:= add y1 y2},
zl = 1Ayl =5ANz2=5Ay2=23)

s ¥ ({a=:=6, b=:=81}
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¢l =1ANyl =5Az2

5Ay2=23)

er” ({ Success },
21 =1Ayl=5AN22=5Ay2=3Aa=6Ab=28)

The derivation yields the empty multi-set of expressions represented by
{ Success } and a constraint store which holds bindings of the variables a and
b of the initial constraint game a b 2. The non-deterministic computation
shown above represents a game between two players each throwing a dice
twice, where the overall score of player 1 is 6 and of player 2 is 8, resp. ¢

Example 40 We consider the producer-consumer setting of Program 6.1.5
to provide an example of a (successful but) suspending computation.

A consumer working on a list (1 : ) consumes the first element 1 and
suspends afterwards, because (resp. in case that) z remains unbound.

({ consume (1 : =z) }, true)

~apply ({1 ¢ @ =:= first : bufl -> ... & consume bufl }, true)
~? guarded expression

({ ... & consume z }, true)
¥ ({ consume z },...)

If, in contrast, there is a concurrent (producer) process (as part of the
multi-set A’, see below) which instantiates the remaining buffer z with new
elements, then the consumer can proceed.

(A, true )
~* ({ consume z } W A', true )
st ({ consume z} A" z=1: yA...)

apply 7 guarded expression

({... & consume y WA " z2=1: yA...)
~ O
Example 41 The derivation of the expression failList using the rules of
Example 33 yields a failed final state.
({ faillList }, true)

~apply ({with = :: [Int], y :: Int

in z =:= [] & = =:= [y] },
true )
~with—in ( { @ =:= [1 & @ =:= [y] }, true)

~ el ({z==10y] },z=101)
~tell ({ Fail }, false) O
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6.4 Compiling CCFL into LMNTAL

CCFL programs are translated into code of another multiparadigm language,
LMNtal (pronounced "elemental") [219, 220, 139]. LMNtal was designed and
developed by Kazunori Ueda and his group at Waseda University in Tokyo.
Translation between high-level languages is not unusual, in particular in cases
where the languages come from similar paradigms and where a mapping of
constructs from the source language to those of the target language seems
natural.

The main constructs of our target language LMNtal are not functions,
constraints, statements and procedures, or objects and methods as typical
for most higher-level languages, but hierarchical graphs and rules to describe
the graphs’ (concurrent) rewriting. Based on these concepts the designers of
LMNrtal intend to provide a model and language to "unify various paradigms
of computation' [219].

Taking LMNtal as target language of the compilation of a multiparadigm
language which, like CCFL, provides popular as well as new constructs and
ideas, allows one to discuss the adequacy of the LMNtal language approach
and aims. If successful it could, moreover, support the definition of clear,
simple, and extendable compilation schemata.

We briefly discuss the target language LMNtal and the structure and
particular phases of the CCFL compiler in the following.

6.4.1 LMNTAL

LMNtal [139] is a concurrent graph rewriting language. An LMNtal program
describes a process as a multiset of atoms, cells, logical links, and rules.

An atom p(Xy,...,X,) has a name p and logical links X, . . .,X, which
may connect to other atoms and build graphs in this way. For example, the
atoms f(4,B,E), A =7, g(D,B) are interconnected by the links 4 and B.
Note that the links of an atom are ordered such that the above atoms can
also be denoted by E = f(4,B), 4 = 7, B = g(D). As a shortened notation
we may also write E = f(7,9(D)). 4 and B are inner links in this example;
they cannot appear elsewhere because links are bilateral connections and they
can, thus, occur at most twice.

A cell {a*,r",c", 1"} encloses a process, i.e. atoms a, rules 7 (see below),
and cells ¢ within a membrane "{}" and it may encapsulate computations
and express hierarchical graphs in this way. Links 1 may also appear in cells
where they are used to interconnect with other cells and atoms.

Example 42 Consider the following two cells.

{succ(4,B) :- B=1+A. E=5, {succ(2,D)}}, {+E}
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Program 6.4.1 LMNtal: non-deterministic bubble sort

L=[Xx,YIL2] :- X > Y | L=[Y,X|L2].
aList = [2,1,5,0,4,6,3].

Program 6.4.2 LMNtal: membranes to encapsulate computations

1 {er,{$p},$st :- {{or,$p}, $s}.

2 {{er, $p}/,8s} :- {er,$p, $s}.

3

4 {append([1,Y,2) :- Y = Z.

5 append (LXH|XT]1,Y,2) :- Z = [XH|ZT], append(XT,Y,ZT).
6 {R = append([1,2]1,[41)}, {P = append([9],[8,11)}
7}

The first cell encloses a rule succ(4,B) :- B=1+A4., an atom E=5, and an
inner cell {succ(2,D)} enclosing an atom itself. The second (outer) cell just
contains a link +E connecting into the first cell on the value 5. O

Rules have the form lhs :- rhsand they are used to describe the rewriting

of graphs. Both the left-hand side 1hs and the right-hand side rhs of a rule are
process templates which may contain atoms, cells, rules, and further special
constructs (see e.g. [219]), among them process contexts and rule contexts.
Contexts may appear within a cell, when they refer to the rest of the entities
of this cell. Rule contexts @r are used to represent multisets of rules, process
contexts $p represent multisets of cells and atoms.

Consider the bubble sort rule and a list to sort in Program 6.4.1 as a
first and simple example. In the rule, link L connects to a graph [X,Y |L2]
representing a list. Thus, [X,Y |L2] does not describe the beginning of a list
but an arbitrary cut-out such that the rule is in general applicable on every
list position where X > Y holds. Since LMNtal does not fix an evaluation
strategy, the sorting process is non-deterministic.

As a second example consider Program 6.4.2. Lines 4-7 show a cell, i.e. a
process encapsulated by a membrane "{}". It consists of two append-rewrite
rules for list concatenation in a PROLOG-like syntax and two cells each
enclosing an append-atom by membranes in line 6. ¥, Z, XH, XT, ZT, R, and
P are links. The append-rewrite rules cannot be applied on the append-atoms
in line 6 because these are enclosed by extra membranes which prevent them
from premature evaluation. The rules in lines 1 and 2, however, operate on a
higher level and they allow one to describe the shifting of the append-rules
into the inner cells and backwards. Here, the expression @r is a rule-context
denoting a (multi)set of rules, and $p and $s are process-contexts which stand
for (multi)sets of cells and atoms. The template {@r, $p}/ in line 2 has a
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stable flag "/" which denotes that it can only match with a stable cell, i.e. a
cell containing no applicable rules.

We show a reduction sequence of the cell of lines 4-7 (in the context of the
rules of lines 1-2). We denote the LMNtal derivation relation by »— and we
underline the elements reduced in the respective steps.

In the initial situation, the rule in line 1 is applicable where @r matches
the append-rules, $p matches one of the inner append-atoms (the choice of
which is non-deterministic) and $s stands for the rest of the cell contents.
As the result of the rewrite step the append-rules are shifted into one of the
inner cells such that a reduction of the corresponding inner atom becomes
possible in the second step.

{ append([1,Y,2) :- Y = Z.
append([XH|XT),Y,Z) :- Z = [XH|ZT], append(XT,Y,ZT).
{R = append([1,2]1,[41)}, {P = append([9],[8,11)}
}
(1)
{{ append([1,Y,2) :- Y = Z.
append([XH|XT],Y,2) :- Z
P = append([9],[8,11)},
{R = append([1,2],[41)}
}

—

{{ append([1,Y,2) :- Y = Z.
append([XH|XT],Y,2) :- Z
P = [9,8,11},

{R = append([1,2],[4]1)}

1

[XH| ZT], append(XT,Y,ZT).

[XH|ZT], append(XT,Y,ZT).

The first inner cell is now stable, i.e. no rule is applicable inside it. Thus,
we can apply the rule from line 2 which unpacks this cell.

()

{append([],Y,2) :- Y = Z.
append([XH|XT],Y,2) :- Z = [XH|ZT], append(XT,Y,ZT).
{R = append([1,2],[4])}

t

In this state, again the first outer rule (line 1) is applicable and allows
a reduction of the second atom R = append([1,2],[4]). The subsequent
derivation yields the following final state:
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{ append([1,Y,2) :- Y = Z.
append([XH|XT],Y,Z) :- Z = [XH|ZT], append(XT,Y,ZT).
P =19,8,11, R = [1,2,4]

}

As one can see by the example, LMNtal supports a PROLOG-like syntax.
However, there are fundamental differences. The above example already
demonstrated the use of process-contexts, rule-contexts, membrane-enclosed
cells, and the stable flag. In contrast to other languages, the head of a rule
may contain several atoms, even cells, rules, and contexts.

A further important difference to other declarative languages is the logical
links of LM Ntal. What one may take for variables in our program, e.g.Y, Z, XH,
are actually logical links. Their intended meaning strongly differs from that
of variables. Declarative variables stand for particular expressions or values
and, once bound, they stay bound throughout the computation and are
indistinguishable from their value. Links in LMNtal also connect to a structure
or value. However, link connections may change. While this is similar to
imperative variables, links are used to interconnect exactly two atoms, two
cells, or an atom and a cell to build graphs, and they have, thus, at most
two occurrences. The links P and R in the above example occur only once
and, thus, link to the outside environment. In rules, logical links must occur
exactly twice.

Semantically, LMNtal is a concurrent language realizing graph rewriting.
It inherits properties from concurrent logic languages (cf. Section 5.3). The
rule choice is non-deterministic, but can be controlled by guards (not shown
in Program 6.4.2).

For a detailed description of LMNtal we refer to [219, 220, 139].

6.4.2 The structure of the compiler

The general structure of the CCFL compiler is shown in Figure 6.4. It starts,
as usual, with the syntactic and semantic analyses of a CCFL program which
result in an annotated abstract syntax tree (AST). This is the starting point
of the code generation.

Code generation is separated into several segments: In the first step
(phase 1), we generate basic LMNtal code from the AST subtrees for the
semantic program components, where we map CCFL functions to LMNtal
rules, CCFL function applications, data terms, and guards to LMNtal atoms
and guards, and so on. Furthermore, we generate an additional rule-set per
function to realize the handling of higher-order functions and partial applica-
tions. Since LMNtal does not a priori fix a particular evaluation strategy, the
generated LMNtal programs are evaluated non-deterministically. The resulting
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CCFL program

|

[syntactic and semantic analysesj

|

AST

|

[codo generation, phase 1}

I

basic LMNtal code (non-det.)

|

[code generation, phase 2}

!

full LMNtal code (lazy)

Fig. 6.4 Overview of the CCFL compiler

code is transformed in the second step (phase 2) to realize the complete

CCFL functionality including free variables, constraints, and lazy evaluation.
In the following, we briefly discuss the syntactic and semantic analyses in

Section 6.4.3 and sketch the code generation for CCFL in Section 6.4.4.

6.4.3 The syntactic and semantic analyses

The implementation of the syntactic analysis of the CCFL compiler relies on
the monadic parser combinator library Parsec [137].

The semantic analysis mainly comprises scope and type checking. Actually,
scope checking and type checking can both be considered as constraint solving
problems.

The scoping constraints derived from the program are simple set constraints
which are collected and their solution process is folded into one AST traversal.

In CCFL programs, the user must give types for functions and constraints
and for free constraint variables. We distinguish the built-in data types as
given in Figure 6.5, functional data types which map from types to types, and
user-defined data types built by means of alternatives and products, e.g. the
data type Tree a in Program 6.2.1. Figure 6.6 shows the types of predefined
functions and built-in constraints in CCFL.

The compiler performs type checking, and — because of the use of polymor-
phism — type inference in certain cases. The type constraints are collected
from the AST of the program. They are equality constraints over terms which
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Int Integer numbers —2147483648, ..., —1,0,1,...,2147483647
Float Floating point numbers

Bool True and False

c Success and Fail

Fig. 6.5 Built-in data types of CCFL

fun + - * / :: Int -> Int -> Int

fun +. -. *x. /. :: Float -> Float -> Float

fun ~= <K= >= < > == Int -> Int -> Bool

fun ~=. <=, >=. <. >. ==, HE Float -> Float -> Bool
fun ~=: ==: && | :: Bool -> Bool -> Bool

fun not H Bool -> Bool

fun =:= HH a -> a -> C

fun & 2 C -> C -> ¢

fun bound HN a -> C

Fig. 6.6 Types of predefined functions and built-in constraints

can be solved using unification according to Hindley-Milner type inference
[50, 156].

The result of the semantic analysis phase is an AST annotated with
additional information, in particular, types, and it is used as the starting
point of the code generation phase.

6.4.4 Encoding CCFL into LMNTAL

The code generation starts from the annotated CCFL AST and generates a
corresponding LMNtal AST from which we finally derive valid LMNtal code.
We consider the basic translation of functions and functional expressions
in Section 6.4.4.1 and the handling of higher-order functions and partial
applications in Section 6.4.4.2. This mainly corresponds to the code generation
phase 1 in Figure 6.4. The introduction of heap structures as discussed in
the third subsection enables one to deal with free variables and to represent
sharing of subexpressions. This is the basis of the second code generation phase
(see Figure 6.4) and it allows one to realize the complete CCFL functionality,
including constraints and lazy evaluation (see Sections 6.4.4.4 and 6.4.4.5).

The transformation of CCFL functions (and constraints) is partially based
on translation techniques [41, 166, 167, 228] for functional into logic languages.
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Program 6.4.3 LMNtal program as compilation result: list length

1 length(List,V0) :-

2 case__length(List,List,VO0).

3

4 case__length(V1,List,V0), nil(V1) :-

5 Vo = 0.

6

7 case__length(V1,List,V0), cons(X,XS,V1) :-
8 Vo = 1 + V3, app(length,XS,V3).

9

10 app(length,X1,X2) :- length(X1,X2).

6.4.4.1 Functional elements

Let us first consider the functional sublanguage of CCFL. A CCFL function
definition is translated into a set of LMNtal rules. Here, there is one initial
rule and possibly a set of subordered rules realizing e.g. pattern matching as
necessary for case-constructs.

CCFL data elements and variables are represented and processed by means
of heap structures during run-time. However, to clarify the presentation in this
subsection, we represent CCFL variables directly by LMNtal links® instead
and data structures by LMNtal atoms. We concentrate on the heap structures
later on.

The right-hand side of a CCFL function definition is an expression com-
posed of the typical constructs such as function applications, infix operator
applications, let- and case-constructs, variables, constants, and constructors.
CCFL infix operations are mapped onto their LMNtal counterparts. Function
applications are realized by an atom app(...) and an according app-rule
which is also used for higher-order functions as discussed in the next sub-
section. Case-expressions generate extra LMNtal rules for pattern matching;
let-constructs are straightforwardly realized by equality constraints.

Example 43 Consider Program 6.4.3 as compilation result of the list length
function from Program 6.1.2.

The LMNtal program illustrates the generation of different rule alterna-
tives from the case-construct and the handling of function applications and
predefined infix operations. Also note the additional link argument V0 of the
length-rewrite rule. This link is used to access the result of the rule applica-
tion, which is necessary because LMNtal explicitly deals with graphs while a
computation with a functional language like CCFL yields an expression as
result. O

6 Moreover, we tolerate n-fold occurrences of links in rules, where n # 2. This does not
conform with LMNtal, where links must occur exactly twice in a rule, but the problem
disappears with the introduction of heap data structures as well.
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6.4.4.2 Higher-order functions and partial application

We use a transformation scheme from [228] to allow higher-order function
application in CCFL. For every CCFL function f ...z, = ezpr a rewrite
rule app(f, X1,...,X,, V) = f(X1,...,X,,Y) is generated, which in combi-
nation with the generation of an app-atom for a function application realizes
higher-order function application.

Example 44 Let the following simple CCFL program be given:

fun double :: Int -> Int
def double z = 2 * ¢

fun foo :: (Int -> Int) -> Int -> Int
def foo f wal = f (wal + 5)

By the compilation process we obtain the LMNtal rules:

double(X,V0) :-
Vo = 2 x X.

foo(F,Val,V0) :-
Vi = Val + 5, app(F,V1,V0).

app (double ,X1,X2) :- double(X1,X2).

app(foo,X1,X2,X3) :- foo(X1,X2,X3).

Notice that the atom app(F, V1, V0) on the right-hand side of the foo rule
has been generated from the CCFL function application f (val + 5) as
described above.

We show a CCFL reduction of the functional expression foo double 3
and a corresponding derivation of the LMNtal atom foo(double,3,2).”

A CCFL derivation:

({ foo double 3}, true ) ~ ( { double (3+5) }, true)

~s ({2%(3+B) }, true ) ~ ({ 2%8 }, true ) ~> ({16 }, true )
A corresponding LMNtal derivation:

foo(double,3,2) — app(double,3+5,2) — double(3+5,2)
— Z = 2%(3+5) »— Z = 2%8 — Z = 16 O

The partial application of functions in CCFL is enabled by a number of
additional LMNtal rules per CCFL function, where we adopt a transformation
given in [41, 166]. To simplify the rule generation, the CCFL compiler performs

" We have not yet fixed a strategy for the evaluation of the generated LMNtal code (cf.
Section 6.4.4.5). Thus, we consider one derivation (of possibly several) here.
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an 7-enrichment, i.e. additional arguments are appended to the left-hand
sides and right-hand sides of a function definition where necessary to meet
the type declaration.

Example 45 Let add and addOne be CCFL functions, where the latter is
defined by a partial application of the former.

fun add :: Int -> Int -> Int
def add a b = a + b
fun addOne :: Int -> Int

def addOne = add 1

The n-enrichment of the function addOne within the compilation process
yields the following intermediate representation.

def addOne z = (add 1) =z

¢

The method to enable the partial application of functions from [41, 166]
generates % rules for every n-ary function. In [100] we give a detailed

presentation of the rule-set; we show an illustrative example here instead.

Example 46 Consider again the functions add and addOne from Example 45.
A CCFL derivation sequence is the following:

({ addOne 2 }, true ) ~ ({ (add 1) 2 }, true) ~ ({1 + 2 }, true)

s ({3}, true)

The functions add and addOne are translated into LM Ntal rules as discussed
in Section 6.4.4.1. Additionally, we generate rules for each function for all
possible cases of its partial application. These rules just generate constructor
terms with the function name at root position; in this way the data may
be kept and the computation suspended until the function is fully applied.

Program 6.4.4 shows the rule set generated from the functions add and addOne
from Example 45.

Now, we can rewrite the LM Ntal atom addOne(2,R) which corresponds
to the CCFL expression addOne 2:
addOne(2,R)
— app(add,1,Y), app(Y,2,R)
— add(1,Y), app(Y,2,R) = app(add(1),2,R)
— add(1,2,R)
— R = 142
— R =3 O
The representation of data and variables by heap structures as discussed
subsequently allows one to fuse the set of % + 1 rules for handling

partial applications and higher-order functions from the original approaches
[41, 166, 228] into one unified rule.
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Program 6.4.4 Generated LMNtal rules for the handling of partial applica-
tions and higher-order function applications

add(A,B,V0) :-
Vo = A + B.

addOne(X,V0) :-
app(add,1,Y), app(Y,X,V0).

// handling a CCFL expression add
app(add,V0) :- add(VO0).

// handling (add vg)
app(add,V0,V1) :- add(VO,V1).

// handling ((add vqg) vi1)
app Cadd (VO0),V1,V2) :- add(VO,V1,V2).

// handling add as argument of a higher -order function

app(add,V0,V1,V2) :- add(VO,V1,V2).

// handling addOne
app (addOne , VO) :- addOne(V0).

// handling addOne as argument of a higher -order function

app(addOne , V0O, V1) :- addOne(V0,V1).

6.4.4.3 Representing CCFL expressions by heap structures

While links in LMNtal look similar to variables, they have a different func-
tionality (cf. Section 6.4.1). In [100] we show in detail that a direct translation
of CCFL variables into LMNtal links (and, thus, of CCFL data structures
into LMNtal atoms) would not be successful. Since links connect exactly
two elements, i.e. cells or atoms, a representation of variables by links would
disallow the representation of free variables and the sharing of data structures
as needed for lazy evaluation. At least it can be shown [100] that a direct
simulation is possible for a functional language (without constraints) using
a call-by-value evaluation strategy, where multiply used data structures are
just completely copied.

The introduction of a heap as run-time environment enables the representa-
tion of free variables and the sharing of common data by different structures.
This allows the compilation of user-defined constraints and rule guards on
the one hand and the implementation of evaluation strategies using sharing
of data structures on the other hand.

The generation and transformation of heap structures is directly incor-
porated into the generated LMNtal rules as a result of the compilation
process.
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el(...) el(...)

l l

{%p,on(V0)} {8p,on(V0)}
l l
el(cons(square) , [4], V0) mult_int(A1,42,V0)
| Iy
{$p4,+4} rewrites to {8pA,+A1,+A42}
l l
et(...) elt(...)

Fig. 6.7 A graph rewriting rule square

Example 47 Consider the arithmetic function square.

fun square :: Int -> Int
def square a = a * a

The compilation according to our translation scheme yields the following code.
square(4A,V0) :- VO = A * A.

Taking the handling of heap data structures into consideration we obtain
the following LMNtal rule, where the atom mult_int(41,42,V0) calls the
LMNrtal infix operator "".

el(cons(square) ,[4],V0), {$pd,+4A} :-
mult_+int(A1,42,V0), {$pd,+A1,+42}.

Figure 6.7 visualizes the generated LMNtal rewrite rule.

In general, built-in operators, like *, are represented by corresponding
atoms, e.g. mult_4nt, and they are handled by specific prelude rules. All other
non-variable CCFL-expressions are represented by atoms el(cons(f),0L,I),
where fis the function or constructor name, 0L is a list of (outgoing) links to
cells connecting to structures which represent the arguments according to the
original CCFL expression, and I is a(n) (incoming) link from a cell which
manages links onto this term. For example, the CCFL term (square a) yields
the atom el(cons(double), [4], V0) with outgoing link 4 and incoming link
V0. Variables are handled by a similar scheme.

In the heap structures, cells containing links, like {$p, on(V0)}, are used
to connect between the atoms to build structures. In this way it is possible
to realize sharing as illustrated by the cell {$p4,+41,+42} which holds two
incoming links +41 and +42 and one outgoing link onto the common shared
structure (indicated by the gray outgoing link onto the atom el(...)). ¢
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6.4.4.4 Constraints and rule guards

CCFL integrates functional and constraint programming. Since user-defined
constraints can be considered as particular functions, the code generation
treats them uniformly such that we reach a proper unification of both
paradigms.

User-defined constraints in CCFL support all the constructs as introduced
for functions, but additionally allow free variables, a with-construct for their
introduction, ask-constraints in the rule guard and tell-constraints in the rule
body.

Just like LMNtal rules for CCFL functions, rules for user-defined con-
straints must hold an additional link in the rule head to connect to the
computation result because constraints must be accessible as elements, e.g.
for partial application.

Ask-constraints, i.e. bound- and match-constraints, are realized by ad-
ditional atoms in the heads of the generated LMNtal rules matching the
corresponding heap structures.

Example 48 The user-defined constraint member from Program 6.1.4 non-
deterministically chooses values from a given list (y : ys). We either take
the first element y as result value or initiate a further computation on the
rest ys of the list.

The CCFL rule guards consist of identical match-constraints 1 =:= y : ys
(cf. Program 6.1.4, lines 18 and 19) to realize the non-deterministic choice.
The compilation yields, thus, identical rule heads matching the list structure
(y : ys) or cons(Y,Ys), resp., as given below for both alternatives. The
corresponding heap structure is shown for illustration in Figure 6.8.

el(cons(member) ,[L,X],V0),
el(cons(cons),[YV,¥Ys],L0),
{on (LO), $pL,+L} :-

O

For tell-constraints we distinguish between applications of user-defined
constraints which are just handled like function applications and equality
constraints ¢; =:= ty. The latter is based on a unification of the constraint
subexpressions ¢ and t3. We provided a unification mechanism for heap data
in LMNtal: unify(L1,L2,R) unifies the heap structures connected to the
links L1 and L2 and yields a result structure linked to R. The transformation of
a CCFL equality constraint into LMNtal code, thus, produces a uni fy-atom
over both heap structures which initiates the unification process.

Example 49 Consider the producer-consumer example in Program 6.1.5
and a cut-out of an LMNtal rule for produce as compilation result given in
Program 6.4.5.
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l
el(cons(member), [L,X],V0)

LN

{on(LO), $pL,+L}

!

el(cons(cons),[Y,Ys],LO)

B

Fig. 6.8 A heap structure representing the expression member (y : ys) =

Program 6.4.5 LMNtal compilation result: produce

1 et(cons(produce),[Bufl,V0) :-
2 // generate a fresh variable bufl
3 et(var(...),0nBufl,InBuf1), ..., {on(InBufl),+Bufl},
4 // generate structure for item
5
6 // generate expression (item:bufl)
7 el(cons(cons),[Item,Buf1]1,V3), {on(V3),+V2},
8 // unify call: buf =:= item:bufl
9 unify(Buf, V2, V0),
10
The constraint buf =:= 4tem : bufl in line 7, Program 6.1.5, gener-

ates a corresponding wunify-atom in line 9, Program 6.4.5. This atom
unt fy(Buf, V2, V0) initiates the unification of the two structures connected
to the links Buf and V2 which yields a result structure with link V0. While
the first structure (connected to Buf) is passed as an argument of the rule,
the second structure (connected to V2) is created by the code of lines 2-7. ¢

6.4.4.5 Evaluation strategies

LMNtal evaluates non-deterministically, and a priory it does not support
certain evaluation strategies. Thus, the control of evaluation strategies for
CCFL is directly integrated into the compilation schemes. Here, we use
the ability of LMNtal to express hierarchical computation spaces and code
migration between them (as shown in Program 6.4.2) which enables a clear and
simple strategy description. The use of the membrane construct of LMNtal
plays an essential role for the encoding and allows a significantly simpler than
previous encodings, e.g. that of the lambda calculus by Sinot [208] based on
token passing in interaction nets.
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We discussed the fundamental ideas, concepts, and the implementation in
detail in [101].

The main idea when encoding evaluation strategies is a destructuring
of expressions into subexpressions, their encapsulation by membranes into
separate computation spaces, and their interconnection by links. This allows
one to express dependencies between subexpressions on the one hand, but to
hold the computations apart from each other, on the other hand.

Expressions to be reduced (e.g. innermost for eager strategies or outermost
for call-by-name and lazy strategies) are provided with the rule-set such that
their reduction becomes possible. Other calls are delayed by holding them
apart from the rules until the computation of the redexes they depend on is
finished. Then a reorganization of computation spaces takes place.

Thus, the control of the order of subexpression evaluation according to a
strategy within the CCFL compilation schemes is based on two main concepts:

1. The destructuring of expressions within the LMNtal rules generated from
the CCFL program which realize local computations.

2. A general LMNtal rule set which reorganizes the computation spaces when
local computations have been finished.

We refrain from a detailed presentation and refer to [101] which discusses
the compilation schemes including a presentation of the general rule sets for
concurrent eager and lazy strategies, resp.

6.5 Parallel programming with 71CCFL

While they are broadly handled similarly in the compilation process, functions
and user-defined constraints serve different purposes in CCFL. Functions can
be considered as the computational core and constraints as the coordinational
core of the language, resp. This combination can be used to control concurrency
in CCFL programs and even to express typical parallelization schemes.

Beside the implementation presented in Section 6.4, there exists a second
compiler with focus on parallelization as presented in [103]. The compiler
target is an abstract machine ATAF that can be efficiently implemented on
multicore architectures. ATAF implements a G-machine [21, 122] to evaluate
functional expressions and provides facilities to run multiple cooperating
processes on a fixed set of CPUs.

To distinguish between the approaches, we will use the name TCCFL when
talking about the parallel version in the following.

We discuss examples taken from [103] to underline techniques for parallel
programming using TCCFL.

Example 50 Consider Program 6.5.1 defining a function map and a constraint
abstraction farm. Both have the same general structure, i.e. a function f
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Program 6.5.1 1CCFL: functional map and constraint-based farm

1 fun map :: (a -> b) -> [a]l -> [b]

2 def map f 1l =

3 case 1 of [] -> [1;

4 z : zs -> (f ) : (map f zs)

5

6 fun farm :: (a -> b) -> [a]l -> [b] -> C

7 def farm f 1l r =

8 case 1l of [] -> r =:= [];

9 z : ©s -> with rs :: [b]

10 in r =:= (f z) : rs & farm f zs rs

is applied to every element of a given list 1 and the results are composed
into a new list. However, there is one fundamental difference: Since map is a
function, it is evaluated sequentially. On the other hand, farmis a user-defined
constraint. Its evaluation yields two concurrently working processes generated
from the constraint conjunction in line 10. O

While this uncontrolled form of parallelization as demonstrated in Exam-
ple 50 may yield a huge number of, possibly computationally light-weight,
concurrent processes, selective control of the degree of parallelization of com-
putations is possible in TCCFL, too.

We consider modeling of data and task parallelism, resp. While data paral-
lelism describes the distribution of data across (different) parallel computing
nodes, where each node executes the same instructions on the different items
from the data set, task parallelism concerns the distribution of execution
processes.

Example 51 Program 6.5.2 shows a data parallel farm skeleton pfarm with
granularity control. Here, the number of processing elements noPE determines
the number of generated processes. The abstraction pfarm calls nfarm which
splits the list to be processed into noPE sublists and generates an appropriate
number of processes for list processing. These are distributed across the
parallel computing nodes by the run-time system of tCCFL. O

Example 52 As a second example of typical parallelization patterns in
wCCFL consider Program 6.5.3. It realizes a data parallel fold skeleton.

In functional languages like HASKELL or ML, fold is typically a higher-
order built-in function which, starting from an initial value and using a binary
function, reduces a list to one value.

The data parallel skeleton pfold partitions a list into sublists according
to the number of available processing nodes noPE. The run-time system of
mCCFL manages the parallel processing of the sublists. In a final step, the
overall result 7 is computed by a (sequential) fold function foldl of the list
rs of intermediate results. O
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Program 6.5.2 tCCFL: farm parallelization with granularity control

1 fun nfarm :: Int -> (a -> b) -> [a]l -> [b] -> C
2 def nfarm n f 1 r =

3 with rs :: [[b]]

4 in let parts = partition n 1;

5 rf = map f

6 in farm pf parts rs & r =:= concat Ts

7

8 fun pfarm :: (a -> b) -> [a]l -> [b] -> C

9 def pfarm f 1 r = nfarm noPE f 1 r

Program 6.5.3 TCCFL: parallel fold

fun pfold :: (a -> a -> a) -> a -> [a] -> a -> C
def pfold f e Il r =

with rs :: [[all

in let parts = partition noPE 1

in farm (foldl f e) parts rs &
r =:= foldl f e rs

fun foldl :: (b -> a =-> b) => b -> [a]l -> b
def foldl f e 1 =

case 1 of [] -> e;

z : zs -> foldl f (f e z) zs

As we can see from these examples, TCCFL does not feature specialized
data structures to support data parallelism. Instead, the user provides a regular
splitting of the data structure controlling the granularity of parallelism in this
way, while the run-time system is responsible for an equitable distribution of
the data (and tasks) onto the processing nodes. Thus, the step from data to
task parallel skeletons is smooth in TCCFL.

Example 53 In Program 6.5.4 a formulation of a parallel mergesort is given.
The list to sort is partitioned into subparts to be sorted on the individual
processing elements. However, we observe two things: 1) The list partitioning
is performed in a tree-like fashion, i.e. each pmsort process bears two pmsort
child processes. 2) There are two pmsort processes and a third concurrent sib-
ling process, namely r =:= merge sl sr which realizes a merge of the sorted
result lists.® Thus, Program 6.5.4 is actually an example of the simultaneous
use of data and task parallelism within a user-defined constraint. O

8 Note, that msort and merge are just functions and, thus, they are evaluated sequentially.
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Program 6.5.4 tCCFL: parallel mergesort

fun pmergesort :: [Int] -> [Int] -> C
def pmergesort 1 r = pmsort moPE 1l r
fun pmsort :: Int -> [Int] -> [Int] -> C

def pmsort n 1l r =
case 1l of

[] -> r =:= [];
z : s -> case n > 1 of
True -> let (first, second) = split 1;
nl = n/2
in with sl, sr :: [Int]
in pmsort nl first sl &
pmsort (n-nl1) second sr &
T =:= merge sl sr;
False -> r =:= msort 1
fun msort :: [Int] -> [Int]
def msort 1l =
fun merge :: [Int] -> [Int] -> [Int]

def merge 1 r =

6.6 Integration of external constraints into CCFL

Currently, constraint programming in CCFL is based on equality constraints
over functional expressions. In this section, we sketch concepts for the intro-
duction of new constraint domains (and solvers) into CCFL, as is realized in
many declarative languages [217, 1, 148, 68].

CCFL provides ask-constraints in the guards of rules and tell-constraints
in the rule bodies. We discuss the extension of both in the subsequent sections.

6.6.1 External tell-constraints

Tell-constraints appear in the body of user-defined constraints. Up to now we
have distinguished applications of user-defined constraints and equality con-
straints on functional expressions. The integration of external constraints into
the body of user-defined constraints allows one to express typical constraint-
problems, like the well-known Send-More-Money problem and the 8-queens
problem, in a simple way.

We consider another example which is inspired by [148]. Program 6.6.1
combines external arithmetic constraints and user-defined constraints in
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b/l — e/1

/ RN

a/3 —— ¢/3

\ \ /end

d/2 ——— /3

Fig. 6.9 Tasks and durations, ordered from left to right

Program 6.6.1 Computation of a schedule

1 fun schedule :: [Int] -> C

2 def schedule [a,b,c,d,e,f,end]l =

3 with maz :: Int

4 in a+3<;b & a+3<yc & b+1<,e & e+1<,end & ... &
5 a=40 & end<,maz & maz=:=X1[3,1,3,2,1,3] &
6 cfarm (€4{0..maz}) [a,b,c,d,e,f,end]

7

8 fun cfarm :: (a -> C) -> [a]l -> C

9 def cfarm ¢ (z : zs) =

10 case zs of [] -> c z ;

11 Yy : ys -> c ¢ & cfarm c s

CCFL. The constraints of the external domain are indicated by a subscript
#

The user-defined constraint schedule takes the variables a, ..., f, and end
representing starting times of tasks to be scheduled. The tasks must be per-
formed in the left-to-right order given in Figure 6.9, where each task takes a cer-
tain time as given. Task a starts at time 0. The user-defined constraint cfarm
takes a constraint, actually a partial application (€,{0..maz} :: Int -> C)
of an external constraint in our example, applies it to a list of variables,
and generates a constraint conjunction in this way. In line 5 we compute an
upper bound maz of the finishing time of the schedule as the sum of the task
durations.

We show a derivation of the constraint schedule [a,b,c,d,e, [, end]
using the CCFL derivation relation ~ (cf. Section 6.3), where we assume an
additional constraint solver which propagates the external constraints using
~>e1l 1O its constraint store. This store is just represented as part of the
second component C' of a system state (A, C).

({ schedule [a,b,c,d,e,f,end] }, true)

s ({a*3<, b, a+3<,¢c, ..., a=,0, end<,maz,
maz=:=X[3,1,3,2,1,3]1, cfarm(&,{0..maz}) [a,b,...,end] },
true )

~7u ({ efarm (€,{0..maz}) [a,b,...,endl },
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3<b, 3<c A ... AN a=0 A end<13 A maz=13 )

~* ({a€,{0..maz}, b€,{0..maz}, ..., end&,{0..maz} },
3<b, 3<c A ... AN a=0 A end<13 A maz=13 )

~5n ({ Success },3<b, 3<c A ... A a=0 A max=13 A
be{3..11} A ce{3..7F} A ... AN endc{9..13} )

The derivation highlights two important issues:

e The external constraint store must exchange bindings and other constraints
on the variables of common sorts with the CCFL runtime system.

e In out example, we just check the satisfiability of the constraints and
narrow the domains of the variables. However, the user will typically be
interested in finding one or a number of concrete solutions or a solution
optimal w.r.t. a certain objective function. There are several approaches
to this including encapsulated search [82, 148] and monads [147].

6.6.2 External ask-constraints

In CCFL ask-constraints appear in the forms of match- and bound-constraints
which perform an entailment test of constraints on the structure of (potentially
incompletely bound) terms. An extension of the rule guards by arithmetic
constraints realizes similar tests on arithmetic expressions which can be used
for the process coordination as well.

In Program 6.6.2 we provide an insertion sort algorithm as user-defined
constraint. In contrast to a corresponding function definition, a sorting of lists
containing potentially unbound variables of type Int is possible. For such list
elements, however, there must be sufficient information to decide about their
position within the ordered result list.

Again, we indicate external constraints by a subscript "#". The function
ins inserts an element a into a sorted list 21 at the appropriate position.
Arithmetic ask-constraints control the insertion process and allow to deal
with unbound variables as long as enough information about the variables’
relations is available to decide about their list positions.

We consider two derivations for illustration. In the first computation, let a
be a free variable.
({ isort [7,a,2] 7}, true)
~ ({ins 7 s r, isort [a,2] s}, true)
/ ua

~*({ins 7 sr, ins a s s, ins 2 ' &, s =:=[1}, true)

~*{({ins 7 s, insa s s}, s =0 AN =1[2])
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Program 6.6.2 Insertion sort with arithmetic ask-constraints

1 fun 4sort :: [Int] -> [Int] -> C
2 def 4sort 4l out =
3 with s :: [Int]
4 in case il of [] -> out =:= [];
5 Tz : xS -> ins © s out & isort zs s
6
7 fun 4ns :: Int -> [Int] -> [Int] -> C
8 def ins a tl out =
9 il =:= [] -> out =:= [a] |
10 1l =:= x : xs & a<yz -> out =:= a i1 |
11 il =:= = : s & a>yx -> with s :: [Int]
12 in out =:= x : s & ins a TS s
~ ({ins 7 s r,
s =:= 0 -> s =:= [a] |
s ==z : 25 & a<l,z -> s =:=a : 5 |
==z :azs& a>c->... },s=1[0AN5=1[2])

The 4sort-constraint is completely unwound but finally the computation
suspends when the unbound variable a is to be inserted into the list [2],
because its position cannot be decided yet.

Now, let us add further information about the variable a, namely a>,8.
This yields the following successful derivation.

({ isort [7,a,2] 7, a>,8}, true)
~*({ins 7 sr, insas s},s" =00 AN =121 AN a>8)
~* ({Success},s"=[1ANs=[21 As=[2,al Na>8A ... Ar=[2,7,a])

6.6.3 Fvaluation of external constraints

The integration of external constraints into CCFL requires an extension
of the compilation scheme and of the runtime system. There are two main
approaches for the evaluation of external constraints in CCFL programs.

Firstly, the solution mechanisms of certain constraint domains can com-
fortably be implemented using the CCFL compiler target language LMNtal.
For example, set-constraints [4, 174] can be expressed in LMNtal in a natural
way. We also followed this approach when providing equality constraints on
functional expressions as tell-constraints for CCFL, where we implemented
a unification algorithm for terms in LMNtal and incorporated uni fy-atoms
into the compilation result. Even the arithmetic built-in functions can be
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considered as representatives of this approach in its simplest case, because
they are based on their equivalents in LM Ntal.

The second approach is to integrate external constraints resp. solvers into
both languages LMNtal and CCFL. However, this demands an extension of
syntax and semantics not only of CCFL but of both languages.

LMNrtal allows one to use processes in rule bodies which build on inline
code [139]. An implementation of external CCFL tell-constraints based on
this option seems reasonable. However, ask-constraints may require an actual
extension of the LMNtal compiler.

An external solver to be integrated into LMNtal to provide the basis of
CCFL constraints needs a constraint propagation function for the CCFL
tell-constraints, (preferably) an entailment test (otherwise implemented on
top of the propagation function or satisfiability test, see Section 4.2) for
the ask-constraints, and functions to handle the constraint store. Constraint
solving libraries appropriate for an integration would be e.g. the CHOCO
constraint solver [44] on finite domain constraints written in JAVA or GECODE

[73] for finite domain constraints and finite set constraints implemented in
C++.

6.7 Conclusion and related work

The implementation of CCFL based on LMNtal demonstrates the embedding
of the concurrent functional paradigm into the LMNtal language model. This
enabled to equip CCFL with advanced language features, like constraints for
communication and synchronization of process systems, and to express non-
deterministic computations and even typical parallelization schemes. Moreover,
LMNtal supports a clear and simple encoding of typical evaluation strategies
[101].

Functional languages allowing for concurrent computation of processes are
e.g. EDEN [141] and ERLANG [19, 20], both languages using explicit notions
for the generation of processes and their communication, and CONCURRENT
HASKELL [179] which supports threads via the IO monad. DATA PARALLEL
HASKELL [40] targets multicore architectures and allows nested data parallel
programming based on a built-in type of parallel arrays.

As multiparadigm language representatives combining the functional and
the constraint-based or logic programming paradigms we mention the con-
straint functional language GOFFIN [39], which strongly separates the func-
tional sublanguage from the constraint part, and CURRY [82], combining the
functional and the logic paradigms and building on the evaluation principle
narrowing (in contrast to residuation and non-deterministic choice in CCFL).
A language similar to CURRY is ToOy [57, 217] for which the integration of
different arithmetic constraint domains has been examined over recent years.
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The CCFL coordination of concurrent processes is based on the concurrent
constraint programming (CCP) model [199, 200] (cf. Section 5.3).



Chapter 7

A Generic Framework for Multiparadigm
Constraint Programming

In this chapter we present a framework for the integration of arbitrary declar-
ative programming languages and constraints. This approach goes beyond the
methods presented so far and tackles the subject of language integration from
a completely different point of view: Our main concept is constraint solver
cooperation.

As discussed in Section 4, constraint solving algorithms are typically limited
to restricted domains, e.g. linear or non-linear arithmetics, Boolean constraints,
finite domain constraints etc. to allow efficient processing. However, many
interesting problems are intuitively expressed as multi-domain descriptions.
Since the cost and time for developing new constraint solvers that are able
to handle such problems are significant, (preexisting) constraint solvers are
combined to tackle multi-domain constraint problems in collaboration. In
Section 7.1 we present a framework for cooperating constraint solvers which
allows the integration of arbitrary black-box solvers. We discuss its model
and preconditions, and present illustrative examples.

We take an important step forward in Section 7.2: By considering language
evaluation mechanisms (in combination with programs) as constraint solvers
we can integrate them with other solvers within the solver cooperation frame-
work. This allows us to equip the languages with constraints from multiple
domains which yields multiparadigm constraint programming languages. We
discuss the integration of a logic and a functional logic language, resp., into
the cooperation framework.

Finally, in Section 7.3 we sketch the implementation of the theoretical
concepts in the multiparadigm constraint programming system META-S and
evaluate example computations.

P. Hofstedt (ed.), Multiparadigm Constraint Programming Languages, Cognitive Technologies, 123
DOI 10.1007/978-3-642-17330-1_7, © Springer-Verlag Berlin Heidelberg 2011



124 7 A Generic Framework for Multiparadigm Constraint Programming

7.1 Constraint solver cooperation

In this section we introduce the theoretical and conceptual background of our
system of cooperating constraint solvers. We introduce the general model, give
formal requirements for the interface functions of the solvers to be integrated,
and show an example to illustrate the approach.

The framework for cooperating constraint solvers as presented here was
initially introduced and formally described in [97]. We examined termination
and confluence, as well as soundness and completeness restrictions in [98].
The representation of Sections 7.1.1 — 7.1.3 is partially taken from [105].

7.1.1 The general model

The basic architecture of a single constraint solving system is a solver algorithm
C'S associated to a constraint store C and a constraint pool (see Figure 7.1(a)).
A constraint pool is a set (resp. conjunction) of (basic) constraints. While a
store is mostly also a conjunction (cf. Section 4.2), for reasons of generality
we allow a store to be a disjunction of constraint conjunctions in our model.

Given a constraint problem, the solving system performs as follows. Initially
the constraint store of a solver is empty: more precisely, it contains only the
constraint true; the constraint pool contains the constraint problem to solve.
By constraint propagation the solver adds constraints from the pool to its
store while ensuring that the constraints in the store remain satisfiable. In this
way the set of possible valuations for the variables of the constraint store is
successively narrowed. If the solver detects an inconsistency, the corresponding
constraint is rejected. In this case, the initial conjunction of constraints is
unsatisfiable.

When constraints from different domains are used together, we have two
possibilities. Either we develop a new solver that is capable of handling
all constraints of the different realms. Or we take several existing solvers,
one for each realm, and coordinate them by some mediating program. The
former approach usually generates more efficient solvers, but the amount of
implementation work becomes prohibitive, when more and more kinds of
constraints must be integrated. Therefore we focus on the second approach,
which is more flexible and more economical.

Figure 7.1(b) shows the architecture of our system for cooperating solvers.
In the following let L with u,v € L denote the set of indices of constraint
solvers. The system constitutes of the following parts:

e The stores C,, of the individual constraint solvers CS, hold the constraints
which have been propagated so far. Initially they are all empty, i.e. they
contain the constraint true.
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constraint pool

constraint

solver C'S

(a) A solver with pool and store

constraint pool

meta constraint solver

constraint
solver C'Sk

(b) Cooperating solvers

Fig. 7.1 General architecture for (cooperating) constraint solvers

e The constraint pool is again the set of constraints that still need to be
considered. Initially it contains the constraint problem to be solved.

e The meta constraint solver (MCS) coordinates the work of the individual
solvers. It distributes the constraints from the pool to the appropriate
solvers, which add them to their stores by constraint propagation and use
them for their local computations. Conversely, constraints in the local
stores may be projected to the pool in order to make them available as new
information to other solvers.

The constraint computation is a process of sequent propagations and
projections which ends when no more information interchange takes place.
Then the contents of the stores (and of the pool) together represent the result:
It indicates whether the initial constraint conjunction was unsatisfiable or
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not and shows constraints (if any) which could not be handled because of
incomplete solvers. Restrictions of the solution space, which may even provide
a full solution of the problem, are provided by means of projections of the
stores.

Details of the cooperation and communication of the solvers are determined
by their cooperation strategy. We consider this aspect in Sections 7.1.5 and
7.3.3.

At the heart of our approach are the requirements for the interfaces by
which the solvers are integrated into the system. There are essentially two
kinds of operations that constitute this interface (cf. Sections 7.1.2 and 7.1.3):

e For every solver (S, there is a function tell, for propagating constraints
from the pool to the store C,,.

e For every pair of solvers S, and CS), there is a projection function proj,_,,
for providing information from the store C, to the solver CS, (via the
constraint pool). Note that this entails translation into the other solver’s
signature.

7.1.2 Constraint propagation (tell,)

Constraint propagation is one important interface function which is a precon-
dition for the integration of a constraint solver into our solver cooperation
framework. It is based on a satisfiability test on the constraint store.

Consider a constraint system ¢, = (X,,D,,T,,X,,Cons,) and a corre-
sponding solver CS, with constraint store C,,. The function tell,, v € L, takes
a constraint ¢ € Cons, (i.e. a basic constraint of the constraint system of
CS,) from the pool and adds it to the constraint store C,, which leads to a
new store C. There may also be a remaining part ¢’ of ¢, which is moved
back into the pool. At the same time, the satisfiability of C!, is ensured.

Figure 7.2 shows the requirements for the function tell,. Let Store, =
VACons, denote disjunctions of constraint conjunctions. Our propagation
function returns three values. The first one is a Boolean indicator of success or
failure. The second one is the modified store. And the third value is a possibly
remaining constraint ¢’ € VACons,,, which is given back to the pool.

When the solver successfully propagates a constraint ¢ to a store C,
(Case 1), then it must be ensured that the overall knowledge of the system,
that is of the store and of the constraint together, is neither lost nor increased
(a). It is only possible to add constraints to a store, but not to delete them.
Thus, the new store C!, must imply the old one (b). Of course, the new store
C, has to be satisfiable in the domain D, as it is a constraint store (c).
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tell,: Cons, x Store, — {true, false} x Store, x VACons, with
1. if tell,(c,Cy) = (true,Cy,, "), then

(a) Dy EY((Cy Ac) «— (CL ACY),
(b) Dy EV(Cl, — Cy),
(¢) D, F3C,

2. if tell, (¢, Cy) = (false, C},, "), then
Cl, =Cy, " = false, Dy, F =3(Cy Ac).

Fig. 7.2 Interface function tell,, v € L (requirements)

tell,(c,Cy) = (true,C,, "),

where ¢ € Cons, and ¢’ = \/ig{1 o} c®

A 4

Fig. 7.3 Application of the interface function tell,

This first case also covers the situation that a solver is not able to handle
a certain constraint c, i.e. that the solver is incomplete. In this case the store
C,, does not change and ¢ = ¢’ remains in the pool.”

If tell, (¢, C,) fails (Case 2) because ¢ and C,, are contradictory, then false
is added to the constraint pool and the constraint store C,, does not change.

Figure 7.3 visualizes the state change of the system when a solver performs
a successful constraint propagation. The left side shows the system before
the propagation, the right side afterwards. When we propagate a constraint
¢ to a store C,, by tell,(¢,C,), c is deleted from the pool and propagated
to the store. The remaining constraint ¢’ may in general be a disjunction
of constraint conjunctions, i.e. ¢ = \/ie{17.“,n} ¢ Since the pool is a set
of basic constraints, this causes a splitting of the system state as shown in
Figure 7.3.

9 To ensure termination of the overall system, this particular case must be detected by
the overall machinery and the treatment of the constraint must be suspended (cf. [97]).
We omit this technical detail in favor of readability.
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Example 54 The interface function tell 4 of a rational arithmetic solver CS 4
could work as follows. Let a store C' = (1/X+1/Y=41/200) be given.

We propagate a constraint (X=_4 300):
tell 4((X=4300),C) = (true, C’, true).
The solver CS4 computes a new simplified store C' = (X=4 300 A Y= 4 600).

On the other hand, now propagating a constraint (¥>_4 600) yields a failing
propagation:
tell o((Y>4600),C") = (false,C", false). O

Example 55 Suppose we have the constraint /X = ¥ in the pool. An
arithmetic solver might not be able to handle this constraint completely, but
to add ¥ > 0 to its store and keep the constraint X = ¥ 2 in the pool for later
consideration, i.e.

tellA(VX = Y),0) = (true,C', X = Y 2),
where D4 EV((CAY>0) «— (). O

For each solver CS, to be integrated into the overall cooperating system
a suitable function tell, must be provided. However, this is unproblematic
for the following reasons: 1) Constraint propagation is mainly based on
the satisfiability test which is the main operation of a constraint solver. 2)
Moreover, the requirements in Figure 7.2 are fulfilled by many existing solvers
because they take particular properties of solvers (like their incompleteness
or an existing entailment test) into consideration.

Further examples of constraint propagations and concrete propagation
functions will be shown in Section 7.1.4, where we examine an example
computation in our cooperation framework, and in Sections 7.2.1 and 7.2.2
for the special cases of functional logic and logic languages, when they are
viewed as solvers.

7.1.3 Projection of constraint stores (proj,_,,,)

The second interface function for solvers to be integrated into our coopera-
tion framework is projection. It is used for information interchange between
constraint solvers CS, and CS,, v # p, pr,v € L.

Figure 7.4 shows the requirements for the projection function. The function
proj,_,,, takes a set of common variables of the two solvers and the local store
C, and returns (a disjunction of conjunctions of) constraints to the pool. The
projection proj,_,,(X,C,) = c of a store C, w.r.t. common variables (i.e.
X € X, NnX,) provides constraints c of another solver CS),. These constraints
represent knowledge implied by the store C,. Projection does not change the
stores but only extends the pool by the projected constraints.
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Proj, ., ¢ 9(Xy N Xy) x Store, — VACons,, where var(proj,_, (X, Cv)) =Y C X,
must be sound, i.e. for every valuation o, for the variables of ¥ must hold:

If (Dy,00) F3_3Cy, then (Dy,0.) F proj, (X, Cy), where

3 C) denotes the existential closure of formula C) except for the variables of Y.

Fig. 7.4 Interface function proj,_,,, p # v, p,v € L (requirements)

To ensure that no solution is lost, a projection ¢ must provide (at least)
every satisfying valuation of the current store C,. That is, proj,_,, must
be defined in such a way that every solution o, of C, is a solution of its
projection ¢ in D, (soundness).

Example 56 Consider an arithmetic solver CS4 and a finite domain solver
CSrp. Let Cxp be the store of the finite domain solver with

Crp = X €xp{300,600,900, ...,2700,3000} A
Y € »p {300,600,900, ...,2700,3000%} .

Define projrp_, 4 (as a weak projection, see below) such that
pr0j rp_ 4({X}, Crp) = (X >4 300 A X <4 3000). o

Again, the projection function proj,_,, must be given for every pair of
solvers. For many pairs of solvers it is possible to automatically provide simple
projection functions generating equality constraints which at least express vari-
able bindings. Also it is often sufficient to provide actual projection functions
only for particular pairs of solvers and to reduce superfluous communication.
(Note that true is always a valid projection, too.)

Examples of projection functions and their applications will also be shown
in Section 7.1.4 in an example and in Sections 7.2.1 and 7.2.2 in connection
with language-based solvers.

Weak vs. strong projection. In general, a constraint solver may provide
several projection functions. In the practical implementation META-S (cf.
Section 7.3) of our approach we found it useful to introduce the concept of
weak and strong projections.

Weak projection is allowed to generate constraint conjunctions only, while
strong projection may produce disjunctions as well. Thus, weak projection
may result in more unspecific constraints. For example for a store which allows
only certain discrete values for a variable X, strong projection may express
this by enumerating all alternatives, like X = 1 V X = 3V X = 7, whereas
weak projection results in a less precise conjunction 1 < XA X < 7.

Typically, this concept can be used as follows: During the evaluation
of a constraint problem by a sequence of propagations and projections (cf.
Section 7.1.1), the meta constraint solver performs weak projections until
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a fixed point is reached. Then the solvers switch to strong projection and
allow the creation of disjunctions. This technique results in significantly fewer
disjunctions and, thus, a slimmer search-tree and less cloning of stores. This
behavior corresponds to the Andorra principle [229].

7.1.4 An example

For better understanding of the approach we present an example. It illustrates
the cooperation of an arithmetic solver CS4 and a finite domain solver CSrp.
We sketch the way in which our approach may handle a given multi-domain
constraint problem.

The following notation is used to illustrate snapshots from an evaluation
sequence (a branch of a search-tree), where the stores C'4 and C'zrp belong to
the arithmetic solver and the finite domain solver, resp.

constraint pool

store Cy store Crp

Initially, the constraint pool contains the constraint conjunction C' to solve,
the stores are initially empty. We start from the constraint conjunction

C=1/X+1/Y=41/200 A
Xerp {300,600,900,...,2700,3000} A
Yerp {300,600,900,...,2700,3000%.

The domains of the variables X and Y each contain the multiples of 300
between 300 and 3000.

1/X+1/Y=,41/200, X€rp {300,600, . ..,3000}, YErp {300, . ..,3000}

true true

In the first step, the constraints of the pool are propagated to the stores of
the solvers using the respective propagation functions:
tell A((1/X+1/Y=41/200),C4) = (true,Ca,1, true), where
Ca1=1/X+1/Y=,41/200).
tellrp(c,Crp) = (true, Crp 1, true), where

c=Crp,1 = (Xerp {300,600, ...,3000} A YEFp{300,600,...,3000}).

In the following, we leave out the indices of constraint relations indicating
their domains, as soon as they enter their associated stores. We reach the
following system state:
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true

1/X+1/Y=1/200 Xe{300,...,3000} A
Ye {300, ...,3000}

In the next step, let CSrp perform weak projections of its current store
Crp,1 w.r.t. the variables X and Y as discussed in Example 56:

projrp s a({X},Crp1) = (X >4 300 A X <4 3000)
projrp s a({Y},Crp1) = (¥ >4 300 A ¥ <4 3000)

The resulting constraints are transferred to the constraint pool which yields
the following new state.

X >4 300, X <4 3000, ¥ >4 300, ¥ <4 3000

1/X+1/Y=1/200 Xe{300,...,3000} A
Ye {300, ...,3000}

The propagation of the constraints of the pool yields — after some compu-
tation by the arithmetic solver CS4 — a new augmented store C 4 2:

true

X>300 AN X<600 A Y>300A Xe{300,...,3000} A
Y<600 A1/X+1/Y=1/200 Ye {300, ...,3000%}

There follows a projection of the arithmetic solver’s store C 42 and a
propagation of the received constraints restricting X and Y for the finite
domain solver CSrp:

true

X>300 AN X<600 A Y>300A Xe{300,600} A Y& {300,600}
Y<600 A 1/X+1/Y=1/200

Now, the finite domain solver performs a strong projection of its current
store Crp 2, generating a disjunction of four constraint conjunctions.

projrpa({X, Y}, Crpp2)
= (X=4300V X=,4600) A (Y=4300V Y=,4600)

= (X=4300 A Y=4300) V (X=4300 A Y=4600) V
(X=4600 A Y=4300) V (X=,4600 A Y=_4600)

Due to this disjunction, the system generates four instances of its system state
but with different pools, each representing one of the choices. The constraints
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of the pool are then propagated, which finally yields two failing computation
branches and two successful branches with final states representing solutions.

Final state 1:

true
Ca3=(X=300AY=2600 | Crps=(X=2300A7Y=600)
Final state 2:
true
Caa= (X =600A Y =300 | Crpa= (X = 600 A Y = 300)

Solutions of the initial multi-domain constraint problem C can be gained
by projection of one of the stores, e.g.:

7.1.5 Cooperation strategies

The order of actions in a solver cooperation may affect the efficiency of the
solution process dramatically. It is defined by the solver cooperation strategy.

While in the above example in Section 7.1.4 we did not explicitly fix any
such strategy for the cooperating solvers, we implicitly presupposed one, which
e.g. decides the order of propagations and projections, the choice of variables
and stores for projections and the transition from weak to strong projection
of the finite domain solver.

A solver cooperation strategy may influence the solution process mainly
on two levels and with regard to different criteria:

1. The choice and handling of system states or copies of the architecture
during computation affects the form and traversal of the search-tree. We
refer to these aspects in Section 7.3.3 by the subject of general strategies.

2. Besides, there are heuristics and choice criteria which allow one to refine
and optimize the general strategies. This concerns among other things

e preferences for particular operations, like tell, and proj,_, ,, and transi-
tions between weak and strong projection,

e preferences concerning the invocation of solvers,

e ordering and choice of constraints for propagation according to their
kind, per solver or globally for all solvers, and

e variable ordering heuristics.
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For a detailed discussion concerning the definition of cooperation strategies
for our architecture in theory we refer to [98]. We consider the strategy
definitions in practice for our implementation META-S in Section 7.3.3, where
we also show examples of the above concepts.

7.2 Language integration

Our framework of cooperating solvers allows the integration of different host-
languages. The main idea behind this is to consider declarative programming
as constraint programming and treating the language evaluation mechanisms
as constraint solving. This kind of consideration opens an interesting potential:
The integration of language solvers into our solver cooperation framework
allows us to extend the languages by constraint systems and, thus, to build
constraint languages customized for a given set of requirements for comfortable
modeling and solving of many problems.

We show the idea and procedure for an integration of declarative languages
into the cooperation framework. For a discussion of semantic aspects like
soundness and completeness or concerning language evaluation strategies we
refer to [98, 99, 105].

The feasibility of our idea is based on three main observations: First,
expressions in a declarative language naturally are or can be transformed into
constraint expressions. For example, logic languages are based on predicates,
and goals (on these predicates) are constraints; for functional (logic) languages
the underlying equality relations can be regarded as constraints as well. Second,
the evaluation of expressions in declarative languages consists of their stepwise
transformation to a normal form while particular knowledge (in the form
of substitutions) is collected. Third, this way of proceeding is similar to a
stepwise propagation of constraints to a store, which is simplified in doing so.

In the following, we consider the integration of a logic language and of a
functional logic language, resp., into our framework for cooperating solvers.
Syntactically, we extend the languages by constraints, but their evaluation
mechanisms are nearly unchanged: they are only extended by a mechanism
for collecting constraints from the domains of other constraint solvers.

A four-step-process. The integration of a declarative language into our
system of cooperating solvers requires four activities:

1. The inherent constraints of the language must be identified.
2. Conversely, the constraints from the other domains must be integrated into
the syntax of the language.

3. The language evaluation mechanism (e.g. reduction or resolution) must be
extended by gathering constraints from the other domains.
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Program 7.2.1 Sequential and parallel composition of resistors

1 res(simple(W),W) :- W €rp {300,600,900,...,2700,3000%}.
2 res(seq(R,S),Z) :- X + Y =4 Z, res(R,X), res(S,Y).
3 res(par(R,S8),2) :- 1/X + 1/Y =4 1/Z, res(R,X), res(S,Y).

4. Finally, one needs to carefully define the interface functions tell, and
proj,_,,, of the new language solver.

7.2.1 A logic language as constraint solver

In Sections 3.2.4 and 5.2 we introduced the syntax and semantics of logic
programming and of constraint logic programming, resp. The integration of a
logic language into the system of cooperating solvers yields a constraint logic
programming language. We follow the four-step-process.

(1) Identifying language constraints

It is widely accepted that logic programming can be interpreted as con-
straint programming over the Herbrand universe. The appropriate constraint
solving mechanism CS, is resolution.

The goals according to a given constraint logic program are the natural
constraints of a logic language solver. Furthermore, the set Cons of constraints
must contain equality constraints Y =, t between variables Y and terms t to
represent, substitutions.

(2) Extending the language by constraints from other domains

We extend the syntax of the logic language by constraints from other
constraint systems of the cooperation which yields the typical CLP syntax (cf.
Section 5.2). Thus, the set Cons, must furthermore include all constraints of
the incorporated solvers.

Example 57 Program 7.2.1 shows a constraint logic program which describes
resistors of between 300 {2 and 3000 (2 and defines the sequential and parallel
composition of resistors.

The formulation is a mixture of logic and constraint programming. The
first clause uses the membership test €rp from a constraint system for
finite domains; the other two clauses use the equality =4 from an arithmetic
constraint solver and goals as constraints of the logic language solver. %
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tellz: Let P be a constraint logic program, let Cz = ¢ be the current store of CS..

1. Let R =p(t1,...,tm) be a constraint (i.e. a goal) which is to be propagated. Let
R = ¢(R). We use the following notion: A rule p = (Qp :- rhsp) applies to R, if
there is a unifier o, = mgu(f%, Qp)-

a. If the set Pr C P of applicable rules is non-empty, then
tellg(R,Cr) = (true, Cpr, vaPR (op N op(rhsp))).

b. If there is no applicable rule in P, then
telle(R,Cr) = (false,Cr, false).

2. Let ¢ = (Y = t) be a constraint which is to be propagated.
a. If {Y =t} 1Cr)#0, then
tellz(c,Cr) = (true, {Y =t} 1+ Cr , true).

b. If {Y =t} 1 Cr) =0, then
tellg(c,Cr) = (false,Cpr, false).

Fig. 7.5 Interface function tell,

(3) Extending the language evaluation mechanism by gathering con-
straints

Gathering constraints during resolution is realized by the extension of
the resolution step (cf. Definition 19) such that a rule body may include
constraints from other domains.

(4) Define the interface functions of the logic language solver CS.

For the integration of the new constraint solver C'S. into the cooperation
framework the interface functions tell and proj,_,,, v € L, must be defined.
We discuss this procedure in the following.

Propagation. The propagation function tell; emulates resolution steps (in-
cluding gathering constraints). Its formal definition is given in Figure 7.5.

Since the constraint store C, of the logic language solver collects solely
substitutions, in the following we denote it as such for better reading.

Case la represents a resolution step on a goal R as a successful propagation,
where for every applicable rule we get a newly created constraint pool and,
thus, a new instantiation of the architecture. If there is no applicable rule for
a goal (Case 1b), then the propagation fails.'®

The remaining cases describe the propagation of equality constraints by
parallel composition 1 of substitutions (Case 2) which realizes a satisfiability
test.

10 Undefinedness of a predicate is regarded as failure.
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Program: and it holds:
Qz := rhs; 0 = mgu(¢(R)-,Qi) »
Qj = rhs; oj = mgu(¢(R), Q;)
[
MCS . MCS ‘
L4
.. 08z ... CSy ... . CSe ... CS, ‘

Fig. 7.6 Application of the interface function tell, (Case la)

proj_,,: The projection of a store Cz = ¢ w.r.t. a constraint system (,, and a set of
variables X C X N X, makes the substitutions for x € X explicit (and yields equality
constraints):

proje ., (X, 0) = ¢|x

Fig. 7.7 Interface function proj,_,,,v € L

Figure 7.6 illustrates how the interface function tell, is used to simulate a
resolution step with constraints (corresponding to Figure 7.5, Case 1a).

Initially, the constraint pool contains the constraint R (a goal), the con-
straint store C, contains a substitution ¢. The successful propagation of
R corresponds to a resolution step on R: For R = ¢(R) and for every rule
Q; :- rhs; with unifiable left-hand side, the corresponding most general
unifier o; is built. Goal R in the pool is replaced by the right-hand side rhs;
of the rule under oy, i.e. by o;(rhs;), and by the newly build unifier o; (in
the form of equality constraints). If there is more than one matching rule,
then we get a number of instantiations of the architecture with alternative
constraint pools.

Projection. The projection function provides equality constraints representing
the substitution from the store which has been computed during resolution.
The definition of the function proj,._,, is given in Figure 7.7.

Since the interface functions tell; and proj,_,, fulfill the requirements
given in Sections 7.1.2 and 7.1.3, it can be shown that the soundness and
completeness results (cf. [98]) of the cooperation framework hold for the
integration of a logic language solver.

By the integration of a logic language as constraint solver into the overall
solver cooperation framework we reach CLP syntax and semantics. The
definition of tell; and proj,_,, as given in Figures 7.5 and 7.7, resp., realize
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(together with the handling of constraints from other domains by additional
solvers) the CLP derivation relation as given in Definition 31.

Example 58 We consider the cooperation of the logic language solver CS,
with an arithmetic solver CS4 and a finite domain constraint solver CSrp
to illustrate the approach.

We evaluate the goal res(par(4,B),200) w.r.t. the CLP clauses given
in Program 7.2.1, i.e. we ask for resistors 4 and B connected in parallel such
that their overall resistance value is 200 f2.

Again, we use the diagrammatic notation of Section 7.1.4 to denote snap-
shots of the computation. Initially, the constraint pool contains the goal
to solve, the stores of the participating solvers are empty. We denote the
substitution contained in the constraint store C'r of the logic language solver
by equality constraints.

constraint pool = res(par(4,B),200)

store Cp = true | store C 4 = true | store Crp = true

The first step is a propagation of the constraint of the pool by applying
tell. This corresponds to a resolution step using the third program clause.

tellp(res(par(4,B),200),Cr) = (true,Cr,
A= RAB=; SN\ Z=7200 A 1/X+1/Y=41/200 A res(4,X) A res(B, 1))

This yields the following new system state.

A=/ R B=,S, Z=,200, 1/X+1/Y=41/200, res(4,X), res(B,?)

true | true | true

The propagation of the equality constraints of the logic language solver
and the constraints of the other solvers yields a new system state. Again, we
leave out the indices of the relations indicating their domains, as soon as they
enter their associated stores.

res(4,X), res(B,Y)

A=RAB=SAZ=200 | 1/X+1/Y=1/200 | true

Next, the goal res(4,X) is chosen for a resolution step. By C 1 we denote
the current store of CS..

tellg(res(4,X),Cr 1) = (true,Cp 1,
(A= simple(W) N X=r WA X€xp {300,600,900,...,2700,3000}) V
(A= seqC.. )N ..)V (Ad=gpar(...) A ...))
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There are three alternative computation branches according to the three
clauses of the constraint logic program 7.2.1. In the following, we only derive
the first alternative and leave the others out.

A=, simple(W), X=, W, X€rp {300,600,900, . . .,2700,3000}, res(B,¥)

A=RAB=SN\Z=200 | 1/X+1/Y=1/200 | true

Again, we propagate the equalities of CS, and the constraints of the other
domains from the pool. In the new system state, we leave out constraints
in the store C, 2 which do not play a further role in the computation and

n

denote them by "...".

res(B,Y)

A=simple(X) A ... | 1/X+1/Y=1/200 | X€{300,600,...,3000}

A corresponding expansion of the remaining goal res(B,Y) of the pool
yields the next snapshot.

true

A=simple(X) N ... A 1/X+1/Y=1/200 Xe{300,...,3000} A
B=simple(Y) A ... Ye {300,600, ...,3000}

All constraints or goals, resp., of the logic language solver have now been
propagated. If we only consider the stores of the finite domain solver and
the arithmetic solver then the current situation corresponds to the second
system state in the example of Section 7.1.4 (cf. page 131). Thus, we can
assume a corresponding computation sequence to follow with final solutions
(X=300 A Y=600) and (X=600 A ¥=300). O

7.2.2 A functional logic language as constraint solver

A functional logic language can be considered as a constraint solver CSzp
and can be integrated into our cooperation framework. This yields constraint
functional logic programming as implemented e.g. in the languages CURRY
[82] or ToY [57]. We investigated this approach in detail in [105] including
a thorough discussion of semantic aspects. In this section, we briefly discuss
the main ideas, where we follow again the four-step-process.

(1) Identifying language constraints

In Section 5.4 we introduced the syntax and semantics of functional logic
programming. Equalities t; =z, t2 on terms ¢, ¢ are the natural constraints
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of a functional logic programming language. To ease the following presentation,
constraints of the form t; =z, t5 such that ¢; and t5 are non-variable terms,
are decomposed into (W =z, t1) A (W =z, t2) where W € X is a fresh
variable.

(2) Extending the language by constraints from other domains

The extension of functional logic programming languages by constraints
was considered in Section 5.5. Recall that the basic syntactic construct is
rules of the form f(¢1,...,t,) — t where G. The set G of constraints includes
constraints from other domains. When performing a narrowing step, the
functional logic language solver CSz, must collect constraints from the other
domains within the cooperation (cf. step (3)). Thus, the set Consz, of
constraints of CSz, also contains the constraints from these other domains.

To get a clean separation of concerns for our approach we flatten hybrid
terms from different domains. Suppose, for example, that we have a functional
logic program corresponding to the CLP program 7.2.1, where the third rule
is in the hybrid form:

res(par(R,S)) — Z where 1/res(R)+1/res(S)=41/2

Then we transform this rule into a separated form such that all constraints
in G are homogeneous, that is, each is built from the signature of one solver,
including equalities t1 =z, to of the functional logic language:

res(par(R,S)) — Z where
1/X+1/Y=41/Z, X=5r, res(R), Y=r, res(S)

(3) Extending the language evaluation mechanism by gathering con-
straints

The evaluation mechanism of a functional logic language as constraint
solver CSz, is basically narrowing. But in addition to performing narrowing
steps, the solver must collect constraints from other domains occurring in the
rule part ... where G. This is realized by means of the concept of a narrowing
step with constraints as defined by Definition 38 in Section 5.5. We apply
this principle in the definition of the interface function tellz, in step (4) (see
below).

Note that we do not consider particular evaluation strategies, like innermost
or lazy narrowing, here and refer to [105] for a discussion of this subject.

(4) Defining the interface functions tellr; and projr,_,, of the func-
tional logic language solver CSz,

This final step integrates the functional logic solver into the framework,
i.e. it defines the interplay between narrowing, constraint accumulation, and
constraint solving.
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Program: and it holds:
li — r; where Gj O(t) ~e,o; (ti;0i(Gi)) ey, Y =722 t5,05(Gy), ..
l; — r; where Gy O(t) ~e,o; (ti,05(G5))
[
MCS ‘
L
L4

. CSrc ... . CSrc ... CSy ... ‘

Nl I B

Fig. 7.8 Application of the interface function tellz,

MCS

Propagation. Figure 7.8 illustrates the interface function tell z, simulating a
narrowing step with constraints, Figure 7.9 gives the formal definition of the
pertinent requirements.

Like all solvers, CSz, propagates constraints to its store Cr,, thereby
checking the satisfiability of C'zz in conjunction with the new constraints.
Therefore, the function tellz, incorporates the principle of narrowing.

Let us suppose that all constraints which enter the pool (either as part of the
initial problem to solve or as results of propagations or projections) have been
decomposed with the help of auxiliary variables such that all subterms of the
form f(t1,...,t,), where f is a defined function, are extracted. The definition
of tellz, thus, only needs to consider narrowing steps on outermost terms.
The distinction between e.g. a call-by-value and a call-by-name evaluation must
therefore be based on an external choice mechanism respecting dependency
relations among variables (cf. [105]).

We distinguish two kinds of constraints Y =z, ¢ (see Figure 7.9):

When the term ¢ still contains defined functions (Case 1), a narrowing step
is applied as part of tellz,. This is only reflected by a change of the constraint
pool. The store does not change in this case. Note that due to the flattening,
the term t contains exactly one defined function f, and this function is the
outermost symbol in ¢. Moreover, since the substitution ¢, i.e. the constraint
store C'zz, only contains constructor terms, £ = ¢(t) retains this property.

When the term ¢ is a constructor term (Case 2), then the constraint
Y =z, t is added to the store if possible. Thereby, the satisfiability test is
realized again by the parallel composition 1 of substitutions.

Projection. As for C in Section 7.2.1, the constraint store C'zz only contains
substitutions. Thus, again, the projection generates equality constraints as
their representation.
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tellzz: Let P be a functional logic program with constraints, let C'zz = ¢ be the
current constraint store of CSr.z. (Recall that the constraint store C'zz is nothing but
a substitution ¢ from variables to constructor terms, which is written in the form of
equations and thus can be treated like constraints.) Let ¢ = (Y =z, t) be the constraint
to be propagated. Let £ = ¢(t).

We use the following notion: A rule p = (I, — r, where Gy) applies to i, if for { ¢ X
there is a unifier op = mgu(t, lp).

We distinguish the following cases:

1. Let £ contain defined functions; that is,  is of the form f(...) with f being the only
defined function (due to the maximal flattening). If the set P. C P of applicable
rules is non-empty, then

tellgz (¢, Crr) = (true, Cre, \/pepc(ap AN Y=z op(rp) N op(Gp))).
2. Let t be a constructor term, i.e. £ € T(A, Xz¢).

a. If {Y =t} 1Cxz) #0, then

tellrc (¢, Crr) = (true, {Y =t} 1 Crr , true).
b. If ({Y =t} 1 Crz) = 0, then

tellrr (¢, Crr) = (false, Cre, false).

Fig. 7.9 Interface function tellr,

The definition of the projection function projz,_,, resembles proj,_,, of
the logic language solver CS, in Figure 7.7.

Since the interface functions tellr, and projr,_,, of our functional logic
language solver again fulfill the requirements given in Sections 7.1.2 and 7.1.3,
the soundness and completeness results of the cooperation framework (given
in [98]) hold for the integration of a functional logic language — however, only
relative to the completeness of the narrowing strategy encoded within tellz,
(for a detailed discussion see [105]).

7.3 Implementation

META-S [64, 65, 66, 67, 68] is an efficient and flexible solver cooperation
system that implements the solver cooperation approach described theoreti-
cally in the previous sections. It allows the integration of external black-box
constraint solvers which extend the META-S base syntax by their constraints.
The system provides the users with a flexible strategy definition framework
to enable efficient problem computation. Moreover, it is possible to integrate
declarative languages and constraints within META-S as discussed conceptu-
ally in Section 7.2.

We present the structure of the META-S system and the implementation in
Section 7.3.1. We introduce the integrated constraint solvers and languages in
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problem —>’ meta-solver ‘H solution

BE [® | [

’ strategies and heuristics ‘
]

] (¥
’ solver 1 ‘

Fig. 7.10 Structure of META-S

Section 7.3.2. Section 7.3.3 is dedicated to the strategy definition framework of
META-S. We discuss the advantages and results of certain evaluation strategies
in Section 7.3.4.

7.3.1 The architecture of META-S

The structure of the META-S system is given in Figure 7.10; it reflects
the general architecture of the theoretical solver cooperation framework (cf.
Figure 7.1(b)).

A coordination mechanism — the meta-solver — treats the different applied
solvers as black bozes. It receives the problem to solve in the form of mixed-
domain constraints, analyzes them and splits them up into single-domain
constraints processable by the individual solvers. These problem constraints
are held in a global pool, which is managed by the meta-solver. Constraints
are taken from this pool and propagated to the individual solvers. These
solvers collect the constraints in their constraint stores, thereby ensuring their
satisfiability. In return the solvers are requested to provide newly gained
information (i.e. constraints) back to the meta-solver to be added to the
pool and propagated to other solvers during the following computation. This
communication is handled via the solver interface functions tell and project.
These are based on typical solver functions provided by most preexisting
solvers or which can be implemented by very little glue code, hence allowing
simple integration into our system.

e The function tell (denoted by (t) in Figure 7.10) for constraint propagation
allows an individual solver to add constraints taken from the global pool
to its store, narrowing the solution set of the store’s constraints.

e The projection function project (denoted by (p)) provides constraints
implied by a solver’s store for information interchange between the solvers.
They are added to the pool of the solver cooperation system and later
propagated to another solver.
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Fig. 7.11 The module structure of META-S

The meta-solver performs the overall tell-projection cycle guided by a
solver cooperation strategy and heuristics until a failure occurs or the global
pool is emptied. Problem solutions can then be retrieved by projection.

The module structure of the META-S implementation is given in Figure 7.11.
It was kept highly modular to allow radical changes in one module without
negative influences in others. It consists of three main modules: the Base
module, the Meta module and any number of pluggable external constraint
solvers.

The Base module is the common foundation of the META-S system and
contains the internal and external constraint representations and means for
translations between them, a syntax extension facility, a pattern matching
facility for constraints, and the abstract interface between the framework
and the integrated solvers. The Meta module implements mainly the meta
solver functionalities and the strategy framework as discussed in Section 7.3.3.
Several solvers have been integrated into META-S using the abstract interface
of the Base module. We consider these in the subsequent Section 7.3.2.

7.3.2 Solvers

META-S provides an interface for the integration of constraint solvers. Essen-
tially three functions must exist in a solver to be integrated [69]:
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solver-tell (solver store constraint) propagatesa given constraint
to the store of the solver. It corresponds to the interface function tell
(see Section 7.1.2), but is allowed to generate (besides true and false)
two additional answers, namely

redundant in case of a successful propagation, where the constraint was,
however, redundant w.r.t. the store and

delayed if the solver is not able to handle the given constraint yet. This
is a request to the meta-solver to hold back the constraint and re-offer
it for propagation if the store has changed.

solver-project (solver store variable ...) is the realization of the
projection operation (see Section 7.1.3). The solver is requested to project
the store w.r.t. to the given variable. To support incomplete solvers
which do not always detect inconsistencies during propagation, solvers are
allowed to project the contradictory constraint false.

solver-clone (solver store) clones a solver store. This is needed to al-
low the computation of alternative solutions resp. solution sets by traversing
a search-tree.

There are three kinds of constraint solvers which have been integrated into
META-S. We distinguish

1. "proper" constraint solvers,

2. declarative programs together with the language evaluation mechanism
considered as solvers, and

3. the generic solver CL-SOLVER which allows the user to define operators
and relations based on normal CoOMMON LispP functions.

(1) META-S allows the integration of arbitrary black-box solvers providing
the common solver interface as discussed above. It comes with an external
solver LINAR [133], implemented in C, for linear equations, inequalities
and disequations over rational numbers which uses a variant of the Simplex
algorithm to incrementally compute solutions for a given constraint system.
Since META-S itself is implemented in COMMON Lisp, the interface can,
thus, be best served by CoOMMON Lisp-implemented solvers, e.g. CLLIN
which is also a linear solver for rational numbers based on the Simplex
algorithm (cf. Section 4.1.1) and which allows (like LINAR) the handling of
non-linear constraints using a delay mechanism. CLINTERVAL is a COMMON
Lisp-based interval arithmetic solver on real numbers using the smath library
of Hickey etal. [96]. The solvers FD-RATIONAL, FD-FLOAT, and FD-STRING
are instances of a generic finite domain solver FD-SOLVER using the techniques
of the well-known library CSPLIB [222].

Consider Program 7.3.1 as an example. It shows a META-S program for
the Send-More-Money problem variant with 25 solutions (i. e. leading zeros
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Program 7.3.1 A Send-More-Money problem definition

1 (define-meta-solver *smmx ; problem definition
2

3 (meta-solver eager-strategy ; select strategy

4 :variable-ordering

5 >(SEND MORE MONEY M O N E Y R S D))

6

7 ((my—fd—rationa,l fd—'ra,tional) ; solver idintegration
8 (my-linar cllin))

9

10 ; constratints

11 (((in S, E, N, D, M, O, R, Y #{0 1 2 3 4 5 6 7 8 9})
12 (alldifferent {S EN D M O R Y})

13 ((= my-1linar)

14 SEND

15 (+ (¢ (+ (x (+ (* 5 10) E) 10) N) 10) D))

16 (= MORE (+ (x (+ (¥ (+ (x M 10) 0) 10) R) 10) E))
17 (= MONEY (+ (x ... (x M 10) 0) 10) N) 10) E) 10) 1))
18 (= (+ SEND MORE) MONEY))))

are allowed). It uses the cooperation of the linear solver CLLIN and the finite
domain solver FD-RATIONAL (lines 7 and 8).

(2) By considering declarative programs together with the associated language
evaluation mechanism as constraint solver it is possible to integrate declarative
languages and constraints within META-S [67, 68, 66, 105]. We discussed the
integration of logic and functional (logic) languages into our theoretical
framework in Sections 7.2.1 and 7.2.2.

We investigated the practical integration of a logic language which allows
CLP-like programming with the constraint logic language CLL in META-S. In
the same way we extended META-S by a constraint functional logic language
FCLL. By utilizing the strategy definition framework (see Section 7.3.3) the
user is able to define strategies and heuristics for the evaluation of programs
in these languages.

Program 7.3.2 gives a CLL program describing edges and paths with costs
in directed graphs. For better understanding we give a PROLOG equivalent
in Program 7.3.3. A CLL rule consists of a declaration and a corresponding
definition. A declaration (lines 1 and 7 in Program 7.3.2) is composed of the
key symbol 71, the name of the rule and a list of parameter types. A rule
definition is a list of at least three elements: the key symbol <-, a list of
variable declarations, and the rule head. If these are the only elements, the
rule definition is a fact (e.g. lines 3 and 4), otherwise the remainder of the list
forms the rule body.

In the rule definitions for the predicate path/4 (beginning at lines 9 and
13) the variable N1 is the origin of the path, N2 is its end node, the third
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Program 7.3.2 CLL: edges and paths with costs in directed graphs

1 (rl edge (cll-term cll-term rational))

2

3 (<= O (edge (a) (b) 75))

4 (<= () (edge (b) (e) 50))

5

6

7 (rl path (cll-term cll-term cll-term rational))
8

9 (<= ((ctl-term N1 N2) (ratiomnal COST))

10 (path N1 N2 (list NI (list N2 (empty))) COST)
11 (edge N1 N2 COST))

12

13 (<= ((cll-term N1 N2 X REST)

14 (rational COST EDGE_COST REST_COST))

15 (path N1 N2 (list NI REST) COST)

16 (edge N1 X EDGE_COST)

17 (> EDGE_COST 0)

18 (> REST_COST 0)

19 (= COST (+ EDGE_COST REST_CO0ST))

20 (path X N2 REST REST_COST))

Program 7.3.3 PROLOG: edges and paths

1 edge (a,b,75).

2 edge (b,e,50).

3 ...

4

5 path (N1,N2,[N1,N2],COST) :-

6 edge (N1,N2,COST).

7

8 path (N1,N2,[N1|REST],COST) :-
9 edge(N1,X, EDGE_COST) ,

10 EDGE_COST > 0,

11 REST_COST > 0,

12 COST = EDGE_COST + REST_COST,

13 path(X,N2,REST,REST_COST) .

argument describes the path itself and the fourth argument is the cost of
the path. The path is either defined by a direct edge between N1 and N2 or
recursively by an edge and a path.

Programs 7.3.4 and 7.3.5 illustrate the use of the functional constraint
logic language FCLL. Program 7.3.4 shows an alternative definition of the
Send-More-Money problem, where we additionally use FCLL as constraint
solver for functional equations (line 6). While the equation in line 12 is handled
by the linear arithmetic solver as before, lines 13-15 describe three goals for
the functional logic language solver.
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Program 7.3.4 The Send-More-Money problem using FCLL

1 (define-meta-solver *smmx

2 (meta-solver depth-first)

3

4 ((my—fd-’r‘ational fd-?”at’i,onal) ; solver integration
5 (my-linar cllin)

6 (my-fcll fcll-solwer :file "word.fcll"

7 :redex ’innermost))

8

9 ; constratints

10 (((4n S, E, N, D, M, 0, R, Y #{0 1 2 3 4 5 6 7 8 9})
11 (alldifferent {S EN DM O R Y})

12 (= (+ SEND MORE) MONEY)

13 (= (word [S,E,N,D] 0) SEND)

14 (= (word [M,0,R,E] 0) MORE)

15 (= (word [M,0,N,E,Y] 0) MONEY))))

Program 7.3.5 Functional logic combination of letters to words (file word.fcll)

1 (fn word (cll-term rational) rational)

2

3 (== (word [] 4cC) AcCC) ; word [] AcCC = AcCcC
4 (== (word [FTIRT] ACC) ; word [FT/|/RT] AcCC =
5 (word RT (+ (x 10 ACC) FT))) ; word RT 10*ACC+FT

The function word combines a sequence of digits into a number as given in
Program 7.3.5. A function consists of a declaration (line 1) with key symbol
fnand a definition by rules using the equality symbol "==".

(3) The CL-SOLVER is a generic solver that gives the user the opportunity
to define operators and relations based on normal CoOMMON LiSpP functions.
Contrary to most other solvers, the operators and relations of the CL-SOLVER
are not fixed, but can be specified by the user.

The solver uses residuation [9] for constraint evaluation, i. e. all non-binding
constraints are delayed until all variables in the constraint have been bound,
at which time they can easily be evaluated for their truth value. Only equality
constraints, i. e. binding-constraints, between a variable and fully bound terms
are not delayed but evaluated.

The CL-SOLVER can be used e.g. to define conversion functions for the
transformation between disjoint but still fairly compatible value types or even
for the definition of rewriting rules for constraint conjunctions and disjunctions.
Both are typical applications in multi-domain applications.

Program 7.3.6 shows the extract of a constraint problem definition that de-
fines a CL-SOLVER instance my-conversions with two operators to-dfloat
and to-rat (lines 3-5) which convert from double-floats to rationals and
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Program 7.3.6 A solver for converting double-float to rational numbers and
vice versa

(my-conversions cl-solver
:operators
>((to-dfloat (rational) double-float
(lambda (z) (coerce = ’double-float)))
(to-rat (double-float) rational cl:rationalize))
:relations
’((= (rational rational) cl:=)
(= (double-float double-float) cl:=)))

0O U WN

vice versa, resp., using the standard CoOMMON LisP functions coerce and
rationalize. Additionally the appropriate equality relations are declared
(lines 7 and 8). These ensure that the CL-SOLVER receives all bindings and can
thus react on all variables captured in to-dfloat and to-rat applications.!!

7.3.3 The strategy definition framework

The flow of information between the participating solvers greatly influences
the overall efficiency of the solution process. Unfortunately, an effective co-
operation strategy depends on the problem (and its modeling) as well as on
the number and capabilities of the cooperating solvers and can thus not be
generally formulated.

Thus, META-S provides the user and strategy developer with facilities to
develop solving strategies within different levels of abstraction and detail. We
distinguish general strategies on the one hand, and constraint and variable
selection strategies and heuristics on the other hand.

7.3.3.1 General strategies

META-S provides three predefined general strategies. They emphasize the
handling of the system states as nodes in the overall search-tree and of returned
disjunctions within the projection phase. On top of the general strategies, the
user can add and replace code by deriving new classes for more fine-grained
action-oriented strategy definitions.

11 Of course, this approach is fraught with problems when the coercions involved are
imprecise, i.e. result in loss of information, which is the case with the numeric types
mentioned. Nevertheless, the easy conversion of more abstract data types is still an
interesting option.
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For an illustration of the behavior of the general strategies see Figure 7.12.
To depict a system state, we again use tables showing the pool in the first
row, and the solver’s stores in the second row, divided by vertical bars.

eager The eager strategy propagates all constraint information as early as
possible in the solving process. Returned disjunctions (during projection)
lead to immediate spawning of cloned system states.
Consider the system behavior according to the eager strategy in Fig-
ure 7.12(a). Assuming a pool containing the conjunction A A B and a
store containing the constraint S (further stores are not considered in this
example), the next constraint propagated is A. Suppose that only a part of
this constraint can be handled by the solver, i.e. A3, and the disjunction
Ay V As is put back into the pool. To ensure correctness, S A A must be
equivalent to (A; V As) A (S A A3). In the next step the system state is
cloned. To find all solutions of the constraint problem both resulting states
must be processed further.

lazy  The lazy (cloning) strategy is comparable to the eager strategy with the
major difference that the backtrack-branches of disjunctions (returned by
projections) are not created immediately but possibly remaining constraint
conjunctions are propagated first to the solvers. This is done in the hope
that it will help to reduce the lifetime of dead-end backtracking branches.
Once all conjunctions are processed the cloning actions for the disjunction
branches are initiated.
This is illustrated in Figure 7.12(b). The approach is related to the Andorra
principle as described in [229]. The idea behind this strategy is to propagate
common constraints only once. The first step in the figure is the same as
for the eager strategy, but the next step differs. The cloning is delayed,
and the constraint B is propagated first. Obviously, B is propagated only
once, while it had to be propagated twice in Figure 7.12(a).

heuristic The heuristic (search) strategy is related to the first-fail principle
[27] which tries to minimize the expanded search-tree size and has proved
to be beneficial in solving constraint satisfaction problems. The idea of the
first-fail principle is to choose the variable with the smallest domain size
for value assignment. This choice is the one most likely to fail and hence
will cut away failing branches very fast. Furthermore, variables with large
domains may get restricted further such that unnecessary search can be
avoided. The heuristic strategy uses this selection heuristic for choosing
between several queued disjunctions while performing lazy cloning. We
dequeue a disjunction with the least number of constraint conjunctions. As
a further optimization we throw away all other disjunctions. To ensure that
no knowledge is lost, all solvers are marked in order to project them again
later. For illustration see Figure 7.12(c). Here, the disjunction (A;V A2V Aj3)
is removed, but can be reproduced later since it originates from a projection.
Of course, this schema can only be used when propagation does not return
disjunctions, because they cannot be reproduced in this way. Thus, in
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ANB (A1 VA2)AB AN B A2 N B
— - %
S | - SANAz | - SANAz | - SAAz | -
(a) eager
AANB (A1VA2)/\B (A1\/A2)
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S | - SANAz | - SANAZAB| -
(b) lazy
(A1 V A V A3) A\ (B1 V Bz) B1 B
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(c) heuristic

Fig. 7.12 META-S: general solver cooperation strategies

general the heuristic strategy cannot be used in cooperations with the CLL
and FCLL solvers, but typically in ordinary solver cooperations.

7.3.3.2 Refinement of general strategies and heuristics

Since the control of information flow can achieve important performance
increases, META-S provides a strategy language that allows the user to devise
new more efficient strategies by extending generic strategies with problem
and domain specific knowledge to speed up the solving process.

The design of our strategy language anticipates that the user wants to con-
trol the exact order of constraint propagations, based on different criteria like
the target solver and the structure or properties of constraints. Additionally,
rewriting of returned constraints and influence on the projection sequencing
should be possible. Founded on these considerations the strategy language
provides the following set of constructs and properties:

e Primitives for the propagation of sets of constraints as well as for the
projection of specific or all solvers against a given set of variables and terms
support a detailed information flow control.

e An integrated pattern language allows the classification, destructuring
(i.e. splitting into subparts matching specified patterns), and rewriting of
constraints based on their structure by using positional pattern expressions.
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Program 7.3.7 Definition of the heuristic-solver-flow strategy

1 (define-strategy heuristic-solver-flow

2 (heuristic—strategy) ; heuristic as basis
3 (:step

4 (select

5 ((eq-constraints (= t t)) ; patterns for

6 (in-constraints (in t t)) ; =/4in comnstraints
7 (rest t))

8 (tell-all in-constraints) ; first propagate in-
9 (tell-all eq—constraints) ; and eq-comnstraints
10 (tell-all rest) ; thenm all others

11 (project-one my-1lin) ; project from my-lin
12 (tell-all) ; and propagate

13 (project-all)))) ; project from

14 all other solvers

e Due to the integration of the strategy language into the COMMON Lisp
environment, additionally all normal COMMON LISP constructs can be
applied.

Figure 7.3.7 presents a strategy called heuristic-solver-flow. It was
derived by extending the general heuristic strategy (line 2) with a more
optimized information flow. The :step clause initiates the inner strategy
control loop definition. We start by partitioning all the constraints of the
global pool into three groups based on their structure using the pattern
matching facility (lines 5-7): eq-constraints are constraints with an equality
relation (=), in-constraints match constraints with the in-relation, rest
match all other constraints. This is expressed by the wildcard ¢.

The classified constraints are then propagated to the external solvers in the
order of the groups given in lines 8-10. This is supported by the user knowledge
about the particular solvers of the application and the problem structure. In
the next step a linear arithmetic solver instance my-1<n taking part in this
particular cooperation is requested to project its knowledge (line 11). The
received constraints are again removed from the pool and propagated to the
other solvers (line 12). Finally, the remaining solvers are requested to project
their derived constraints (line 13). This solving step is repeatedly initiated by
the controlling strategy until certain termination conditions are satisfied.

The order of variable projection is often tremendously important for the
overall performance in solving a constraint problem. However, a "good" variable
order is not always available, e.g. when feeding machine generated problem
descriptions to the meta-solver, or when the user does not want to perform an
in-depth analysis of the problem at hand. META-S allows the user to give a
static variable ordering for projection as shown in Program 7.3.1 in lines 4 and
5. In general, one may implement more sophisticated heuristics, like first-fail



152 7 A Generic Framework for Multiparadigm Constraint Programming

or most-constrained (see [27, 134, 198, 106]) using the COMMON LISP interface
of META-S.

7.3.3.3 Strategies in the context of language solvers

The application of the strategy definition framework to cooperations with par-
ticipating language solvers allows one to define language evaluation strategies
and classical and new search strategies for an efficient evaluation of hybrid
constraint declarative programs. We briefly sketch typical strategies in the
context of language evaluation.

depth/breadth-first search These strategies can be applied e.g. for the
constraint logic language solver CLL to emulate a CLP- or PROLOG-like
evaluation. They are variants of the classical ones: A propagation phase
performing depth/breadth-first search until the pool is emptied alternates
with a projection phase, where all solvers are projected and the results are
added to the constraint pool. These strategies can be defined on top of
the eager strategy (see Section 7.3.3.1) by specifying the evaluation order
within the search-tree.

lazy This strategy has already been described in the previous section. It
proved very advantageous when applied using CLL (cf. Section 7.3.4).

heuristic For the integration of language solvers we use the solver interface
functions for realizing program evaluation, like a reduction step, a resolution
step, or a narrowing step (see Section 7.2). The propagation of an atom
from the constraint pool using tell generates (in general) a disjunction of
constraints (in the third element of the answer tuple), again to deposit in
the pool. Thus, the heuristic strategy and its descendants cannot be used
for a cooperation where language solvers participate. This is caused by the
fact that these strategies may delete disjunctions in the pool resulting from
propagations which cannot be reproduced later on.

residuation This is a method to cope with indeterminism caused by in-
sufficiently bound variables (cf. Section 5.4). The concept of residuation,
as defined for logic languages in [210], divides all rules into two groups.
Residuating rules may be applied only when their application is deter-
ministic, i.e. only one rule matches the goal that is subject to resolution.
Generating rules do not need to be deterministic, but may only be used
when no residuating rule is applicable. CLL supports both residuating and
generating rules.

narrowing/reduction strategies In [188] it is shown how to define redex
selection strategies, like innermost and lazy narrowing, for the evaluation
of programs of the functional logic language FCLL.

Program 7.3.4 is an example of the use of the FCLL solver applying
innermost narrowing (line 7) and a depth-first search strategy (line 2).
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example | strategy | clones prop. resolutions weak proj. strong proj.
dag bfs/dfs 6143 24575 14335 24576 24576
lazy 6143 22528 10241 24576 24576
cgc bfs/dfs 9540 53426 12402 3027 3027
lazy 9540 19082 12404 3027 3027
hamming | lazy 148 2141 895 266 266
smm lazy 135 6550 19 456 148
bfs/dfs 3 3333 19 902 105
nl-csp | lazy 35352 109852 0 285 192
bfs/dfs 493 118751 0 34758 2614
heuristic | 345 109121 0 31485 4944

Table 7.1 META-S: experimental results

7.3.4 Performance evaluation

To round out the picture we present benchmark results of five illustrative
examples (cf. Table 7.1) to investigate the effects of different strategies for
multi-domain constraint problems. As an example of language integration we
used the CLL solver. Our examples feature varying extents of logic predicates
and multi-domain constraints.

Our solvers are proof-of-concept implementations, their performance is, of
course, not comparable to advanced solvers of modern systems like ECL!PS®-
ProroaG. Thus, we were mainly interested in a comparison of the reduction
steps (i. e. propagations, projections and resolutions) to enable a discussion and
evaluation of the effects of solver cooperations and strategies. Using the solver
integration mechanism and strategy framework of META-S thus allows for
prototyping of solver cooperations and constraint integration into languages,
as well as for the exploration of cooperation and evaluation strategies of such
systems.

Table 7.1 captures the following key values:

e the number of clones, i.e. copies of the system state as nodes of a search-tree
generated during the computation,

e the number of propagations covers resolution steps and the propagation
of equality constraints resulting from substitutions computed during res-
olution, both for CLL, as well as constraint propagation steps for other
incorporated solvers,

e the number of resolution steps (already covered in the number of propaga-
tions, but separated out for better understanding), and

e the number of weak and strong projections (cf. Section 7.1.3).

In the following, we briefly sketch example programs and discuss their
performance results.
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A directed acyclic graph (dag). Our first example concentrates on logic
language evaluation without constraints of other domains. It searches for
paths in a directed acyclic graph with 13 nodes. Since a full graph traversal
is necessary, all strategies sooner or later create all the clones for the possible
edges. Thus, the number of clones (and for similar reasons, the number of
projections) do not differ between the strategies. The wanted effect of the lazy
strategy first to propagate pending constraints of a conjunction before cloning
stores (due to disjunctions produced by projections), yields an explicitly
smaller number of resolution steps (and thus propagations) here, and explains
why lazy search is eventually the fastest strategy in this scenario.

Path costs in a complete graph (cgc). A complete graph (i.e. with
bidirectional edges between every pair of nodes) is traversed. Again, the
graph is described by logic facts, but this time each edge is annotated with
random costs between 1 and 100. Rules for a path search additionally contain
arithmetic cost constraints (cf. Program 7.3.2).

The structure and results of this problem are similar to the previous one.
The only remarkable difference is the number of resolution steps, being nearly
the same now for all strategies, although the number of overall propagations
is lower for the lazy strategy.

Again the reason is the delay of disjunction splitting (and thus the delay
of cloning constraint stores) while preferring the propagation of pending
constraints. While in the dag example this concerned goals, i.e. logic language
constraints, in cgc arithmetic constraints are prioritized. This causes the
significantly smaller number of propagations for lazy search.

Experiments with different goal sequences in the rules of this example
led to another observation (not documented in Table 7.1): Since the lazy
strategy prefers conjunctions, while delaying the evaluation of disjunctive
goals, it may reorder goals in the right-hand side of rules in favor of the more
deterministic ones. This causes situations where the lazy strategy "stepping
over' a disjunction and evaluating deterministic goals first terminates, while
depth/breadth-first search produce infinite resolution derivations.

The Hamming numbers (hamming). This example was chosen to show
that META-S allows the combination of residuating and generating rules
(cf. Section 7.3.3.3). A residuating CLL rule computes (in cooperation with
an arithmetic solver) multiples of 2, 3 and 5; its results are requested by
generating CLL rules and merged into a common list of Hamming numbers.

The user formulates residuating and generating rules which are accessed in
the solver cooperation definition as shown in Program 7.3.8, lines 3 — 6.

Table 7.1 shows the results of the computation of the first 20 Hamming
numbers. In the table we only give the results for the lazy strategy. The other
strategies behave similarly because of the highly deterministic nature of the
rule choice here.
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Program 7.3.8 Integration of residuating and generating rules

1 (define-meta-solver *xhamming*

2 (meta-solver restduating-strategy ...)

3 ((res cll-solver :file "residuating.cll"
4 :residuating-p t)

5 (gen cll-solver :file "generating.cll"
6 :residuating-p nil)

7 (lin cllin))

8
9

; comnstraints

Send-More-Money (smm). While it is well known that this problem can be
solved by a typical finite domain solver providing arithmetic, we nevertheless
found it appropriate as a short and simple example to illustrate general
strategy effects for a cooperation of different solvers and domains.

The problem is constructed by a CLL predicate word describing the
composition of letters into words and constructing the respective equality
constraint, i.e. S*¥1000 + Ex100 + N*10 + D= SEND (similarly as given for FCLL
in Program 7.3.5). This is done in a few deterministic evaluation steps, where
only one rule definition at a time matches the goals to solve. Thus, the influence
of language evaluation is surpassed by constraint solving. Besides the CLL
solver, two other solvers cooperate in this example. A linear arithmetic solver
is supported by a finite domain solver. These two solvers rely on information
interchange by projection, and hence the overall effort is greatly affected by
the timing when switching from propagation to projection.

The lazy strategy avoids projection as long as possible, which means
propagating conjunctions first, then breaking disjunctions and switching to
projection only when the constraint pool is completely empty. While this is
often advantageous, it has a tradeoff which becomes obvious and hindering
here: It implies a higher number of clones, because a projection might disclose
inconsistencies between two solvers before a queued disjunction is split into
several clones. This shows that mainly problems with a larger portion (and
allowing alternative steps) of language evaluation (different to smm) profit
from lazy cloning.

A nonlinear constraint satisfaction problem (nl-csp). Like the previ-
ous example, this is a crypto-arithmetic puzzle. We want to replace different
letters by different digits, s.t. ABC* DEF = GHIJ holds. This problem is given
without any CLL rules or facts, so that it shows the consequences of our
cooperation strategies for a pure constraint problem.

The effect of the increased cloning rate for the lazy strategy becomes
enormous here. However, since the CLL solver is not used in this example, the
application of the heuristic strategy was allowed (cf. Section 7.3.3, pages 150
and 152) and the reordering of disjunctions is decisive in this case.
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Overall evaluation. Our examples show that in problems with a large
amount of logic language evaluation, the strategy lazy gives the best results.
This strategy reorders goals in favor of deterministic ones and thus prevents a
lot of propagations. An evaluation using the lazy strategy may even terminate
in circumstances where depth/breadth-first search produce infinite resolution
derivations. In problems dominated by constraint solving most disjunctions are
already avoided by the weak/strong projection schema. Hence the overhead of
the lazy strategy outweighs its advantages here and depth/breadth-first search
are more appropriate. Problems described without use of the CLL solver may
benefit from the heuristic strategy, which gives near optimal results in many
situations.

7.4 Conclusion and related work

In this section, we presented a general approach for the integration of declara-
tive languages and constraint systems. The main idea is to combine several
constraint systems and the associated constraint solving techniques to allow
the solution of hybrid constraint problems. The basis of our approach is a
uniform interface for constraint solvers which enables a fine-grained formal
specification of information interchange between constraint solvers. On top
of this interface, an open and flexible combination mechanism for constraint
solvers was developed. By considering declarative programming languages as
constraint solvers for specific language constraints we were eventually able
to integrate these languages and constraint systems to build multiparadigm
constraint programming languages.

The meta-solver system META-S implements the framework. This system
integrates several constraint solvers, among them an interval arithmetic solver,
a linear solver and several finite domain solvers, and a logic and a functional
logic language, resp. The system is equipped with an advanced strategy
description framework to influence the efficiency of the cooperative solution
process. We investigated classical and new search and evaluation strategies
for the integrated solvers and declarative programming languages.

META-S allows the user to integrate new black-box solvers and languages
and supports the definition of new cooperation strategies. It is, thus, very well
suited for the prototyping of new solver cooperations and new multiparadigm
constraint programming languages.

The general schemes CLP(X) [116, 115] and CFLP(X) [144] for constraint
logic programming and constraint functional logic programming, resp., both
over a constraint system X, are covered by the presented approach. Since
our general framework, moreover, provides mechanisms for the definition of
cooperation strategies, it can, thus, be instantiated by three parameters: a
strategy definition S, a set X of constraint systems and a host-language Y. In
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this way, the presented approach enables the building of constraint languages
customized for a given set of requirements for comfortable modeling and the
solution of many problems.

Based on CFLP(X), functional logic programming has been integrated
with arithmetic constraint domains in the context of the Toy language
[57, 217]. Lux [147, 148] integrates linear constraints over real numbers into
the functional logic language CURRY in a similar way. OPENCFLP [131]
combines a functional logic host-language with collaborating equational solvers
which may be distributed in an open environment. It provides the user with a
declarative strategy definition for the cooperating solvers based upon a set of
basic operators. However, the strategy language of META-S gives more subtle
control over the individual collaboration steps because of its well considered
solver interface on the one hand and its structural pattern-matching and
constraint rewriting facilities which provide a finer and more intuitive control
for strategy definition on the other hand.

While our approach pursues the idea to integrate languages (functional logic,
logic, and others) into a system of cooperating solvers, the above mentioned
approaches come from the opposite point of view and extend the functional
logic program evaluation by constraint evaluation. Furthermore, most of them
do not consider the integration of several constraint systems in combination.

The opportunity to integrate different host-languages and constraint sys-
tems also distinguishes our approach from other existing systems of cooperat-
ing solvers [107, 161, 196] that usually have one fixed host-language (a logic
language).

Finally, META-S distinguishes itself from other approaches by its sophisti-
cated strategy definition framework.






Chapter 8
Outlook

In this book we investigated the area of multiparadigm constraint programming
languages. We discussed established and new approaches in the field and
presented two concrete approaches in theory and practice.

Multiparadigm programming languages enable comfortable and efficient
modeling and implementation of software because they allow the representa-
tion of the applications’ components by concepts of paradigms according to
their particular problem domains. The area of multiparadigm programming
languages has yielded many interesting developments in recent years, including
languages like ADA or the Microsoft software platform .NET realizing a loose
coupling of languages. We expect that research in but also the application of
such languages will further increase. In this context, e.g. [31] emphasizes the
need for programming languages which allow the programmer to adopt (con-
cepts of) programming paradigms appropriate to the particular subproblem
at hand.

Languages from the constraint-based paradigm provide a declarative pro-
gramming style and focus in particular on search and optimization problems.
They developed into an established programming paradigm and are used for
many application areas in practice and science, e.g. planning and scheduling
of tasks, timetabling, optimization of production, configuration of products,
program analysis, test data generation for software, and automatic theorem
proving. We think that their application and importance in practice in the
form of multiparadigm constraint programming languages will grow further.

In Chapter 7 we integrate programming language evaluation into constraint
evaluation and reach in this way a generic framework for multiparadigm
constraint programming, where both constraint domains and programming
languages can be instantiated. Thus, our generic framework and its implemen-
tation are well suited for prototyping solver cooperations and multiparadigm
constraint programming languages. In contrast, the typical and more prag-
matic approach in practice is the extension of a host programming language
by constraints, often by constraint libraries. The CCFL approach as shown in

P. Hofstedt (ed.), Multiparadigm Constraint Programming Languages, Cognitive Technologies, 159
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Chapter 6 is in between, i.e. the combination of a (functional) programming
language and constraints is obtained by unification of both paradigms.

For the short term and in particular for languages widely used in practice
(i.e. usually imperative or object-oriented languages) we expect a further
consolidation of the use of constraints within multiparadigm programming
languages on the basis of (1) the library approach (as introduced in Section 5.1),
that is by the integration of constraint libraries, and (2) a loose coupling of
concepts as in the .NET approach.

For the longer term we believe that proper representatives of the language
approach (cf. again Section 5.1) will also achieve more acceptance, in particular
for domain-specific languages and applications. Exemplary developments can
be seen e.g. in the current approaches to the evaluation and verification
of UML/OCL diagrams and the use of constraint-based annotations in
programs or their generation from programs, both for verification and test
data generation (for references cf. Sections 4.4 and 5.7).
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