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1 Context

Constraint satisfaction problems (CSP) are widely studied in a large area of computer sciences, and
many problems can be treated as CSPs. Furthermore, many solving methods exist such as complete
methods, local search (for example tabu search) and genetic algorithms (GA) [4]. The goal of this
paper is to show that for some graph coloring problems, especially over-constrained, using genetic
algorithms can be advantageous. In the first part, we show the results of using GA versus tree search
methods, to find the minimal number of conflicts for coloring the n-queen problem (from Dimacs
Challenge) with less colors than necessary. In the second part we introduce two graphs extracted
from the wavelength division multiplexing (WDM) problem in all-optical networks [1], and we show
the efficiency of GA to find the optimal (i.e. the minimal number of conflict in number of violated
constraints) solution compared to tree search methods. We show that without special tuning of its
parameters, GA outperforms these methods.

2 Using a Genetic Algorithm to solve over-constrained Graph
Coloring Problems

Many methods can be combined with GA for solving graph coloring problems, like adaptive methods
[5, 12], or hybrid methods [7], but in this paper, we only want to study the efficiency of standard GA
with standard parameters. For these experiments, we used a GA Engine called AgCSP [3], which is
dedicated to solve discrete CSPs. It works like a standard GA, but the chromosomes are integer coded
instead of binary coded. It is easier to treat problems as graph coloring or random CSP using this
coding when the domains of the variables are finite. The crossover is a 1-point crossover, the mutation
is a per-allele mutation and a tournament selection is used. The evaluation function counts the number
of violated constraints. For all the experiments the crossover rate is set to 1.

For the complete method, we used the ILOG solver library [9]. As the problem is a MaxCSP problem,
thus an optimization problem, we used a branch and bound schema. To help the search, we used several
heuristics. The variable selection heuristic is the dom/deg (minimum of the ratio between the domain
size and the degree) from Bessiere and Régin [2], the value selection heuristic is min-conflict (minimize
the conflicts with the already instantiated variables, the ties being broken randomly) from Minton
et al. [11], and the search method for the exploration of the search tree is the limited discrepancy
search method (LDS) from Harvey and Ginsberg [8]. We used a filtering with forward checking and
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inconsistency counts introduced by Freuder and Wallace [6]. We also used another heuristic described
later. The program using the tree search method for over-constrained graph coloring is called TSOGC
in the rest of the paper.

2.1 The n-queen coloring problem

This is a well known problem from the Dimacs Challenge [10]. The goal is to color the squares of a
chess board of size n X n, such that two squares cannot be of the same color, if they are in the same
line, the same column or the same diagonal. We especially studied the 8 x 8 board queen coloring
problem (8QC).Our experiments on the 8QC show us that AgCSP has good results without special
tuning. Furthermore, TSOGC must be guided by good heuristics to do as well or better.

The 8QC is a 9-coloring problem, but since we want to study over-constrained problem, we tried to
color it with, 5, 6, 7, and 8 colors. For this coloring, minimal number of conflicts is respectively, 66, 40,
18, and for the 8 coloring problem we do not know the solution. We show our results in table 1, where
MC is the minimum of conflicts in number of violations found by AgCSP and % is the success rate (i.e.
percentage of runs for which a solution is found with MC conflicts or less). We used a mutation rate
of 0.01, a population size of 40 with an elitism parameter set to 4. We stopped a run after 100 000
evaluations ( 60 seconds on a P-IIT 450). These results show us that AgCSP can give us good solutions
in a good time ( generally less than 30 seconds) but it is very difficult for it to reach the best solution.
Using TSOGC gives better results than AgCSP when LDS method is used. Otherwise TSOGC cannot
reach as good solutions as AgCSP after ten minutes, whatever its tuning. These results are not very
impressive, but they encouraged us to find other larger and more difficult problems, to improve our
approach.

Nb Color
5 6 7 8

MC % MC % MC % MC %

66 11% 40 3% | <=211] 3% | <=10 | 8%
<=67 | 47% | <=41 | 15% | <=22 | ™% | <=11 | 28%
<=68 | TT% | <=42 | 43% | <=23 | 24% | <=12 | 56%
<=69 | 91% | <=43 | 6% | <=24 | 58% | <=13 | 74%
<=T70 | 100% | <=44 | 91% | <=25 | 81% | <=14 | 91%

Table 1: Percentage of runs of AgCSP for which a solution is found with MC conflicts or less for 8QC

2.2 Two WDM coloring problems

Finding hard graph coloring problems of reasonable size in order to do effective comparisons, is not
simple thing. Especially when you want to know the chromatic number. Thus we have investigated
for graphs containing odd cycles, in which the maximal clique is smaller than the chromatic number.
We found them in problems associated to wavelength division multiplexing (WDM). In all-optical
networks the vast available band-width is used through wavelength division multiplexing : a single
physical optical link can carry several logical signals, provided that they are transmitted on different
wavelengths (colors).

Given a set of requests and their routing on the WDM network, each request is associated to a path
between two nodes of the network. The goal is to find a coloring of the paths such that two paths
sharing an edge have different colors. Therefore, we built the conflict graph of the paths in which
each node corresponds to a path, and two nodes are connected if their corresponding paths share the
same edge of the network in the same way. Thus coloring the vertices of the conflict graph gives a

Porto, Portugal, July 16-20, 2001



MIC’2001 - 4th Metaheuristics International Conference 733

coloring of the paths. In figure 1 (called Htree graph) each path represents one request, that we can
generalize to n requests by path. Thus a node in the conflict graph represents a clique of n nodes in
the graph coloring problem, and an edge represents a complete bipartite graph between the nodes. We
show the resulting coloring graph with two requests by path in figure 2. The set of requests is called
communication instance.

1 4 (13
N——— (1.6) (2.4)
2 3
/ \ (56) 5.4
6 5

Figure 1: A routing for five requests in a Htree graph and its associated conflict graph

Figure 2: The associated graph coloring problem with 2 requests by path

We have defined a graph generator which, given a network, a communication instance and its routing,
returns the coloring graph in Dimacs standard format [10]. For the Htree graph (figure 1 ), if the set
of requests is low (up to 10 requests by paths), the problem is easy for TsoGc. But if the number
of requests is high (above 20 requests by paths) the problem begins to be hard for complete methods.
Thus we experiment with an instance of 30. The generated coloring graph has 150 nodes and 6675
edges, its maximal clique has 60 nodes, and it is colorable with 75 colors. We tried to color it with
60, 65, and 70 colors, with respectively 30, 20, 10 minimal number of conflicts in number of violated
constraints. The results (see table 2) show us very good run time for AgCSP. The minimal number
of conflicts is found in all cases in less than one minute. We run AgCSP with a 0.005 mutation rate,
a population of 50, and elitism set to 4. TSOGC cannot find the minimal number of conflicts in less
than 30 minutes, with only the dom/deg, min-conflict heuristics and LDS method. Thus, we added
another heuristic which tries to break the symmetries by searching a clique and reduces the domain of
the variables in the found clique. We called it nosym. With this new heuristic, the efficiency of Tsocc
depends on the order of the nodes in the generated graph. If we choose the best tunings (as the first
variable to proceed, the seed ...) and the generated graph with the best order for its nodes (i.e. the
one that gives the best results) the best solution is found within less time than for AgCSP. But with
the other generated graphs, the execution time is worse than AgCSP’s results (table 2). No optimal
solution is found after 10 minutes. Note that AgCSP found the optimal solutions whatever the order
of the nodes.

We also made our tests on another graph that we called 3-Penta and which has more maximal cliques,
and should be harder than Htree graph for complete methods. The figure 3 represents the conflict
graph of 3-Penta with one request by path. We generated the coloring graph with 21 requests by path.
It has 231 nodes and 8043 edges, the maximal clique is 42, and it is colorable with 53 colors. We tried
to color it with 45 (minimal number of conflicts is 30), and 50 (minimal number of conflicts is 10).
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Average time
Nb color || 60 | 65 | 70
AgCSP 19s | 26s | 43s

Table 2: Average number of seconds to find the minimal conflict for Htree graph with AgCSP

We show our results in table 3, the mutation rate is 0.005, the population size is 50 and the elitism
was set to 8%. We stopped a run after 200 000 evaluations (800 seconds with a P-IIT 450). AgCSP
found the minimal number of conflicts expressed as the number of violated constraints in 70% cases for
45 colors, and found good solutions (between best and best+2) for 50 colors in 70% cases, whatever
the order of the nodes in the generated graph. TSOGC has the same behavior as for the Htree graph.
Finding a good solution depends on the order of the generated graph. Furthermore, all the heuristics
described before must be used, in particular LDS method and nosym heuristic to reach good solutions
(close to minimal number of conflicts). But, in spite of these tunings (good parameters, all heuristics,
and a “good” order of the nodes in the generated graph), TSOGC could not reach the minimal number
of conflicts in 1 hour.

Figure 3: The 3-Penta conflicts graph

Nb color
45 50
MC % MC %
30 70% 10 5%
<=31 | 100% | <=11 | 40%

<=12 | 70%
<=13 | 97.5%
<=15 | 100%

Table 3: Percentage of runs of AgCSP for which a solution is found with MC conflicts or less for 3-Penta

3 Conclusion

This paper shows that genetic algorithms can be efficient, without special tuning or specialization,
in finding good solutions in over-constrained graph coloring problems. It also shows that GA can
outperform tree search methods, especially when the number of necessary colors is high. This result
is interesting in particular when one has no time to look for a dedicated heuristic to guide a complete
method. The graphs that we considered in our study are dense, and they have some maximal cliques
which are highly connected between them. Furthermore the chromatic number is higher than the size
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of the maximal clique. Thus these problems are very difficult for tree search methods, even using good
heuristics. Local search methods as tabu search or simulated annealing should also be tested in further
experiments, and some testing should be done with hybrid methods and adaptive GAs.
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