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Abstract. The goal of declarative programming is to provide languages
and implementations which let the programmer write programs by spec-
ifying what the properties of the desired solutions should be. In imper-
ative languages, the calculation steps leading to the solutions must be
programmed explicitly. The programming language TURTLE combines
traditional imperative language constructs and declarative constraints.
This blending of paradigms is called constraint imperative programming
in literature, and TURTLE is one instance of this multiparadigm approach.

1 Introduction

Constraints are conditions in a mathematical sense and are well suited for ex-
pressing restrictions on values and relations between objects. Constraint solvers
are program components which can recognize violations of constraints and may
be able to re-establish them by modifying the objects or adapting the relations
participating in these constraints. Constraint programming [1] is a declarative
programming paradigm based on constraints, enriched with mechanisms for con-
trolling the constraint solving process.

The advantages of declarative programming have been generally acknowl-
edged, but imperative programming languages are still the most widely used
programming languages in industry. They still have the advantages of faster
implementations and better tool support.

The programming language TURTLE [2] combines traditional imperative lan-
guage constructs and declarative constraints. This blending of paradigms is
called constraint imperative programming in literature [3].

Other work on integrating constraints and imperative programming includes
Kaleidoscope [4], an object-oriented language which allows to place constraints
on object attributes, and the Alma project, which aims at designing a language
which integrates traditional procedural programming with constraints and non-
determinism [5].

This paper is organized as follows: in Sect. 2, we introduce the principles
behind the design of TURTLE. Section 3 presents a problem which can be well
solved by constraint imperative programming and show the solution in TURTLE.
The implementation of TURTLE is sketched in Sect. 4 and Sect. 5 describes some
areas of future work and finally concludes.



2 Language Design

The design of the language was started by first defining a base language which
includes the basic elements of imperative programming languages: variables, as-
signments, conditionals, loops and subroutines. Additionally, this base language
includes some language features known from functional programming, such as
polymorphic data types, algebraic data types and higher-order functions.

In order to support constraint programming, TURTLE was then extended
with four new language elements: constrainable variables, constraint statements,
user-defined constraints and constraint solvers. This section will describe each of
these features in detail.

2.1 Constrainable variables

Constrainable variables are not set by assignment statements like normal vari-
ables, but instead their values are determined by constraints. Variables must
be declared as being constrainable by assigning them special types. Because
of the separation between these two kinds of variables, the use and seman-
tics of variables can be deduced from their types. The following code frag-
ment declares a constrainable variable of type real and initializes it to the value
0.

var z: !real := var 0;

The values of constrainable variables are not stored directly in the variable,
but instead in a variable object. This object contains additional information for
maintaining constraints in addition to the value. Because of this indirection,
constrainable variables can be shared between different data structures, so that
constraints can be placed on several data objects at once. To fetch the value
of a constrainable variable from its variable object, a dereferencing operation is
necessary, which is expressed by the prefix operator !:

var y: real := !z;

The separation of normal and constrainable variables has the advantage that
the purpose of each variable is visually apparent and can be verified by the type
checker in the compiler. The disadvantage is less flexibility in the use of variables.

2.2 Constraint statements

Constraints are placed on constants and constrainable variables with constraint
statements (see Fig. 1). A constraint statement consists of a constraint conjunc-
tion and a sequence of statements. The constraints are satisfied by assigning
suitable values to their variables as long as the statements in the body are exe-
cuted. The constraints in the conjunctions can individually get assigned priori-
ties, so-called constraint strengths. These priorities specify the importance of the
respective constraints and the solver is free to violate less important constraints



require r = 2 and y >= x and y = 0 : weak in
io.put (ly); // prints “27
end;

Fig. 1. Constraint statement

constraint all_different (I list of lint)
while (tl <> null) do
var [l list of !lint := tl [;
while (Il <> null) do
require hd [ <> hd [
1= tl i
end;
l:=tl
end;
end;

require all_different ([a, b, c]);

Fig. 2. User-defined constraint

(such as weak) if that is necessary to satisfy stronger ones. When no strength is
given, the strongest strength is assumed.

Additionally, the body of a constraint statement can be omitted. In this case,
the constraints stay active as long as the variables mentioned in the constraints
do exist. For global variables, constraints will stay in effect until the program
terminates.

2.3 User-defined constraints

User-defined constraints abstract over constraints, just like subroutines abstract
over statements. Constraint conjunctions, which are needed in several constraint
statements throughout the program, can be collected and be referenced by a
name in order to access the conjunction without the need to specify all in-
dividual constraints wherever they are needed. Figure 2 shows a user-defined
constraint which constrains all elements of a list of integers to be pairwise dif-
ferent. Whenever this user-defined constraint appears in a constraint statement
(as illustrated in the last line of the example), the all_different constraint will
be executed, thus placing inequality constraints on each pair of list elements.
Of course, user-defined constraints can be called in more than one place with
different parameters, thus increasing modularity and reusability of constraints.
User-defined constraints can thus be used to create powerful and generally
useful constraint libraries to be included in several application programs.
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Fig. 3. Layout problem

2.4 Constraint solvers

The constraints specified by constraint statements must be checked, and assign-
ments for constrainable variables must be calculated. This is the task performed
by one or more constraint solvers integrated with the programming language
implementation. The solvers maintain all constraints in constraint stores. The
number and kind of the used constraint solvers is not specified by the language,
it depends on the problems which are to be solved. The TURTLE system imple-
ments a generic interface between compiled code and the constraint solvers.

The current implementation of TURTLE includes a solver for finite domain
constraints and one for real numbers, and other solvers (for other domains or
stronger solvers) can easily be integrated.

3 Example

For illustrating constraint imperative programming with TURTLE, the following
problem is to be solved: for a typesetting system, the layout of a two-column
page is to be calculated (see Fig. 3). The page has width pw, and on the left and
right of the texts are the left margin Im and right margin rm. Two equally-sized
columns of text (col) are separated by a gap. The following equation is expected
to hold:

pw = Im + 2col + gap + rm

The page width is constrained to be equal to 21 and the margins must both be
2. Additionally, the size of the gap must lie in the interval [0.5, 2], but should be
as narrow as possible. The size of the column should be smaller than 7, as long
as the other constraints are not violated.

Figure 4 shows how these constraints are specified in TURTLE. First, con-
strainable variables of all variables of the problem are created and initialized to
0, because this initial value is not needed here. Then the constraint statement



enforces the constraints informally specified above. In the body of the constraint
statement, the values for all the variables are printed.

module layout;
import io;
fun main (args: list of string): int
var [m: lreal := var 0.0;
var rm: real := var 0.0;
var gap: !real := var 0.0;
var pw: lreal := var 0.0;
var col: lreal := var 0.0;
require Im = 2.0 and rm = 2.0 and pw = 21.0 and
gap >= 0.5 and gap <= 2.0 and gap = 0.5 : medium and
col <= 7.0 : strong and gap + Im + 2.0 * col + rm = pw in

io.put ("lm="); io.put (1Im); io.nl ();
io.put ("rm="); io.put (!rm); io.nl ();
io.put ("gap="); io.put (!gap); io.nl ();
io.put ("pw="); io.put (!pw); io.nl ();
io.put ("col="); io.put (!col); io.nl ();

end;

return 0;

end;

Fig. 4. Layout program

The solving process determines values for the variables as follows:

Because the constraints for Im, rm und pw have highest priority and must

get satisfied: Im = 2.0 A rm = 2.0 A pw = 21.0.

gap may be at most 2.0, so gap = 2.0.

The medium constraint on gap to keep it as narrow as possible cannot be

fulfilled.

— col has to be enlarged in order to fulfill the main constraint: col = 7.5.

— Priority of gap = 0.5 is weaker than col <= 7.0, so the former constraint is
violated.

— Since gap <= 2.0 is required, the constraint on col is violated, too.

Finally, the following assignments to the variables are calculated:

Im=rm=2Apw=21Agap=2ANcol =7.5

4 Implementation

The implementation of the TURTLE language consists of a compiler, a run-time
system (including constraint solvers and a garbage collector) and a library of
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Fig. 5. TURTLE program components

modules, written in TURTLE (operating system interfaces, networking, data type
manipulation, etc.).

The execution model is based on an imperative stack machine, extended to
handle constraints. The various components of a running TURTLE program are
shown in Fig. 5. The code section contains the program code of the TURTLE
program, data contains global data of the TURTLE program as well as the run-
time system. The stack is only used by the run-time system, because activation
records and local data of TURTLE functions is kept in the heap, which contains
all dynamically allocated data structures. The heap is managed by a copying
garbage collector. One or more constraint solver(s) with associated constraint
store(s) maintain active constraints and perform the constraint solving task.

Constraints are internally represented in a symbolic form, which is created
when a constraint is enforced by a constraint statement. This symbolic repre-
sentation is passed to the constraint solver which tries to satisfy it together with
already active constraints. If the constraint cannot be satisfied, an exception is
raised. Exceptions can be handled by the TURTLE program.

The TURTLE implementation described here has been used to implement
various example programs, ranging from short constraint imperative demonstra-
tion programs to larger imperative programs (a frontend of a TURTLE-compiler
including a scanner and a parser as well as a functional web server).

5 Future Works and Conclusion

One problem with the current implementation of TURTLE is the weakness of
the constraint solvers. The integration of stronger constraint solvers is necessary
to make the system practical for larger problems. Another direction for future
research is to use constraints not only for calculation of values, but also for
directing the control flow of the program. The inclusion of nondeterminism is
a possible approach and would be well suited for solving search problems. The
work on constraint imperative programming is only a small fragment of the
larger area of multiparadigm programming, which also includes the combinations
of functional, logic, imperative and other paradigms, such as object- or aspect-
oriented programming.



In this paper, we presented the design of the constrain imperative program-
ming language TURTLE. The design is based on a typical imperative program-
ming language enriched with four language features for constraint programming:
constrainable variables, constraint statements, user-defined constraints and con-
straint solvers. A programming system, consisting of a compiler, a run-time
system and library modules has been implemented. The resulting programming
language is practical and several imperative as well as constraint imperative ex-
ample programs of varying size have been developed to demonstrate the different
language features.
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