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ABSTRACT

Vertex coloring of a given a graph G= (V, E) consists of assigning a color to each vertex in such a manner that every adjacent vertices
have assigned different colors. Graph coloring problem belongs to the class of combinatorial optimization problem and studied due
to its lot of applications in the area of data science, networking, register allocation and many more. In the processes of allocation of
the colors for vertices in the graph will done in such a manner that number of used color is minimum. Most of the existing algorithms
available in the literature normally deals the problem by taking consideration above constraint at time of assigning the color to the
vertices but sometimes it generates some more constraints during assignment of colors to vertices in the process and needed to be
handled explicitly and thus it increases the running time of the algorithm. In this research paper we propose an algorithm based on
adjacency matrix representation of graph along with matrix representation of the available colors that solve the problem without
generating any additional constraints at intermediate stages in coloring process.
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Graph coloring is one of the most and frequent studied
combinatorial optimization problems in graph theory. A
graph G can be defined as pair (V, E) where V is the set of
vertices and E is set of edges. The graph coloring problem
can be defined as to assign the color to every vertex of
the graph by keeping the constraints that no two adjacent
vertex have same color and in this process of assigning

Article Information:*Corresponding Author: ajayshuk@gmail.com
Received 15/03/2019 Accepted after revision 25/06/2019
Published: 30th June 2019 Pp-472-477

This is an open access article under Creative Commons License,
Published by Society for Science & Nature, Bhopal India.

Available at: https://bbrc.in/

Article DOI: http://dx.doi.org/10.21786/bbrc/12.2/33

the color total number of used colors should be minimum.
The minimum number of colors that will used to color the
vertices of the given graph is called chromatic number of
the graph. Graph coloring problem is one of the NP-Hard
combinatorial optimization problems which is studied
for its complexity associated with computation and for
its numerous applications in real world problems. These
real world problems mapped into graph coloring problem
and solved using a graph coloring algorithm. A few of its



applications found in literature are scheduling in differ-
ent area of applications (Gamache et al 2007, Zufferey et
al 2008), time slots allocation in time table (Werra 1985,
Burke et al 2007), allocation of register (Werra et al, 1999),
assignment of frequency (Smith et al, 1998), application
in communication network (Woo TK et al, 2002), Sudoku,
pattern matching and applications in parallel computing,
(Hao et al, 2017).

Mostly the algorithms that are used to solve the graph
coloring problem can be categorized into two different
categories named as approximate algorithms & exact
algorithms (Méndez Diaz I. et al, 2008, Lucet C. et al,
2006, Méndez-Diaz I, et al 2006, Malaguti E, Monaci M,
Toth P, 2011, Segundo PS, 2012). Approximate algo-
rithms includes various techniques to solve the problem
such as construction method for register allocation (Chai-
tin GJ, 2004), iterated local search (Caramia M, DellOlmo
P, 2008), algorithms based on population (Porumbel DC,
Hao JK, Kuntz P, 2009, Dowsland KA, Thompson JM,
2008), algorithms based on hybrid approach (Galiner P,
Hertz A, Zufferey N, 2008) and other methods based on
hybrid local search (Prestwich SD, 2008).

Algorithms available in literature for solving graph
coloring problem are mostly approximate in nature due
to its hardness and little are exact. For real world appli-
cations, the encoding into graph coloring problem is
often large and may be not suitable for exact algorithms
due to difficulty to solve the large instances after enu-
meration of search space of the problem.

The constraints in graph coloring problem can be
expressed as no two adjacent vertices have same color
which is quite simple but this constraint may infer few
more constraints among non-neighboring vertices in
the graph. The methods available in the literature to
deal such problem involves the encoding of the prob-
lem using k number of colors into Boolean satisfiabil-
ity problem and then algorithm search & explore the
additional constraints generated among non-adjoining
vertices by the use of conflict driven clause learning .

In this paper we propose a new algorithm to find the
solution for graph coloring problem based on adjacency
matrix representation of the given graph for k available
colors. In the process of coloring of the vertices in the
graph the proposed algorithms that uses only the related
to adjacent vertices in the graph and does not gener-
ate any additional constraints during coloring process
at intermediate stages and thus it avoids any additional
constraints to be handled in the process.

LITERATURE REVIEW

In literature there are various techniques available to
solve graph coloring problem. In an approach which is
based on the conflict driven clause learning with back-
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tracking (Zhaoyang Zhou et al 2014). The approach by
the researchers addresses the solution of k-colorability
problem with conflict driven clause learning. Research-
ers have formulated the solution of the problem without
encoding the constraints between adjoining vertices in
SAT form. Whenever a dead end has encountered algo-
rithm called an implicit constraints generated at inter-
mediate stage. All the constraints searched in this way
was represented as CNF clause.

Algorithm1 cdclgep(G,S,I)

[/The input data for the procedure will Graph G, colo-
ing solution set //S which is partial initially € recursive
level L

/] in the graph Kv is set of vailble colors with each ver-
tex v in G.

[| The algorithm1 executed initially by calling
cdclgep(G,NULL,0).

/] The output will be colour solution set S.

Start :

If( the graph G is NULLL graph )

return S

Call procedure unitpropagation (G,S,1)

If (kv is empty corresponding to a vertex in the graph or
there is a NULL clause)

{

Find the reason R by analysing the conflict.

If (reason is empty)

return NULL

If (R is non empty)

{

Compute

Implicit constraints =

Implicit constraints U ( R)

Call procedure backtracking for 2nd largest level(R)

}

Else

return NULL

}

From the graph G choose a vertex v using heuristics

do

{

Delete color C1 from the colorlist of available colors of
adjacent vertices of v.

mark the each removal of color C1 as a reason in 1+1
level.

S=cdclgep((G\v,SU(marked reason), 1+1)

If (S is not NULL)

return S

Add C1 to Kv of every adjacent vertex to v

while( each color C1 explored in colorlist Kv)
return NULL
End.
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The unitpropagation procedure simply discover and
generates other unit clauses, unit vertices using propa-
gation. In case the occurrences of conflicts, the reason is
analyzed using CNF representation and analyze conflict
() procedure.

The algorithms proposed by the researchers is runs in
two phases. In the first phase the algorithms search &
constructs set of implicit constraints in the graph color-
ing process and uses it to crop the large search space
generated. In the process researchers have applied DSA-
TUR heuristic for the construction of implicit constraints.
Next phase of the proposed algorithm constructs the col-
oring solution set using unit propagation method.

Another approach reported in literature where
researchers have tried to give the solution of the graph
coloring problem based on genetic algorithm & fuzzy
logic (Beigh Tabiya Manzoor et al, 2016). Researchers
have defined the following parameters for the optimiza-
tion in their algorithm

a.  Initial population (used random generation)
For selection (used alpha cut based selection)

C. For crossover (used 1- point crossover with
probability .8)

d. In mutation phase they have used swapping
with probability 0.01

On the basis of above parameters they have proposed
the algorithm that runs in the following manner:

Algorithm 2

. Random initialization of population

. Evaluation of fitness value

. Selection of population based parameter defined

. Applying crossover on resulting population in pre-
vious step

5. Apply mutation & replacement operator on data

set obtained in previous step.
6. If result obtained is required solution set then exit
else goto step 2.

BN =

Researchers have proposed above algorithm to solve
the problem using optimization techniques based on
fuzzy logic & genetic algorithm and tried to give the
optimal solution.

Few more techniques have reported in literature in
which researchers have proposed the solution by trans-
forming the vertex coloring problem into coupled oscil-
latory networks (Parihar Abhinav et al, 2018). Another
approach is based on graph encoding in the form of
adjacency list and researchers have given the solution
of the problem with the help of color adjacency list rep-
resentation of available colors (Shukla, Ajay Narayan
et al, 2019). One application area of the problem has been
reported in which researchers have tried to address the

problem of Device-to-Device communication in wireless
networks for improving spectrum utilization and pro-
posed the solution for resource sharing based on graph
coloring concept (Tinghan Yang et al, 2017). The other
area of applications of the graph coloring problem that
has recently reported (Xudong Zhu et al, 2017, Mohanad
Mohammed Abdulkareem et al ,2017)where application
problem has transformed in graph coloring problem to
find the solution .

Due to versatile applications of graph coloring prob-
lem the methodology used for getting the solution of
problem & its complexity is always of the interest of
the researchers. A few different approaches to solve the
problem based on the types of graphs they have consid-
ered for their research problem has discussed in litera-
ture (Jaffke L et al, 2017, V.V. Lozin et al, 2017, Petr A.
et al, 2016, Arumugam, S et al, 2017).

The graph coloring problem has also addressed for
its solution based on cellular learning automaton for
getting efficient solution (Rezapoor Mirsaleh, M., Mey-
bodi, 2016). Graph that is free from induced subgraph
another approach may be applied to solve the problem
by finding the path & cycles among the given number
of vertices (Shenwei Huang, 2016). Another variation of
coloring problem is in partition graph coloring problem
where with help of optimization technique new results
have evolved (Stefka Fidanova, Petrica Pop, 2016). Simi-
larly graph coloring problem has also used to address
pricing problem (Morrison David R et al, 2016) and in
fuzzy coloring for fuzzy graphs (Samanta, S. et al, 2016)
for its efficient solution.

MOTIVATION FOR OUR APPROACH

Mostly the solution proposed by researchers have based
on explicit constraints of the graph coloring problem
along with auxiliary procedure used for handling the
other constraints generated during the coloring of ver-
tices in the graph. Some researchers have used learnt
clauses management to reduce the search space for col-
oring by applying certain heuristics. On the other hand
some of them have used some other techniques based on
genetic algorithm.

In my approach I have devise a new approach that
uses only defined constraints for graph coloring problem
in the literature and in the coloring process there will be
no generation of any additional constraint that required
to be handled explicitly. So this approach will reduce the
running time for solving the problem.

The proposed approach is based on the representation
of given graph in the form of adjacency matrix where
the entry in the matrix corresponding to adjacent verti-
ces is 1 otherwise it will 0. Suppose if the given graph is
having n number of vertices then it requires to be stored
in an nXn square matrix to represent the graph.
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In addition to above if there are k number of avail-
able colors that will use to assign the colors among the
vertices of the graph, we have created additional color
matrix of the dimension nXk.

Finally a 1-D array of size n in the algorithm is used
to store color that have assigned to every vertices of the
graph.

Data Structure Used For The Problem:

As stated in previous section we present our proposed
algorithm matrix representation of the graph, set of
available colors and a one dimensional array for storing
final color information corresponding to every vertex in
the graph.

Suppose given a 3-colorable graph as shown in the
figurel and its adjacency matrix has shown in Tablel.

0':‘1;

FIGURE 1. Colorable graph

Table 1. Adjacency matrix representation
of figure 1
0 1 2 3 4
0 0 1 1 0 0
1 1 0 0 1 0
2 1 0 0 1 0
3 0 1 1 0 1
4 0 0 0 1 0

We have additionally used a color matrix and the
matrix representation of available colors for graph can
be described as follows:

Table 2. initial color matrix
representation for the graph

| 0 1 2
0 1 1 1
|1 1 1 1
2 1 1 1
|3 1 1 1
4 1 1 1

In the above Table 2 the first row of the matrix rep-
resents the number of available colors where each color
is given a discrete value say for example o represents
Red, 1 represent Green and 2 represents Blue color. The
first column in figure 3 represents the vertices in the
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given graph. The values in the color matrix is initially
filled with 1 that indicates any color may be assigned
to any vertex initially at the starting of the algorithm
and in later stage color matrix will updated as O or 1.
The updation of values in the color matrix will done in
the manner that if cm[i][j] is 1 then the jth color may be
assigned to vertex i in the graph otherwise it is O the jth
color cannot assign to vertex i.

Final colors assigned to the vertices of the will stored
in the form discrete values into one dimensional array
color(].

PROPOSED ALGORITHMS

In the proposed algorithms we are using adjacency
matrix for graph, color matrix, number of available
colors and finally assigned color array as global.

Algorithm 3 assigncolor (int i)
{

int i1=i;

for j=0 to k-1

iflemli1][jl==1)

color[i]=j;

ic=j; // here ic is global
cm[i] j]=0;

break;

}

}

}

In the above algorithm we are assigning the color to
the vertex i that can be obtained from the color matrix
after testing the feasibility of assighment of the color in
from the execution of for loop.

Algorithm 4 updatecolor( int j)
for 1=0 to k-1

iflcm[j][l]==1¢&t€tic==I)
cmlj][1]=0;

}

}

Above algorithm4 runs to update the values in the
color matrix corresponding to those vertices which have
previously assigned some color & these values becomes
0 in the color matrix cm([][].

Algorithm 5 GCP Color( )
{

for i=0 to n-1

assigncolor(i);
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for j=i+1 to n-1
if(afil(jl==1)
updatecolor(j);

}

Initially algorithm 5 will call algorithm3 to assign the
color to vertices of the graph .Once color has assigned
to a particular vertex in the graph , calls algorithm 4 to
update the color matrix.

WORKING OF PROPOSED ALGORITHM &t ITS
ANALYSIS:

Before starting of the algorithm we are assuming that
the given graph has stored in the form of adjacency
matrix a[][] where entry if a[i][j] is 1 then vertex j is
adjacent vertex to i otherwise if it is 0 j is a non-adja-
cent vertex to i. Similarly color matrix em[][] is initially
assigned as 1 for its every value and it has been updated
in algorithm4 .

We have executed above proposed algorithm on
several graphs and found it will always terminated by
assigning the colors to the vertices of the work in the
form of exact algorithm that is it will uses the minimum
colors to color the graph.

Suppose the algorithm runs on the given graph in
figure 1 after the assigning the colors to the vertices say
0 the content of color matrix (Table 3) and color assign-
ment array (Table 4) will as follows:

Table 3. content of color matrix
after assigning vertex 0 as Red.

0 1 2
0 1 1
1 0 1 1
0 1 1
1 1 1
1 1 1

I RVCIN I S}

Table 4. color array after assigning
color Red (0) to vertex O in the graph

o T T [ ]

Analysis of proposed algorithm:

The formal analysis of the proposed algorithms is simple.
We have implemented the proposed algorithm on windows
based Turbo C although it can be implemented on any plat-
form without affecting its complexity. Suppose the number
of vertices in the given graph is n and total number of
available colors is k. The formal analysis of algorithms pro-
posed may be done in the following manner:

e The procedure assigncolor( ) will called n times
which in turns executes maximum k times for

every calling so the total number of execution time
will be( n*k )times.

e The procedure updatecolor( ) will called n-1 times
for its every calls by GCPColor and in this case the
total number of calls of procedure updatecolor( )
will be (n*(n-1)) times.

e The instructions in procedure updatecolor( ) itself
executed maximum k times in every call.

e So the total number of times instructions executed
in procedure updatecolor( ) will be (n*(n-1)*k)

Finally the total number of instructions executed
in the proposed algorithm will be (n*k)+(n*n-1*k).It is
therefore complexity of the proposed algorithm will be
0( n*(n-1)*k).

CONCLUSION & FUTURE SCOPE:

In the proposed research work we tried to give the solu-
tion for graph colouring problem with the help of tradi-
tional data structure available in the literature by adopt-
ing a completely new approach. Although the solution
for the problem available in the literature in the form
of either approximate or exact algorithm but every
approach have its own flaw. In some cases algorithms
will work for dense graph but fails to work satisfactory
in case sparse graph. In our case the proposed approach
will work with same capability in any kind of graph
without affecting its complexity.

Since the graph coloring problem is a NP class prob-
lem, so there will be always possibility of improving the
running time of algorithm and this may be improved
by either changing the data structure that reduces the
complexity for the searching the adjacent vertices for
updating the color list corresponding to each vertex in
the graph or by use of certain heuristics that reduces the
search space updating the color matrix.
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