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Abstract

Thistechnical report describes a new language for describing constraint satisfaction problems,
called EaCL. Traditional Constraint Programming Languages have been built on top of host
languages such as Prolog, Lisp, C++. This means that the user must have reasonable
knowledge of the syntax and semantics of the host language before being able to use the
constraint technology effectively. On top of this, the user may also be required to specify the
heuristics and, or agorithm to solve the constraint problem. This leads to a bottleneck in the
amount of people who have the necessary expertise in both constraint programming and the
host language to implement practical systems, which use constraint satisfaction techniques.
Our language is designed to abstract out as many of these details as possible, to produce a
high level language, where the problem specification is the focus. With this in mind, our
language is designed to be simple, high level, intuitive and declarative (the order in which
constraints are specified has no significance). This technica report subsumes previous
technical reports on EaCL.

Introduction

A constraint satisfaction problem is a problem where one is given a finite set
of variables, each of which associated with a (normally finite) domain. Constraints
restrict the values to be taken by the variables ssimultaneously. The problem is to
assign one value to each variable satisfying all the constraints [8],[1],[2].

Constraint programming systems have had remarkable achievement in many
applications. Many more applications could have benefited from it had there been
more experts in the field to exploit the technology. Successful though they are,
previous approaches to building constraint-programming systems have been based on
taking some host language, e.g. C++ (e.g. ILOG solver [5]), Lisp (e.g. PECOS [6]) or
Prolog (e.g. ECLIPSE [3], CHIP [7]), augmented in some way with constraint
technology. This means that the user of these constraint programming systems needs
to have two basic skills before they can make use of the traditional constraint
programming systems:

» Beableto formulate the problem as a constraint satisfaction problem,

» Beableto program in the host language.

Some recent global optimisation modelling languages, e.g. HELIOS, ILOG Numerica
[4],[9] alow usersto define their problems, almost as they would in technical papers.
Our aim is to minimise the amount of knowledge required by the end user to be able
to specify their problem in our language. The approach we have taken is to design our
language to be simple and intuitive to use, similar in some ways to [4],[9], but
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targeted at Constraint Satisfaction Problems, whilst keeping it expressive enough to
define real world problems.

1. Language Definition

In this section we describe the EaCL language in detail. First of al we give the
general structure of a problem, described in EaCL, and then we go on to describe the
constraints and functions available and additional language features.

1.1 Overall structure of an EaCL problem file
An problem defined in EaCL is split into 4 sections (see Figure 1)

Problem: ProblemName

{
Data
{
/[Datathat defines a problem instance
}
Domains
{
//IDomain declarations
}
Variables
/IV ariable declarations
}
Constraints
{
/IConstraint declarations
}
Optimisation
{
/IMinimise or maximise some function
}
}

Figure 1: The skeleton of a problem in EaCL

The data section is for declaring data, which may define a particular problem instance.
The next section, the domains section, is for defining the domains of variables in the
problem. The variables section is for declaring variables and arrays of variables, with
a given domain. The constraint section is for defining the constraints in the problem.
The optimisation section, is used to define criteria which we wish to minimise or
maximise.

By structuring the problem file, in this way, we hope the user will be encouraged to
think of the problem formulation process as afour-step process.

* What data defines each problem instance?

* What are the variables and domains in the problem?

» What are the constraints on solutions to the problem?

* What function do we wish to minimise or maximise?
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1.2 Comments in EaCL

EaCL comments are C or C++ style comments. One line comments begin with “//”
and multi-line comments can be made using the C-style “/*” to begin the comment,
and “*/” to end the comment.

1.3 Domains and Variables

Three types of variables are available in EaCL: integer variables, boolean variables
and set variables (variables whose value must be some set of integers or the empty
set). When a variable or array of integer or set variables is declared, some domain
must be specified for that variable or group of variables. The domains of integer
variables are defined by the set of integers from which a value can be picked for the
variable. This may be specified as either a set of integer values, or a range of integer
values. Similarly, the domain of aset variable is defined by the set of integer values, a
subset of which must be the value of the variable. The keywords | nt Dom and
Set Domare used to specify what sort of domain is being declared. Boolean variables
have a default domain containing only false and true, and so no domain is specified
for Boolean variables. Several variables may be declared with the same domain, by
listings the group of variables, separated by commas. Figure 2 shows some exampl es.

Pr obl em DonVar EGs

Donmai ns

{
IntDomDr = [0, 10];
IntDom Ds = {1, 2, 3, 4};
SetDom Dss = {1, 2, 3, 4,5, 6};

}

Vari abl es

{
SetVar x,y, z::Dss;
IntvVar t,r::Dr;
I ntVar a, b:: Ds;
IntVar iArray[100]::Dr;
Bool Var C, D, E;

}

Figure 2 : Examples of variable and domain declarations

In EaCL, arrays and lists are interchangeable. From now on, we shall refer to arrays
and listsasjust lists. Arrays of variables may be declared in the variable section of an
EaCL problem file (see Section 1.3). Named lists of values, sets of values and values
may be defined in the data section, whilst named lists of any type of expression can be
declared in the constraints section.

1.4 Integer constraints

Below we list the set of constraints, which can be applied to integer variables and
expressions. Integer expressions are expressions built from the functions and
operators defined in Section 1.7 or integer variables or integer values. Constraints are
also considered to be integer expressions, which return O if they are violated or 1 if
they are satisfied. For each constraint, we list the syntax for the particular constraint,
together with the valid parameters for each constraint.
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Syntax: Integer Exprl = Integer Expr2

Type: Constraint

Integer Exprl and Integer Expr2 are integer expressions.
Constrains Integer Expr1 to be equal to Integer Expr2.

<>
e Syntax: Integer Exprl <> Integer Expr2
o Type Constraint

* IntegerExprl and Integer Expr2 are integer expressions.
» Constrains Integer Expr1 to be not equal to Integer Expr2.

>=
* Syntax: IntegerExprl >= IntegerExpr2
e Type Constraint

» IntegerExprl and IntegerExpr2 are integer expressions.
» Constrains Integer Expr1 to be greater than or equal to Integer Expr2.

* Syntax: Integer Exprl =< Integer Expr2

o Type Constraint

» IntegerExprl and IntegerExpr2 are integer expressions.

» Constrains Integer Expr1 to be less than or equal to Integer Expr2.

>
e Syntax: Integer Exprl > Integer Expr2
e Type Constraint

* IntegerExprl and Integer Expr2 are integer expressions.
» Constrains Integer Expr1 to be greater than Integer Expr2.

<
e Syntax: Integer Exprl < Integer Expr2
e Type Constraint

» IntegerExprl and Integer Expr2 are integer expressions.
» Constrains Integer Expr1 to be less than Integer Expr2.

AllDifferent
 Syntax: Al | Di fferent (ListOfintegerVars)
o Type Constraint

» ListOfintegerVarsisalist of integer variables.
» Constrains al members of ListOfIntegerVarsto have different values.

Sequence
e Syntax: Sequence( ListOfIntegerVars, BagOfintegerVals)
o Type Constraint

o ListsOfIntegerVarsisalist of integer variables.

» BagOfintegerValsisalist of integer values, e.g. [1,2,2,4]).

» Constrains al members of ListOfIntegerVars to take avalue from
BagOflntegerVals, but no one item in BagOflntegerVals must be assigned to more
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than one variable in ListOfIntegerVars (unless the same items occurs at least that
many times as in the BagOfintegerVals).

Member
e Syntax: Menber ( IntegerExpr, SetOfintegerVals)
e Type Constraint

* IntegerExpr isan integer expression.
o SeOflntegerValst isaset of integer values.
» Constrains Integer Expr to be amember of SetOflntegerVals.

NotMember
* Syntax: Not Menber ( Integer Expr, SetOflntegerVals)
o Type Constraint

 IntegerExpr isan integer expression.
» SeOflntegerValst isa set of integer values.
» Constrains Integer Expr not to be a member of SetOfIntegerVals.

1.5 Logical constraints

In EaCL constraints can be combined to make more complicated constriants, using
logical constraints, which can be used to constrain the combinations of those
constraints that must be satisfied. We list the set of logical constraints availablein
EaCL below.

AND

* Syntax: Conl AND Con2

 Type Constraint

* Conl and Con2 are constraints.

» Theoveral ANDed constraint holdsif and only if both the constraints hold.

* Syntax: Conl OR Con2
 Type Constraint
* Conl and Con2 are constraints.

» Theoveral ORed constraint holds if and only if one or both of the constraints
hold.

XOR

e Syntax: Con2 Xor Con2

 Type Constraint

* Conl and Con2 are constraints.

* Theoveral XORed constraint holds if and only if only one and only one of the
constraints holds.

NOT

* Syntax: NOT Con
 Type Constraint
* Conisaconstrant.
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The overall NOTed constraint holds if and only if the constraint Con does not
hold.

IFF

Syntax: Conl | FF Con2
Type: Constraint
Conl and Con2 are constraints.

The overal constraint holdsif and only if both the constraints hold or neither of
them do.

IMPLIES

Syntax: Conl | MPLI ES Con2
Type: Constraint
Conl and Con2 are constraints.

The overal constraint holdsif and only if Conl does not hold or both Conl and
Con2 hold.

1.6 Set constraints

Set expressions are expressions built from the functions and operators from Section
1.8, set variables or static sets containing integer values only.

Member

Syntax: Menber (IntExpr, SetExpr)

Type: Constraint

IntExpr isan integer expression.

SetExpr is a set expression.

Constrains IntExpr to be amember of SetExpr.

NotMember

Syntax: Not Merber (IntExpr, SetExpr)

Type: Constraint

IntExpr is an integer expression.

SetExpr is a set expression.

Constrains IntExpr not to be a member of SetExpr.

Subset

Syntax: Subset ( SubSet, Set)
Type: Constraint

Subset and Set are set expressions.
Constrains SubSet to be a subset of Set.

StrictSubset

Syntax: Strict Subset ( SrictSubSet, Set)
Type: Constraint

StrictSubset and Set are set expressions.
Constrains SubSet to be a strict subset of Set.



Technical report CSVI-324 7

AllIDigoint
 Syntax: Al | Di sj oi nt ( ListOfSets)
* Type Constraint

» ListOfSetsisalist of set expressions.
» Constrains the intersection of all elements of ListOfSets to be the empty set.

1.7 Integer functions

Arithmetic operators+,-,*,/, %
* Syntax: IntegerExprl ArithOp IntegerExpr2 where ArithOp ==+ |- |* |/ | %
* Type Integer expression
» Parameters: Integer Expr1 and Integer Exprlare integer expressions.
» Returns an integer expression, as follows:
+, constrained to be the sum of Integer Expr1 and Integer Exprl
-, constrained to be Integer Expr1 minus Integer Exprl
*, constrained to be the product of IntegerExprl and Integer Exprl
/, constrained to be Integer Expr 1divided by Integer Exprl
%, constrained to be the remainder of IntegerExprl / Integer Exprl

Abs
« Syntax:  Abs( IntegerExpr)
* Type Integer expression

* IntegerExpr isan integer expression.
* Returns an integer expression constrained to be absolute value of Integer Expr.

Power
* Syntax: Power ( IntegerExpr, IntegerVal)
* Type Integer expression

* IntegerExpr isan integer expression.

* IntegerVal isan integer value.

* Returns avariable constrained to be equal to Integer Expr to the power of
IntegerVal.

Count

» Syntax:  Count ( ListOfIntegerVariables, ListOfIntegerValues)

* Type Integer expression

» ListOfintegerVariablesisalist of integer variables

» ListOfIntegerValuesisalist of integer values

* Returns an integer expression equa to the number of variablesin
ListOfInteger Variables with avalue from ListOflnteger Values.

Sum
* Syntax: Sun ListOfInteger Exprs)
* Type Integer expression

» ListOfintegerExprsisalist of integer expressions
* Returns an integer expression constrained to be equal to the sum of the variablesin
ListOfInteger Exprs.
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ScalProd

* Syntax: Scal Pr od(ListOfInteger Exprs, ListOflntegerValues)

* Type Integer expression

» ListOfintegerExprsisalist of integer expressions

» ListOfIntegerValuesisalist of integer values

* Returns an integer expression constrained to be equal to the sum of the product of
each element of ListOflnteger Exprs multiplied by the corresponding element in
ListOfIntegerValues.

Minimum
o Syntax:  Minimum(ListOflnteger Exprs)
e Type Integer expression

o ListOfintegerExprsisalist of integer expressions.
e Minimum is constrained to be the minimum of the ListOfInteger Exprs.

Maximum
o Syntax: Maximum(ListOflnteger Exprs)
 Type Integer expression

» ListOfintegerExprsisalist of integer expressions.
* Maximum is constrained to be the maximum of the ListOflnteger Exprs.

Operator [] — the indexing operator

* Syntax:  ListOfIntegerValues[Integer Expr]

 Type Integer expression

* ListOfIntegerVauesisalist integer values.

* IntegerExpr isan integer expression.

o ListOfintegerValues[Integer Expr] is constrained to be the Integer Exprth element
of ListOflntegerValues.

1.8 Set functions & operators

Intersection

e Syntax: I nt er sect i on( ListOfSetExprs)
 Type Set expression

o Parameters: ListOfSetExprsisalist of set expressions

* Returns a set expression constrained to be the intersection of all the members of
ListOfSetExprs.

Union

* Syntax: Uni on( ListOfSetExprs)

s Type Set expression

o Parameters: ListOfSetExprsisalist of set expressions

» Returns a set expression constrained to be the union of all the members of
ListOfSetExprs.

#
* Syntax: #SetExpr
 Type Integer expression
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o Parameters: SetExpr isaset expression.
* Returns an integer expression constrained to be the size of SetExpr.

1.9 Lists

Lists of objects may be created in two ways, either by listing all the elements, e.g.
[1,2,3,4] or using an intensional definition, where the elements of the list are specified
by a predicate. The syntax for an intensional definition of alist is asfollows:

[ expr | some predicate on expr, RangeDeclarations]
where RangeDeclarations is either:

subset s expr of SomeList,

subl i st s expr of SomeList,

subseqs expr of SomeList or

expr i n SomeList where SomeL.ist is either:
alist of values,
aset of values,
arange of values, specified by [ minval . . maxval] .

This means expr can iterate over all subset s of some set of values, al subl i st's
of somelist of values, al subsequences of consecutive elements of some list of
values, or all elements of some range of values, allowing excellent array, list and set
handling, vital to produce clear and elegant specifications of many constraint
programming problems.

The vertical bar “|” should be read, as such that, and commas are read as “and”. An
example of alist specifying the even numbersin the range of integers from 0 to 10
might be defined:

[ x| xin[0..10], x %2 = 0]

Similarly, sets of values (thisis different from set variables, as the sets must be static)
may be specified in the same way, except curly brackets are used on the outside:

{ expr | some predicate on expr, RangeDeclartions}
where RangeDeclarations is the same as defined for intensional lists

It should be noted that the predicates for defining intensional lists and sets should not
contain any problem variables.

Lists and sets may be concatenated together using the ++ operator. The syntax is:
Listl ++ List2 Or Setl ++ Set2

Anexamplemightbe[ 1, 2, 3, 4] ++ [5, 6, 7, 8], which would be equivalent to
[1,2,3,4,5,6,7,8]. Smilarly for sets, thiswould be{ 1, 2, 3, 4} ++

{5, 6, 7, 8}, whichwould beequivalentto{ 1, 2, 3, 4, 5, 6, 7, 8} . If one wants
to find the length of some list or set, we use the # operator to obtain this:

eg.#[1, 2, 3,4,5, 6] (evauatesto6)
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1.10 Forall, if, else, .. constructs

Sometimes alot of similar constraints may need to be placed on an array or list of
variables, with certain conditions on which variables are constrained and which are
not. The Forall construct isfor such situations, and is used to specify ranges of index
values, possibly subject to some predicate, so that multiple constraints may be
specified over the indices specified. The syntax of Forall is asfollows:

Foral | ( RangeDeclarations, optional predicate on expr)

//Constraints

Where RangeDeclarationsis the same as defined for intensional lists
An example where the Forall construct might be used is for specifying the N queens
problem in EaCL, see Figure 3. The predicates must not contain any problem

variables.

Pr obl em NQueens
{

Dat a
/1 The nunber of queens in the problem
N := 8;
}
Dormai ns
{
/I N possi bl e positions per row
I nt Dom Row=[ 0, N- 1] ;
}
Vari abl es

/1 One queen per row
IntVar QN :: Row;
Constraints

/I Make sure that no queen attacks anot her
Forall (i in[O0..N1], j in[O..N1], i <)

qi] <>qjl: ,
qi] - Qqj] <>i - j;
qi] - djl <=j - i,

}

Figure 3: Example use of Forall for specifying the N queens problem

If several different conditions (these must not contain any variables) need to be placed
on arange of indices, then If Else constructs may be used to enforce these. The syntax
of If Else (the Else parts are optional of course) is.
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| f (predicate onindices)
//Constraints

}EI se | f (predicate2 onindices)
//Constraints

El se

/IConstraints

1.11 User defined constraints and functions

Some groups of constraints and functions need to be defined several times, with
slightly differences every time. User defined constraints and functions can be used to
help to minimise mistakes in rewriting them and simplify the problem definition. This
also makes the problem definition more modular, making changes easier to make. The
syntax for a user-defined constraint is as follows:

Const ai nt NanmeO Const r ai nt ( Parameters)
{

}

An example isthe AtLeast constraint, which can be expressed in terms of the Count
function:

//List of constraints whose conjunction forms this new constraint

Constraint AtlLeast(m, vals, vars)

Count (vars, vals) >= mm;

In addition to user-defined constraints, the user may sometimes find it useful to define
their own functions. The syntax for user defined functionsis:

Funct i on NameOfFunction( Parameters)

[/1nternal details
return result;

}

A simple example might be afunction for squaring its parameter:

Functi on Squar e(x)

return x * Xx;

}

It should be noted that user-defined constraints and functions must be defined, before
they are used in the problem file.
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2. Optimisation section

The optimisation section is used to specify a criteria which we wish to minimise or
maximise. The syntax for the optimisation section is:

Opti m sation

{

M ni m se (somefunction);
}
Or
Opti m sation
{

Maxi m se (somefunction);
}

Only one Minimise or Maximise criteria may be specified for each problem, and
somefunction must be an integer variable or integer expression. This syntax allows the
minimum violation problem to be specified simply and easily using the Count
function to count the number of violated constraints, aswell as more conventional
integer optimisation problems.

3. An example: A Job-shop scheduling problem

A factory is asked to produce 4 products. Each product must be produced according to
adeadline. Each product has to be processed by four machines, A, B,CandD ina
specific sequence, each for a specific amount of time. The sequences and time
requirements are listed in the following table.

Step 1 Step 2 Step 3 Step 4
Product 1 Machine 1 Machine 2 Machine 3 Machine 4
4 minutes 5 minutes 4 minutes 3 minutes
Product 2 Machine 2 Machine 1 Machine4 | Machine3
2 minutes 8 minutes 6 minutes 2 minutes
Product 3 Machine 4 Machine 3 Machine2 | Machinel
2 minutes 2 minutes 6 minutes 4 minutes
Product 4 Machine 4 Machine 1 Machine2 | Machine3
5 minutes 3 minutes 8 minutes 2 minutes

Table 1: Sequence and time requirementsfor a Job-Shop scheduling example
problem

The problem isto find a schedule for al the jobs, which meets the sequence
requirements in Table 1 and minimises the maximum time to finish all the jobs.

//

//Job-shop scheduling problem

//10/6/98, Patrick Mills,  written

//2/2/99, Patrick Mills, modified to minimise
// the duration to finish
// all jobs.

//

Problem:JobShop
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{

Data
{
nprods:= 4,
prodsmn:= 0;
prodsmx:= nprods-1;
nsteps:= 4,
stepsmn:= 0;
stepsmx:= nsteps-1;
machine:= [[1,2,3,4],
[2,1,4,3],
[4,3,2,1],
[4,1,2,3]];
duration:;= [[4,5,4,3],
[2,8,6,2],
[2,2,6,4],
[5,3,8,2]];
mxlaststart:=  23;
}
Domains
{
IntDom Time=[0,mxlaststart];
IntDom EndTime=[0,50];
}
Variables
{
IntVar startstep[nprods][nsteps]::Time;
IntVar endjob[nprods]::EndTime;
}

Constraints

{

//Check sequence is time is correct and within deadline
//(Assume product can be moved from one machine to another
//immediately)
Forall (pi in [prodsmn..prodsmx], si in [stepsmn..stepsmx])
{

//Check in sequence

If (si < 3)

{

}

startstep[pi][si] + duration[pi][si] <= startstep[pi][si+1];

}

//JobA and JobB must not overlap
Constraint NoOverlap(startstepA, startstepB, durationA, durationB)
{

(startstepA >= startstepB + durationB)

Or

(startstepA + durationA <= startstepB);

}

//Check no overlap of jobs on the same machine
Forall (pi in [prodsmn..prodsmx], pj in [pi+1..prodsmx])

{

Forall (si in [stepsmn..stepsmx], sj in [stepsmn..stepsmx])

13
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{
If (machine[pi][si] = machine[pj][sj])
{
NoOverlap(startstep[pi][si], startstep[pjl[si],
duration[pi][si], duration[pj][siD;
}
}

}

//Calculate the end times for each job
Forall (pi in [prodsmn..prodsmx])

{
}

endjob[pi] = startstep[pi][3]+duration[pi][3];
}
//Minimise the maxium finish time of a job
Optimisation

{
}

Minimise(Maximum([endjob[pi] | pi in [prodsmn..prodsmx]]));

}

The datafrom Table 1 is stored in the Data section of the problem file in the lists
machine, duration and deadline. The domains of variables are the set of possible start
times for each job. The variables are the start times of each step of each product, and
are represented by atwo dimensional array of variables. The sequence constraints are
specified using the Forall construct in conjunction with the If Else construct, ensuring
that each step has finished before the next starts. A user-defined constraint is used to
specify that there should be no overlap between jobs, using the same machine. The
auxilary variables endjob are constrained be the end time for each job. Finally, the
optimisation section is used to minimise the maximum end time of any job.

4. Conclusion

We have presented EaCL, anew high level declarative language for describing
constraint satisfaction and constraint optimisation problems in a structured fashion. It
includes facilities for indexing arrays, generating intensional lists and sets, and
building user defined constraints and functions. It is easy to use, abstracting out many
of the details present in conventional constraint programming languages, yet powerful
enough to specify real world problems.
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