11

Contraction-Based Heuristics to Improve the
Efficiency of Algorithms Solving the Graph
Colouring Problem

Istvéan Juhos! and Jano van Hemert?

! Department of Computer Algorithms and Artificial Intelligence,
University of Szeged, Hungary
paper@juhos.info
2 National e-Science Institute, School of Informatics, University of Edinburgh,
United Kingdom
j.vanhemert@ed.ac.uk

Summary. Graph vertex colouring can be defined in such a way where colour assign-
ments are substituted by vertex contractions. We present various hypergraph represen-
tations for the graph colouring problem all based on the approach where vertices are
merged into groups. In this paper, we explain this approach and identify three reasons
that make it useful. First, generally, this approach provides a potential decrease in
computational complexity. Second, it provides a uniform and compact way in which
algorithms, be it of a complete or a heuristic nature, can be defined and progress to-
ward a colouring. Last, it opens the way to novel applications that extract information
useful to guide algorithms during their search. These approaches can be useful in the
design of an algorithm.
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11.1 Introduction

The graph colouring problem (GCP) is an important problem from the class
of non-deterministic polynomial problems. It has many applications in the real
world such as scheduling, register allocation in compilers, frequency assignment
and pattern matching. To allow these applications to handle larger problems, it
is important fast algorithms are developed. Especially as high-performance com-
puting is becoming more readily available, it is worthwhile to develop algorithms
that can make use of parallelism.

A graph G = (V, E) consists of a set of vertices V and a set of edges E C V xV
defines a relation over the set of vertices. We let n = |V|, m = |E|, d(v) is the
degree of a vertex v € V and A is the adjacency matrix of G. A colouring ¢ of a
graph is a map of colours to vertices (¢ : V' — C) where C is the set of colours
used. There can be several such mappings, which can be denoted if necessary
(e.g. c1,¢2,...). A colouring c is a k-colouring iff |C'| = k. It is a proper or valid
colouring if for every (v,w) € E : ¢(v) # c¢(w). In general, when we refer to a
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colouring we mean a valid colouring, unless the context indicates otherwise. The
chromatic number x(G) of a graph G is the smallest &k for which there exists a k-
colouring of G. A colouring algorithm makes colouring steps, i.e., it progressively
chooses an uncoloured vertex and then assigns it a colour. Let t € {1,...,n} be
the number of steps made.

The graph colouring approaches discussed here will construct a colouring for
a graph by progressively contracting the graph. This condensed graph is then
coloured. The colouring of intermediate graphs in examples serves only to help
the reader follow the process. In reality, contractions themselves define the whole
colouring process.

The operations that allow these contractions are naturally parallel. More-
over, they allow us to extract heuristic information to better guide the search.
Two types of graph contractions exist in the literature. The first is the vertex-
contraction; when unconnected or connected vertices are identified as one vertex,
some original edges can either be kept or removed. The name ’contraction’ can
be seen as a merge or a form of coalescing ( [225[226,227.228[229,230,231],232]
[233,[234L235]) as well. The latter is commonly used in the domain of register
allocation problems, which can be modeled as a graph colouring problem. In
the colouring model of the register allocation, vertices are coalesced where this
is safe, in order to eliminate move operations between distinct variables (regis-
ters). The second is the edge-contraction. This approach is similar to the idea
described in case of vertices whenever two edges are merged together, vertices
can be merged.

The purpose of the merging can either be simplification or the combination
of several simple graphs into one larger graph. Both edge and vertex contraction
techniques are valuable in proof by induction on the number of vertices of edges
in a graph, where we can assume that a property holds for all contractions of a
graph and use this to show it for the larger graph.

Usually, colouring algorithms use vertex merging for graph simplification and
graph combination. Simplification is done by merging two or more unconnected
vertices to get fewer vertices before or during colouring. In [225], [220] and [227]
preprocessing of graphs is performed before colouring, where two vertices in a
graph are merged to one if they are of the same colour in all colourings. This
is analogous to studies of the development of a backbone or spine in the satis-
fiability problem [236L237]. Here, the application of merging refers to removing
one of two unconnected vertices. In fact, we could remove also edges that belong
to the removed vertex. The only reason to perform these merges is to remove
unnecessary or unimportant vertices from the graph in order to make it sim-
pler. Those vertices that fulfil some specific condition, will be removed from the
data structure, which describes the graph. This process will result in the loss of
information.

The second approach is to consider two graphs, which have some colouring
properties. For example the property could be that they are not k-colourable.
Then, the two graphs are joined by merging vertices from both graphs to create a
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more complex graph, where the aim is that the original properties are inherited.
In both cases the identified vertices get the same colour.

Register allocation can be modelled as a graph colouring problem, but it is
modelled in other ways too. Coalescing is a terminology frequently used instead
of merging, where two register are coalesced. If the problem is represented by
graph colouring, coalescing is the same as merging unconnected vertices. Register
coalescing techniques can be identified as vertex merging in a graph colouring
problem [228][229]230,2311232].

Using the idea of graph contraction we will describe an efficient graph colour-
ing model, where contractions are performed on unconnected vertices. We will
define two well known and two novel heuristics based on this model. The model
itself serves as a framework to describe graph colouring algorithms in a concise
manner. Moreover, we show how the model allows an increase in the performance
of certain algorithms by exploiting the data structures of the model through sev-
eral heuristics.

11.2 Representing Solutions to Graph Colouring as
Homomorphisms

We define merge operations to perform contraction of the original graph and
subsequent contractions. A merge operation takes two unconnected vertices from
a graph G = (V, E) and produces a new graph G’ = (V’, E’) where these vertices
become one hyper-vertex. If edges exist between another vertex and both the
original vertices, then these become one hyper-edge. If v,v2 € V are merged
to {v1,v2} € V' and both (v1,u), (v2,u) € E then ({v1,v2},u) € E’ is called a
hyper-edge. Examples of merge operations are shown in Figure [T.Il The merge
operation is applied similarly to hyper-vertices.

By repeating merge operations we will end up with a complete graph. If during
each merge operation we ensure only hyper-vertices and vertices are merged
that have no edges between them, we then can assign all the vertices from the
original graph that are merged into the same hyper-vertex one unique colour.
The number of hyper-vertices in the final contracted graph corresponds to the
number of colours in a valid colouring of the original graph. As Figure [Tl
shows, the order in which one attempts to merge vertices will determine the
final colouring. Different colourings may use different number of colours. We
will investigate a number of different strategies for making choices about which
vertices to merge.

Graph colouring solvers make use of constraint checks during colouring. The
adjacency checks to verify if assigned colourings are valid play a key role in the
overall performance (see [238][233[234,235]). The number of checks depends on
the representation of the solution, the algorithm using the representation and
the intrinsic difficulty of the problem. Graph colouring problem are known to
exhibit an increase in difficulty in the so-called phase transition area [227]. In
our experiments we will test several algorithms on problems in this area.
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Fig. 11.1. Examples of the result of two different merge orders P1 = v1,va, v2, vs, 3, V6
and P> = v1,v4,v2,v6,vs3,vs5. The double-lined edges are hyper-edges and double-lined
nodes are hyper-nodes. The P; order yields a 4-colouring (c), however with the P»
order we get a 3-colouring (e).

Merge operations and the contracted graphs can reduce the number of con-
straint checks considerably [239]. There are two main possibilities to check if a
colour can be assigned to a vertex. Either one examines the already coloured
vertices for adjacency or one checks the neighbours of the vertex to validate
the same colouring is not assigned to any of these. Using merge operations, we
will have colour groups instead of sets of coloured vertices, thereby reducing the
amount of checks required. In [235] a speed-up of about logn is derived both
empirically and theoretically.

11.3 Vertex Colouring by Graph Homomorphisms

In this section we describe a valid vertex colouring of a graph G via several
homomorphisms. Let ¢ be a homomorphism, we define ¢ in the following ways,

1. ¢ : V — C defines an assignment from vertices to colours. It provides a valid
colouring if ¢(u) = ¢(v) = (u,v) ¢ E. Let the number of assigned colours
be k, it defines the quality of the assignment when minimising the number
of colours used (See Figure [[T.2)). We can represent the coloured graph by
a composite structure (G, C). A homomorphism can be defined by atomic
steps, where at each step one vertex is coloured. These steps will be defined
in Section T3l

2. The second homomorphism groups vertices of the same colour together to
form hyper-vertices, i.e., colour sets. The edges defined between normal
and hyper-vertices (colour sets) provide an implicit representation of the
colouring by the special graph formed this way. An example is shown in
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Fig. 11.2. Three homomorphisms from graphs to colourings

Figure In this homomorphism, vertices grouped together form hyper-
vertices as colour sets. The original vertices are associated with the colour
set(s) where its adjacent vertices reside. When a normal vertex has more than
one adjacent vertex in a colour set, then all the edges are folded into one
hyper-edge. The cardinality of all the edges that were merged are assigned
as a weight to the hyper-edge. This way we can keep track of the vertices in
relation to the colours, and the cardinality allows us to measure the strength
of such a relationship. We present a basic and a weighted representation
of the contracted graph above, where vertices and edges are merged into
one hyper-vertex or hyper-edge. The matrices that result from these merge
operations are non-square, which is why the representation is called a table.
Due to the basic and weighed edges, there are two types of representations,
a Binary (BMT) and an Integer (IMT) type. The assigned A" % matrix
dimension is k x n. Columns represents normal vertices and rows refer to
hyper-vertices, i.e., colour-sets. Zeros in a row define the members of the
hyper-vertex. Non-zeros define edges between hyper-vertices and vertices.

. The third homomorphism comes from the second by contracting normal
nodes in color sets to one node. Let us define ¢ : G — K. It assigns a
complete graph K to G. The number of vertices of K defines the quality of
the colouring. The colouring is valid iff ¢y (u) = ¢y (v) = (u,v) ¢ E. If we
consider the original colour assignment then we merge all the vertices that
have the same colour assigned. In other words, we can create the homomor-
phism by atomic sequential steps such as, colouring or merging one vertex
at a time. Hence n — k steps are needed to get K. An example is shown in
Figure In the previous homomorphism, the merge operations per-
formed on G result in a complete graph on k vertices: Kj. Vertices as-
signed with the same colour are collapsed into a hyper-vertex, and all edges
that connect to these vertices are collapsed into a hyper-edge. We provide a
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representation of the resulting graph by two different matrices. The first ma-
trix does not rely on the number of collapsed edges it is the basic adjacency
matrix that represents the graph K}, while the second does and it is the
weighed adjacency matrix of the same graph. Here, the homomorphism is
performed on the relevant matrices ¢ : A — A"~ As the matrices that
arise during the steps are square matrices, this model is called the Merge
Square (MS) model. If we do not keep track of the cardinality of the edges
we call this the Binary Merge Square model. Otherwise, we call this the
Integer Merge Square model.

11.3.1 Merge Operations as Atomic Transformation Steps of the
Homomorphisms

The different matrix representations require different kinds of merge operations.
By combining two of these representations with two operations we will provide
four colouring models. The representations are the Binary Merge Square or In-
teger Merge Square and the Binary Merge Table or Integer Merge Table, which
are denoted by A, A, T, T respectively. Merge Squares refers to the adjacency
matrix of the merged graph. The Integer types assign weights to the (hyper-
Jedges according to the number of edges merged into hyper-edges. The Binary
types collapse these edges simply into one common edge. The tables keep track
of the vertices that were merged into a hyper-vertex and their cardinality. The
graph depicted in Figure[IT.3 and its adjacency matrix will be used in examples
to explain the different models.
The zeroth element of the steps is the adjacency matrix of G in all cases:

A=A =T7T"°=T":=A4

We only deal with valid colourings, hence only non-adjacent vertices can be
merged together. In case of Merge Squares representations columns and rows
refer to the same (hyper-)vertex/colour-set. Thus, the condition of the merge
depends on the relation between hyper-vertices; the coincidence of the appro-
priate row and column of the Merge Square must be zero. We can easily see
that this condition is the same for Merge Tables (MT). Hence, we have to check

vy, V1 V2 V3 V4 Us Vs

rm 011001

s 2101000
Uy rs 110101

S 4001010
v rs 00 0101
1 1 01010

Fig. 11.3. A graph G and its adjacency matrix: v-s refer to vertices and r-s refer to
rows, i.e., colours
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the adjacency between a normal vertex (which refers to an MT column) and
a hyper-vertex/colour-set (which refers to an MT row). We can summarise the
merge conditions by af; = aj; = t}; = tf; = 0. Consequently a}; = al; = 0 and
thanks to the inherited graph property af; = af; = aj; = a%; = 0.
We define the following matrices:
P:ee} M : eje W=P-M,

where P (Plus) will be used for addition (or bitwise OR operation) of the j-th
row of a matrix to its i-th row. M (Minus) will support the subtraction of the
j-th row from itself, thereby setting its components to zero. This could be done
also by a bitwise exclusive or (XOR). W combines these operations together.
Let a and b define the i-th and j-th row vector of a merge matrix in step ¢.
We need only n — k contraction steps to get a solution instead of n needed by
the traditional colouring methods. As much hardware nowadays provide CPUs
with vector operations, this opens the possibility to perform the atomic merge
operations in one CPU operation, thereby increasing the efficiency.

We now define the four models formulated both as row/column operations and
matrix manipulations. First the integer-based models and then the binary-based
model, which do not track the number of edges folded into a hyper-edge.

Integer Merge Table (IMT) model

Row based formulation of the i-th and j-th row of T after merging j-th vertex
into i-th: let t; is the i-th row and t ; is the column vector.

ti"'=a+b , t'*'=0 (11.1)
Matrix based formulation:
TH =T+ WT" = (I + W)T" (11.2)

In the example below, rows r; and r4 are merged, after which the row corre-
sponding to colour ¢4 is removed.

V1 V2 VU3 V4 U5 Vg V1 V2 VU3 V4 U5 Vg V1 V2 V3 V4 U5 Vg
r1r 01 1001 {ri,;4} 012011 {ry,ry} 012011
ro 101 000 79 101000 T 101000
r3 1 101 01 3 110101 T3 110101
r4, 001 010 T4 000O0O0O T5 000101
rs 0 001 01 5 000101 T6 101010
re 1 01 010 g 101010

Integer Merge Square (IMS) model

Row /column based formulation: let a; be the i-th row and a ; be the column
vector and define a; and a ; in the same way for the j-th row and column.



174 I. Juhos and J. van Hemert

ajf'=a+b, alt'=0 (11.3)
afl=a'+b, a'f'=0 (11.4)
Matrix based formulation:
AL = A"+ WA + AW’ (11.5)
Since, af; = 0 and a%; = 0, hence WA'W'=0. Due to this fact we can rewrite
I35 as
AL = (I +W)AYT + W) (11.6)

In the example below, a merge square has caused both columns and rows to
be merged. The result is an adjacency matrix of the merged graph with weights
on the edges, which describe the number of edges that were merged.

V1 V2 V3 V4 U5 Vg {U1,U4} V2 V3 V4 U5 Vg {U1,U4} V2 V3 Vs Vg
rr 011001 {r,rst0 12011 {ry,r}0 1211
ro 1 01000 rg 1 01000 rg 1 0100
r3 110101 ry 2 10001 ry 2 1001
r, 001010 ry 0 000O00O0 rs 1 0001
r5 0001 01 rs 1 0000O01 re 1 0110
T6101010 T61 01010
Binary Merge Table Model (BMT) model
Row based formulations:
tt'=  avb | ttt =0 (11.7)
=t —aeb , tit'=0 (11.8)
aeb=  diag(a’b) = Z (a’b)e;
Matrix based formulations:
T =T'v PT' — MT"! (11.9)
T =T =Y (a'b) By (11.10)

J

In the example below, row r4 is merged with row r; to form {ri,r4}, after
which 74 is deleted.
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U1 V2 U3 V4 Us Vg V1 V2 U3 V4 Us Vg V1 V2 U3 V4 Us Vg
r 011001 {rl,r4}011011 {rl,r4}011011
o1 01 000 ro 101000 ) 101000
r3 1101 0 1 T3 110101 3 110101
r, 001 010 r4 000O0O00O0 rs 000101
rs 0001 01 rs 000101 re 101010
r¢ 1 01 010 r6 101010

Binary Merge Square (BMS) model
Row/column based formulations: let a; be the j-th row and a ; be the column
vector.
a™= avb att =0 (11.11)
atft =AYy, dft=0 (11.12)
Matrix based formulations:
At = At v (PA" + A'P") — (MA' + A'™M") (11.13)
At = At v (PA'P") — (MA'M") (11.14)

The example below shows a binary merge collapse, which does not perform
any accounting of merged structures.

V1 V2 U3 V4 Vs Vg {1)1,1)4} V2 U3 V4 Vs Vg {01,04} V2 V3 Us Vg
rn 011001 {7“1,7“4}0 11011 {rl,r4}0 1111
ro 1 001 0 00 ro 1 01000 ro 1 0100
rg 1 101 01 rg 1 10001 rg 1 1 001
r, 001 010 ry 0 00O0O0O rs 1 0001
rs 0001 01 rs 1 00O0O0T1 re 1 0110
r¢ 1 01 010 re 1 01010

11.3.2 Information Derived from the Data Structures

First order structures are the cells of the representation matrices. They define
the neighbourhood relation of the hyper-vertices for the binary and weighted
relation for the integer models.

Secondary order structures or co-structures are the summary of the first or-
der structures; i.e., the rows and columns in the representation matrices respec-
tively. They form four vectors. Since, sequential colouring algorithms take steps,
and the coloured and uncoloured part of the graphs are changing step-by-step
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Fig. 11.4. The original graph, its induced sub-IMT and then its induced sub-IMS
when colouring is in progress. (a) gives the sum of the degree of the nodes, (b) gives
the number adjacent vertices already assigned a colour, (c) gives the degree of the
hyper-vertex, and (d) gives the number of coloured hyper-edges.

it is worth to define these structures separately to the coloured/merged and
uncoloured /non-merged sub-graphs. To identify these partial sums we use °
and "¢ superscripts. We can obtain the sum of the rows and columns of binary
merge matrices from their integer pairs by counting their non-zero elements.
Hence, in Figure [[T.4] only the left side of the sub-matrices sum the columns
and the right side sum the non-zero elements to get the relevant summary in
the binary matrix. This is the same for the columns, where the top vector is the
sum of the rows and the bottom is the number of non-zeros. The second order
structures are denoted by 7, using ;3 indices as subscript to refer to the top,
bottom, left and right vector.

Third order structures are formed by summarising the secondary order struc-
tures. These can be divided into two parts similar to the second order structures
according to the coloured and uncoloured sub-graphs. These structures are de-
noted by (. In this study, they will be used in the fitness function of the evolu-
tionary algorithm. The top-left sums the top vector (or the left vector) and the
bottom-right sums the bottom vector (or the right vector). These are shown in
bold font in Figure I1.4]

11.4 Heuristics Based on Merge Model Structures

before we define the heuristics, we first introduce two abstract sequential algo-
rithms. These are appropriate for defining existing or novel GCP solvers in a
concise manner.
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Definition 1 (Sequential contraction algorithm 1 (SCA1))

1. Choose a non-merged/uncoloured vertex v

2. Choose a non-neighbour hyper-vertex/colour-set r to v

3. Merge v tor

4. If there exists a non-merged vertex then continue with Step [l

Definition 2 (Sequential contraction algorithm 2 (SCAZ2))

1. Choose a hyper-vertez/colour-set r

2. Choose a non-neighbor non-merged/uncoloured vertex v to r
3. Merge v to r

4. If there exists a non-merged vertex then continue with Step [l

The proceedings of the DIMACS Challenge IT [240] states a core problem of
the algorithm design for graph colouring: it is crucial to find an initially good
solution, because each algorithm needs exhaustive searching to find an opti-
mal solution, hence the problem becomes NP-hard to solve. There are several
polynomial algorithms (see [2411242243,244]), which provide a guarantee for
the approximation of the colouring for a given number of colours. For example,
ERDOS HEURISTICS [242] guarantees at most O(n/log, (n)) number of colours in
the worst case. Several algorithms have improved upon this bound, but many of
them use the main technique introduced by Erdés. We will define this heuristics
in our model. Another reference method is the well known heuristic of Brelaz;
the DSATUR algorithm, which works very well on graphs that have a small chro-
matic number. Two additional novel heuristics are introduced: the DOTPROD
and Cos heuristics.

DSatur

DSATUR is a SCA1 type algorithm. Where the choice of colouring the next un-
coloured vertex v is determined by colour saturation degree. As colour saturation
is calculated by observing the colours of neighbouring vertices, it requires O(n?)
constraint checks. However, if we merge the already coloured vertices, e.g., using
MTs, we have the possibility to obtain this information by observing at most
the number of hyper-vertices for v. Hence, O(nk;) constraint checks are required,
where k; is the number of colours used in step t. The bottom co-structure of the
relevant sub-IMT provide the saturation degree exactly which gives O(n) com-
putational effort to find the largest one. Hence, IMT is an appropriate structure
for the definition. Here, the choice for hyper-vertex/colour-set is done in a greedy
manner.

Definition 3 (Non-merged/Uncoloured vertex choice of the DSatur;jmt)

1. Find those non-merged/uncoloured vertices which have the highest saturated
degree: S = argmax, 7 (u) : u € Ve

2. Choose those vertices from S that have the highest non-merged/uncoloured-
degree: N = argmax, 7,""°(v)

3. Choose the first vertex from the set N
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DotProd

This heuristic is based on a novel technique, which is shown to be useful in [239).
Two vertices of a contracted graph are compared by consulting the corresponding
BMS rows. The dot product of these rows gives a valuable measurement for the
common edges in the graph. These values are the same in binary MT and MS
but can differ between the binary and integer variations. Application of the
DoTPROD heuristics to the BMS representation provides the Recursive Largest
First (RLF) algorithm. Unfortunately the name RLF is somewhat misleading,
since the largest first itself does not define exactly where largest first is relating
to. The meaning of it differs throughout the literature. Here, we introduce a
DOTPROD heuristic that is combined with the BMS representation and the
SCA2 type algorithm, which results in the RLF of Dutton and Birgham [245].
We explore only thess combinations, but other combinations are possible, making
the DotProd a more general technique.

Definition 4 (Non-merged/Uncoloured vertex choice of the
DotProdyms)

1. Find those non-merged/uncoloured wvertices which have the largest num-
ber of common neighbours with the first hyper-vertex (colour set): S =
arg maxy, (u,r) : u € V4re

2. Choose the first vertex from the set S

Cos

The Cos heuristics is the second novel heuristics introduced here. It is derived
from DOTPROD by normalisation of the dot product. As opposed to DOTPROD,
Cos takes in consideration the number of non-common neighbours as well. In
the following definition we provide an algorithm of type SCA2 that uses the Cos
heuristics to choose the next vector:

Definition 5 (Non-merged/Uncoloured vertex choice of the Cosy,s)

1. Find the non-merged (i.e., uncoloured) vertices that have the largest number
of common neighbours with the first hyper-vertex (colour set), and that have

the least number of constraints: S = argmax, ”L“H’HTT)” = argmax, <|7“J|> =
arg max, ii‘(:)) cu € Vune
2. Choose the first vertex from the set S

Pal Erdds O(n/logn) number of colours guaranteed heuristic

The approach [242] page 245] is as follows. Take the first colour and assign it
to the vertex v that has the minimum degree. Vertex v and its neighbours are
removed from the graph. Continue the algorithm in the remaining sub-graph in
the same fashion until the sub-graph becomes empty, then take the next colour
and use the algorithm for the non-coloured vertices and so on until each vertex
is assigned a colour.
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All of representations are suitable as a basis for this heuristic. It uses SCA2,
where the choice for the next target r-th (hyper-)vertex/colour-set for merging
and colouring is greedy.

Definition 6 (Non-merged/Uncoloured vertex choice of the ErdSspmt)

1. Choose an uncoloured vertex with minimum degree. S = argmin,, 7."°(u)
2. Choose the first vertex from the set S

The ERDOS and DSATUR heuristics make use of the secondary order struc-
tures, whereas the other two, DOTPROD and Cos, make use of the first order
information. The ERDOS heuristic uses similar assumptions as DSATUR but in
the opposite direction, which becomes clear in the results from the experiments.

11.5 An Evolutionary Algorithm Based on Merge Models

We apply an evolutionary algorithm (EA) to guide the heuristics. It uses the
BMT representation for colouring and the SCA1 contraction scheme. The geno-
type is a permutation of the vertices, i.e., the rows of the BMT. The phenotype
is a final BMT, where no rows can be merged further. Vertex selection is defined
by an initial random ordering of all vertices. The order is then evolved by the
EA toward an optimum directed by both the fitness function and the genetic
operators of the EA. The strategy for merging of selected vertices is guided by
one of the DOTPROD and Cos heuristics.

An intuitive way of measuring the quality of an individual (permutation) p in
the population is by counting the number of rows remaining in the final BMT.
This equals to the number of colours k(p) used in the colouring of the graph,
which needs to be minimised. When we know the optimal colouringﬂ is x then
we may normalise the fitness function to g(p) = k(p) — x. This function gives
a rather low diversity of fitnesses of the individuals in a population because it
cannot distinguish between two individuals that use an equal number of colours.
This problem is called the fitness granularity problem. We modify the fitness
function introduced in [234] to allow the use of first and second order structures
introduced in Section TT.3.2

The fitness relies on the heuristic that one generally wants to avoid highly con-
straint vertices and rows in order to have a higher chance of successful merges
at a later stage, commonly called a succeed-first strategy. It works as follows.
After the last merge the final BMT defines the groups of vertices with the same
colour. There are k(p) —x over-coloured vertices, i.e., merged rows. Generally, we
use the indices of the over-coloured vertices to calculate the number of vertices
that need to be minimized (see g(p) above). But these vertices are not neces-
sarily respomnsible for the over-coloured graph. Therefore, we choose to count
the hyper-vertices that violates the least constraints in the final hyper-graph.
To cope better with the fitness granularity problem we should modify the g(p)
according to the constraints of the over-coloured vertices discussed previously.

! In our experiments y is defined in advance.
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The fitness function used in the EA is then defined as follows. Let (*"¢(p) denote
the number of constraints, i.e., non-zero elements, in the rows of the final BMT
that belong to the over-coloured vertices, i.e., the sum of the smallest k(p) — x
values of the right co-structure of the uncoloured vertices. This is the uncoloured
portion of the (right-bottom) third order structure. The fitness function becomes
f(p) = g(p)C*™“(p). Here, the cardinality of the problem is known, and used as
a termination criterium (f(p) = 0) to determine the efficiency of the algorithm.
For the case where we do not know the cardinality of the problem, this approach
can be used by leaving out the normalisation step.

Procedure EAg4o:r and EAcos
1. population = generate initial permutations randomly
2. repeat
evaluate each permutation p:
merge p; — th unmerged vertex v into hyper-vertex r by DOTPROD or CoS

caleulate f(p) = (k(p) — x)C""(p)
populationzover = wover(population, probeover)

populationmu: = mutate(populationzover, Probmut))
population = selects-iour (population U populationgever U populationmut)
8. wuntil termination condition

Fig. 11.5. The EA meta-heuristic uses directly the BMT structure and either the
DoOTPROD or COS merge strategy

Figure shows the outline of the evolutionary algorithm. It uses a gener-
ational model with 2-tournament selection and replacement, where it employs
elitism of size one. This setting is used in all experiments. The initial population
is created with 100 random individuals. Two variation operators are used to
provide offspring. First, the 2-point order-based crossover (0X2) [246] in Section
(C3.3.3.1] is applied. Second, a simple swap mutation operator, which selects at
random two different items in the permutation and then swaps. The probability
of using 0X2 is set to 0.4 and the probability for using the simple swap mutation
is set to 0.6. These parameter settings are taken from previous experiments [234].

The Erdés heuristic guarantees its performance. We omit this heuristics from
the EA, as we would not be able to guarantee this property once embedded
in the EA. A baseline version of the EA called EFA,oheur Serves a basis of the
comparison. and the DSatur with backtracking is used as well, as it is commonly
used as a reference method. Moreover, as this algorithm performs an exhaustive
search it is useful to find the optimal solutions to some of the problem instances;
some of the instances are too difficult for it to solve and we have to terminate it
prematurely.

11.6 Experiments and Results

The test suites are generated using the well known graph k-colouring generator
of Culberson [247]. Tt consists of k-colourable graphs with 200 vertices, where
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Fig. 11.6. Average number of colours used in sequential colouring heuristics. x is 3,
5, 10, and 20, respectively in the sequence of figures.
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Fig. 11.7. Averaged number of colours used in the EA experiments. x
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20, respectively in the sequence of the figures.

is 3, 5, 10, and
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k is set to 3, 5, 10 and 20. For k = 20, ten vertices will form a colour set,
therefore we do not use any larger chromatic number. The edge density of the
graphs is varied in a region called the phase transition. This is where hard to
solve problem instances are generally found, which is observed in the results as a
typical easy-hard-easy pattern. The graphs are all generated to be equi-partite,
which means that a solution should use each colour approximately as much as
any other. The suite consists of groups where each group is a k-colouring with
20 unique instances.

In the first experiment, we compare the heuristics from Section [[T.4] when
embedded in DSatur. Figure shows the results for each of the heuristics.
Cos heuristics performed clearly better than the others except for the 3-colouring
where DSATUR performs equally well. The DOTPROD is ranked second. While
DSATUR performs well on sparse graphs having small chromatic number, ERDOS
heuristics performs well on graphs that require more colours, especially on dense
graphs, i.e., that have a high average density of edges. Interesting is the location
of the phase transitions. Figure [[1.6 shows that it depends not only on the edge
density of the graphs but also on the applied algorithm, especially the graph
density where DSATUR exhibits its worst performance moves away from the
others with increasing k. DSATUR and ERDOS heuristics apply only second order
information as opposed to the other two algorithms where first order information
is used. The ERDOS heuristic uses the secondary order structures in the opposite
direction to DSATUR and our results show how that affects the performance as
the effectiveness flips for different ends of the chromatic number of graphs.

While sequential algorithms make one run to get their result, EA experiments
are performed several times due to the random nature of the algorithm. Therefore
a reduced number of instances is selected from the previous experiments. One
set consists of five instances, except for 3 and 5 colourable instances where the
set contains ten instances because the diversity of the results of the solvers is
low for small chromatic numbers. On each instance we perform ten independent
runs and calculate averages over the total number of runs. 3-colouring needs
more instances to get more confident results.

Figure [[T.7 shows the results for the EA with two different heuristics. Also
shown are results for the reference EA without heuristics and the DSATUR ex-
haustive algorithm. Similar to the previous experiments, the C0OS heuristics per-
forms well, especially for larger k, and the DOTPROD is a close second. DSATUR
is the strongest algorithm on 3-colourable graphs, always finding the optimum
number of colours.

11.7 Conclusions

In this paper, we introduced four kinds of Merge Models for representing graph
colouring problems. It forms a good basis for developing efficient graph colouring
algorithms because of its three beneficial properties: a significant reduction in
constraint checks, access to heuristics that help guide the search, and a compact
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description of algorithms. We showed how existing algorithms can be described
in terms of the Merge Model concisely.

By incorporating the models in an exhaustive algorithm, DSATUR, and in a
meta-heuristic, an evolutionary algorithm based on a permutation, we showed
how the effectiveness of these algorithms can be improved.
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