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CHIP is a constraint logic programming language originally designed and developed at ECRC
[5], and further developed and marketed by COSYTEC. CHIP is able to solve among other con-
straints (on rationals and booleans), linear constraints over finite integer domains. In this case,
its basic mechanism is the combination of constraint propagation and enumeration of the values in
the domain associated with the given constraints. In this paper we present an original enumera-
tion method based on an algorithm for solving systems of linear Diophantine equations due to E.
Contejean and H. Devie [4]. The difficulty is to show that this enumeration method is compatible
with constraint propagation, and that every solution is computed exactly once.

1 Contejean and Devie’s Algorithm

This algorithm was first developed in order to solve linear equality constraints over natural numbers,
but it can be very easily adapted in order to cope with linear equality and inequality constraints
over finite domains. It is based on a certain enumeration of the potential solutions of a system,
and termination is ensured by an adequate restriction on the search. This algorithm generalizes a
previous algorithm due to Fortenbacher [2], which was restricted to the case of a single equation.
A system S of p homogeneous linear Diophantine equations with ¢ unknowns may be defined by
its associated matrix A = (az'j)1gigp, 1<j<q Which has p rows and ¢ columns:

S = Ar=0

We denote by e; the 4t vector in the canonical basis of N: ej=(0,...,0,1,0,...,0)
—— ———

j—1 times  ¢—j times
A solution of the system S is a tuple v which fulfills the following conditions:
1. visin N9, where N is the set of natural numbers,
2. v belongs to the kernel of the linear application defined by A with respect to the canonical basis.
The set of solutions of S is denoted by S. The set of minimal solutions of S is denoted by M. In
the case of homogeneous systems, all tuples in S are linear combinations with natural coefficients
of tuples in M.

Fortenbacher’s Algorithm

Assume that the system S is reduced to a single equation. It can then be solved by using Forten-
bacher’s algorithm [2] as follows: a directed acyclic graph rooted at the canonical vectors is searched
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breadth-first (indeed, the e;’s are the smallest non-trivial potential solutions of S§). If a node

(21,...,24) is neither equal to or greater than an already encountered solution, then its sons are
generated by increasing by 1 some of its components under the following restriction:
(1)  generate all tuples (x1,...,zj—1,2; + 1,2j41,...,24) such that A(z1,...,x4) X Ae; <O0.

The constructed graph contains all minimal solutions of S, that is the set M, and is finite.

Generalization

In a previous work [3, 4], we have presented a powerful generalization of Fortenbacher’s algorithm
for the case of an arbitrary number of equations. The geometric interpretation of the condition (1)
is displayed on figure 1. Now this condition can easily be generalized to a p-dimension space where
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Figure 1: Geometric interpretation.

p stands for the number of equations in S. The generalized algorithm is similar to Fortenbacher’s
algorithm, except that the condition in order to build the sons of a node z is now:

(p) generate all tuples (z1,...,2j-1,2; +1,2j41,...,%4) such that the extremity of A(x + e;)
lies in the affin half-space containing the origin, and delimited by the hyperplan orthogonal to A(x)
which contains the extremity of A(x).

This can also be expressed in a very simple analytic way: A(x1,...,z4) - Ae; < 0, where - is the
scalar product of vectors. The generalized version is terminating and complete for the case of
systems of linear homogeneous Diophantine equations.

From a graph to a forest

There are some redundancies since some tuples are computed several times, as sons of several
distincts fathers. This can be fixed easily by using “frozen components”. Assume that for each
node z occurring in the graph built by the algorithm, there is a total (arbitrary) ordering <, on
its sons. If a node = has two distinct sons = + ¢;,, and z + e;, such that = +e;, <, = + ¢j,, then
the ji-th component is frozen in the sub-graph rooted at = + e;,: it cannot be increased any more,
even if the geometrical condition expressed by the scalar product is satisfied. This method is still
complete, and builds a sub-forest of the original graph. Here is the part of the algorithm which
generates the sons of a node z:



sons(¥) := son-iter(Z, first-index(%))
son-iter(Z, i) := if frozen-component(Z, i)
then if not(last-component(Z, 1))
then son-iter(Z, next-component(Z, 1))
else
else if A(Z)- A(e;) <0
then generate-a-node(x + ¢;)
else;
if not(last-component(Z, 1))
then son-iter(freeze-component(i, &), next-component(Z, 1))

2 Integration of the algorithm in CHIP

In the case of finite domains, the termination is no longer a problem, and the above method can be
used for enumerating all solutions. Assume that the linear constraints A(Z) = 0 has to be solved
over the finite domain D = D1 x ... x Dg. The constraint propagation is combined with the above
enumeration procedure yielding the following part of the algorithm for generating the sons of a
node z:

—

sons(Z € D) := son-iter(Z € D, first-index(Z € D))
son-iter(Z € D, i) := if frozen-component(Z € D, i)
then if not(last-component(Z € D, i))
then son-iter(Z € D, next-component(Z € D, i))
else
else if is-sol(min(D)) or A(min(D))- A(e;) <0
then generate-and-propagate(Z € D&x; > min(D;))
else;
if not(last-component( € D, 1))
then if propagate(Z € D&x; = min(D;)) = Z € D&x; = min(D;)
then son-iter(Z € D&x; = min(D;), next-component(Z € D, i))
else son-iter(Z € D&ax; = min(D;), first-index(# € D&x; = min(D;), 1))

This enumeration procedure is complete and experimentation is currently under way.
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