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Abstract

The entropy of a graph is a functional depending both on the graph itself and on
a probability distribution on its vertex set. This graph functional originated from the
problem of source coding in information theory and was introduced by J. Korner in 1973.
Although the notion of graph entropy has its roots in information theory, it was proved to
be closely related to some classical and frequently studied graph theoretic concepts. For
example, it provides an equivalent definition for a graph to be perfect and it can also be
applied to obtain lower bounds in graph covering problems.

In this thesis, we review and investigate three equivalent definitions of graph entropy
and its basic properties. Minimum entropy colouring of a graph was proposed by N. Alon
in 1996. We study minimum entropy colouring and its relation to graph entropy. We also
discuss the relationship between the entropy and the fractional chromatic number of a
graph which was already established in the literature.

A graph G is called symmetric with respect to a functional Fg(P) defined on the set of
all the probability distributions on its vertex set if the distribution P* maximizing Fg(P) is
uniform on V(G). Using the combinatorial definition of the entropy of a graph in terms of
its vertex packing polytope and the relationship between the graph entropy and fractional
chromatic number, we prove that vertex transitive graphs are symmetric with respect to
graph entropy. Furthermore, we show that a bipartite graph is symmetric with respect to
graph entropy if and only if it has a perfect matching. As a generalization of this result,
we characterize some classes of symmetric perfect graphs with respect to graph entropy.
Finally, we prove that the line graph of every bridgeless cubic graph is symmetric with
respect to graph entropy.
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Chapter 1

Introduction

The entropy of a graph is an information theoretic functional which is defined on a graph
with a probability density on its vertex set. This functional was originally proposed by J.
Korner in 1973 to study the minimum number of codewords required for representing an
information source (see J. Korner [19]).

J. Korner investigated the basic properties of the graph entropy in several papers from
1973 till 1992 (see J. Korner [19]-[25]).

Let F' and G be two graphs on the same vertex set V. Then the union of graphs F
and G is the graph F'U G with vertex set V' and its edge set is the union of the edge set
of graph F' and the edge set of graph G. That is

V(FUG) =V,
E(FUG)=E(F)UE(G).

The most important property of the entropy of a graph is that it is sub-additive with
respect to the union of graphs. This leads to the application of graph entropy for graph
covering problem as well as the problem of perfect hashing.

The graph covering problem can be described as follows. Given a graph G and a family
of graphs G where each graph G; € G has the same vertex set as GG, we want to cover the
edge set of G with the minimum number of graphs from G. Using the sub-additivity of
graph entropy one can obtain lower bounds on this number.

Graph entropy was used in a paper by Fredman and Komlés for the minimum number
of perfect hash functions of a given range that hash all k-element subsets of a set of a given
size (see Fredman and Komlds [11]).



As another application of graph entropy, Kahn and Kim in [1&8] proposed a sorting
algorithm based on the entropy of an appropriate comparability graph.

In 1990, I. Csiszar, J. Korner, L. Lovasz, K. Marton, and G. Simony, characterized
minimal pairs of convex corners which generate the probability density P = (py,--- ,pg) in
a k-dimensional space. Their study led to another definition of the graph entropy in terms
of the vertex packing polytope of the graph. They also gave another characterization of a
perfect graph using the sub-additivity property of graph entropy.

The sub-additivity property of the graph entropy was further studied in J. Kérner [20],
J. Korner and G. Longo [22], J. Korner et. al. [23], and J. Kérner and K. Marton [24].
Their studies led to the notion of a class of graphs which is called normal graphs.

Noga Alon, and Alon Orlitsky studied the problem of source coding in information
theory using the minimum entropy colouring of the characteristic graph associated with a
given information source. They investigated the relationship between the minimum entropy
colouring of a graph and the graph entropy (see N. Alon and A. Orlitsky [1]).

This thesis is organized as follows. In Chapter 2, we define the entropy of a random
variable. We also briefly investigate the application of entropy in counting problems. In
chapter 3, we define the entropy of a graph. Let V P(G) be the vertex packing polytope of
a given graph G which is the convex hull of the characteristic vectors of its independent
sets. Let |[V(G)| = n and P be a probability density on V(G). Then the entropy of G with
respect to the probability density P is defined as

n

Hy(G, P) = ael‘l)}}(lG) pilog(1/a;).

This is the definition of graph entropy which we work with throughout this thesis and was
given by I. Csiszar and et. al. in [9]. It is shown by I. Csiszér et. al. in [9] that the above
two definitions are equal. We also investigate the basic properties of graph entropy and
explain the relationship between the the graph entropy and perfect graphs and fractional
chromatic number of a graph. Chapter 4 is devoted to minimum entropy colouring of
a given graph and its connection to the graph entropy. G. Simonyi in [36] showed that
the maximum of the graph entropy of a given graph over the probability density of its
vertex set is equal to its fractional chromatic number. We call a graph is symmetric with
respect to graph entropy if the uniform density maximizes its entropy. We show that vertex
transitive graphs are symmetric. In Chapter 5, we study some other classes of graphs which
are symmetric with respect to graph entropy. Our main results are the following theorems.

5.1.1 Theorem. Let G be a bipartite graph with parts A and B, and no isolated vertices.



Then, uniform probability distribution U over the vertices of G maximizes Hy (G, P) if
and only if G has a perfect matching.

As a generalization of this result we show that

5.2.3 Theorem. Let G = (V| E) be a perfect graph and P be a probability distribution
on V(G). Then G is symmetric with respect to graph entropy Hj (G, P) if and only if G
can be covered by its cliques of maximum size.

A. Schrijver [31] calls a graph G a k-graph if it is k-regular and its fractional edge
coloring number x’;(G) is equal to k. We show that

5.3.3 Theorem. Let G be a k-graph with £ > 3. Then the line graph of G is symmetric
with respect to graph entropy.

As a corollary to this result we show that the line graph of every bridgeless cubic graph
is symmetric with respect to graph entropy.






Chapter 2

Entropy and Counting

In this chapter, we explain some probabilistic preliminaries such as the notions of prob-
ability spaces, random variables and the entropy of a random variable. Furthermore, we
give some applications of entropy methods in counting problems. Specifically, we elaborate
the proof of the Brégman’s Theorem for counting the number of perfect matchings of a
bipartite graph using entropy.

2.1 Probability Spaces, Random Variables, and Den-
sity functions

Let €2 be a set of outcomes, let F be a family of subsets of {2 which is called the set of
events, and let P : F — [0,1] be a function that assigns probabilities to events. The
triple (2, F, P) is a probability space and (2, F) is a measurable space. A measure is a
nonnegative countably additive set function, that is a function p : F — R such that

(i). w(A) > (@) =0 for all A€ F, and

(ii). if A; € F is a countable sequence of disjoint sets, then

()



If p(Q2) = 1, we call u a probability measure. Throughout this thesis, probability
measures are denoted by P(.). A probability space is discrete if Q is countable. In this
thesis, we only consider discrete probability spaces. Then having p(w) > 0 for all w € Q
and ) .op(w) = 1, for all event A € F, the probability of the event A is denoted by
P(A), which is

P4) = p(w)

wEA

Note that members of F are called measurable sets in measure theory; they are also called
events in a probability space.

On a finite set 2, there is a natural probability measure P, called the (discrete) uniform
measure on 2, which assigns probability ‘51' to singleton {w} for each w in Q. Coin tossing
gives us examples with || = 2", n = 1,2,---. Another classical example is a fair die, a
perfect cube which is thrown at random so that each of the six faces, marked with the
integers 1 to 6, has equal probability % of coming up.

Probability spaces become more interesting when random variables are defined on them.
Let (S,S) be a measurable space. A function

X: Q=9
is called a measurable map from (§2, F) to (S,S) if
X' (B)={w:X(w)eB}eF.

If (5,8) = (R, R), the real valued function X defined on €2 is a random variable.

For a discrete probability space €2 any function X : 2 — R is a random variable. The
indicator function 14(w) of a set A € F which is defined as

La(w) = { é N ; o (2.1)

is an example of a random variable. If X is a random variable, then X induces a probability
measure on R called its probability density function by setting

u(A) = P(X € A)

for sets A. For a comprehensive study of probability spaces see R. M. Duddley [10] and
Rick Durrett [11].



In this thesis, we consider discrete random variables. Let X be a discrete random
variable with range X and probability density function px(x) = Pr(X = z), for z € X.
For the sake of convenience, we use p(z) instead of px (). Thus, p(z) and p(y) refer to two
different random variables and are in fact different probability density functions, px(x)
and py (y), respectively.

2.2 Entropy of a Random Variable

Let X be a random variable X with probability density p(x). We denote the expectation
by E. Then expected value of the random variable X is written

= ap(x)

TeX

and for a function g(.), the expected value of the random variable g(X) is written

=Y g@)p(x)

reX

or more simply as F (g(X)) when the probability density function is understood from the
context.

Let X be a random variable which drawn according to probability density function
p(:z:) The entropy of X, H(X) is defined as the expected value of the random variable
log , therefore, we have

= —> p(x)logp(x

TEX

The log is to the base 2 and entropy is expressed in bits. Furthermore, by convention
0log0 = 0. Since 0 < p(z) < 1, we have log -+ o = 0 which implies that H(X) > 0. Let us
recall our coin toss example in previous section with n = 1 where the coin is not necessarily
fair. That is denoting the event head by H and the event tail by T, let P(H) = p and
P(T) =1 — p. Then the corresponding random variable X is defined as X(H) = 1 and
X(T) = 0. That is we have

X - 1, Pr{X =1} = p;
10, Pr{X=0}=1-p.



Then,
H(X) = —plogp — (1 —p)log(l — p).

Note that the maximum of H(X) is equal to 1 Wthh is attained when p = 5. Thus, the
entropy of a fair coin toss, i.e., P(H) = P(T) = 1 is 1 bit. More generally for any random
variable X,

H(X) < log ||, (2.2)

with equality if and only if X is uniformly distributed.

The joint entropy H(X,Y) of a pair of discrete random variables (X,Y") with a joint
probability density function p(z,y) is defined as

=3 > plx,y)logp(z,y).

zeX yey

Note that we can also express H(X,Y) as
H(X,Y) = —E (logp(X,Y)).
We can also define the conditional entropy of a random variable given another. Let

HY|X =) ==Y plylz)log p(y|x),

yey

Then Conditional Entropy H(Y|X) is defined as
HY|X) =) p)HY|X = ). (2.3)
reX

Now we can again obtain another description of the conditional entropy in terms of the
conditional expectation of random variable as follows.

H(Y|X) = =) p(x))_ plyle)logp(y|z)

TeX yey

= =) ) plxz,y)logp(ylz)

reX yey

= —FElogp(Y|X).

The following theorem is proved by T. Cover and J. Thomas in [3] pages 17 and 18.



2.2.1 Theorem. Let X, Y, and Z be random variables with joint probability distribution
p(z,y,2). Then we have

H(X,Y)=H(X)+H (Y|X),
H(X,Y|Z)=H(X|Z)+ H(Y|X,Z).

O]

Furthermore, letting f(.) be any function (see T. Cover and J. Thomas [3] pages 34
and 35), we have
0 < H(X|Y) < H(X|f(Y)) < H(X). (2.4

2.3 Relative Entropy and Mutual Information

Let X be a random variable and consider two different probability density functions p(x)
and ¢(x) for X. The relative entropy D(pl||q) is a measure of the distance between two
distributions p(z) and g(x). The relative entropy or Kullback-Leibler distance between two
probability densities p(z) and ¢(z) is defined as

.I
)1 2.
D(pllg) = > pla)log 12 ) (2.5)

rzeX

_ (X)
We can see that D(pl||q) = E,log Zﬁ

Now consider two random variables X and Y with a joint probability densities p(z,y)
and marginal densities p(z) and p(y). The mutual information I1(X;Y") is the relative en-
tropy between the joint distribution and the product distribution p(z)p(y). More precisely,
we have

I(X;Y) =) ple,y)log === p(z,y)

222 p(@)p(y)

= D(p(z,y)||p(x)p(y))-



It is proved in T. Cover and J. Thomas [%], on pages 28 and 29, that we have

[(X;Y) = H(X) — HX|Y), (2.6)
I(X;Y)=H(Y) - HY|X),

I[(X;Y)=H(X)+H(Y) - HX,Y),

I(X;Y) = 1(Y; X),

I(X;X) = H(X)

2.4 Entropy and Counting

In this section we consider the application of entropy method in counting problems. The
following lemmas are two examples of using entropy in solving well-known combinatorial

problems (see J. Radhakrishnan [33]).

2.4.1 Lemma. (Shearer’s Lemma). Suppose n distinct points in R3 have ny distinct
projections on the XY -plane, ny distinct projections on the X Z-plane and ngz distinct
projections on the Y Z-plane. Then, n? < ninans.

Proof. Let P = (A, B,C) be one of the n points picked at random with uniform distribu-
tion, and P, = (A, B), P» = (A,C), and P; = (B, () are its three projections. Then we
have

H(P)=H(A)+ H (B|A)+ H (C|A, B), (2.7)
Furthermore,
H(P) =H(A)+ H(B|A),
H(P) =H(A)+ H(C|A),

Adding both sides of these equations and considering (2.4) and (2.7), we have 2H (P) <
H (P))+ H (P,)+ H (P;). Now, noting that H (P) = logn, and H (P;) < logn;, the lemma
is proved. O

As another application of the entropy method, we can give an upper bound on the
number of the perfect matchings of a bipartite graph (see J. Radhakrishnan [33]).

10



2.4.2 Theorem. (Brégman’s Theorem).Let G be a bipartite graph with parts Vi and Vs
such that |Vi| = |Va| = n. Let d(v) denote the degree of a vertex v in G. Then, the number
of perfect matchings in G is at most

veEV]

Proof. Let X be the set of perfect matchings of G. Let X be a random variable corre-
sponding to the elements of X with uniform density. Then

H(X) =log|X]|.

The following remark is useful in our discussion. Let Y be any random variable with the
set of possible values ). First note that the conditional entropy H (Y| X) is obtained using
(2.3). Let Y, denote the set of possible values for the random variable Y given x € X,
that is

Ve={yeV:PY =y|X =2z)>0}

We partition the set X into sets X}, Xy, -+, X, such that fori =1,2,--- ;r and all z € X},
we have

| Va| = i. (2.8)

Letting Y, be a random variable taking its value on the set ), with uniform density, and
noting equations (2.2) and (2.8) for all = € A; we have

H (Y,) = logi. (2.9)
But note that
H(Y[X) = Ex(H(Y.). (2.10)
Then using (2.9) and (2.10), we get
H(Y|X) <) P(X € X))logi. (2.11)

We define the random variable X (v) for all v € V; as

X (v) := u such that u € V5 and u is matched to v in X, Vv € V.

11



For a fixed ordering vertices vy, -+ ,v, of V|

log|X| = H(X) (2.12)
= H(X(v)) + H (X (v2)| X (v1)) + -+ H (X (va)[ X (1), -+, X(vp-1)),

Now, pick a random permutation
7:[n] — W,

and consider X in the order determined by 7. Then for every permutation 7, we have
H(X) = H (X(7(1)))+H (X(7(2)| X (7(1)))+- - -+H (X(7(n)) [ X(7(1)),--- , X(7(n - 1))).

By averaging over all 7, we get

H(X) = E- (H(X(r(1))) + H (X(7(2))[X(7(1))) + - - - + H (X(7(n))| X (7(1)),--- , X(7(n —1)))).

For a fixed 7, fix v € V; and let k = 77! (v). Then we let Y, , to be the set of vertices u in
V5 which are adjacent to vertex v € V; and

ug{z(r(1),z(7(2)), -z (r(k—1))}
Letting NV (v) be the set of neighbours of v € V; in V5, we have
Yor =N\ {z(r(1)),2(7(2), - 2 (r(k - 1)}

Letting d(v) be the degree of vertex v and Y, . = |V, .| be a random variable taking its
value in {1,--- ,d(v)}, that is

K},T :j7 fOI‘j € {17"' >d(v>}

12
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Chapter 3

Graph Entropy

In this chapter, we introduce and study the entropy of a graph which was defined in [19] by
J. Korner in 1973. We present several equivalent definitions of this parameter. However,
we will focus mostly on the combinatorial definition which is going to be the main theme
of this thesis. We explain the proof of the theorem by G. Simonyi relating the entropy of
a graph with its fractional chromatic number in more detail. Furthermore, we obtain the
fractional chromatic number of a vertex transitive graph using its properties along with
the Lagrange Multiplier technique in convex optimization.

3.1 Entropy of a Convex Corner

A subset A of R is called a convex corner if it is compact, convex, has non-empty interior,
and for every a € A, a’ € R} with a’ < a, we have a’ € A. For example, the vertex packing
polytope V P(G) of a graph G, which is the convex hull of the characteristic vectors of its
independent sets, is a convex corner.

Now, let A C R" be a convex corner, and P = (p1,--- ,p,) € R a probability density,
i.e., its coordinates add up to 1. The entropy of P with respect to A is

a 1
Hu(P) = mi log —.
4(P) gélgizlp 0 o

Consider the convex corner S := {z > 0, ,z; < 1}, which is called a unit corner. The
following lemma relates the entropy of a random variable defined in the previous chapter
to the entropy of the unit corner.

15



3.1.1 Lemma. The entropy Hs (P) of a probability density P with respect to the unit
corner S is just the regular (Shannon) entropy H (P) = — ). p;logp;.

Proof. From Remark 7?7, we have
H - 7 1 T - 7 1 7
Isnelé1 Zp 08 se{x>0 Z z;=1} Zp 08 5

Thus the above minimum is attained by a probability density vector s. More precisely, we
have

Hs(p) = D(plls) + H(p)-
Noting that D(p||s) > 0 and D(p||s) = 0 if and only if s = p, we get

]

There is another way to obtain the entropy of a convex corner. Consider the mapping
A int R} — R"™ defined by

A(ZL‘) = <_ IOgZL‘l, e ,—IOgIn)~

It is easy to see using the concavity of the log function that if A is a convex corner,
then A(A) is a closed, convex, full-dimensional set, which is up-monotone, i.e., a € A(A)
and @’ > a imply o’ € A(A). Now, H4(P) is the minimum of the linear objective function
> pix; over A(A). Now we have the following lemma (See [9]).

3.1.2 Lemma. (I. Csiszar, J. Korner, L. Lovas , K. Marton, and G. Simonyi ). For two
convez corners A,C C RY , we have Ha(P) > Hc(P) for all P if and only if A C C.

Proof. The “if” part is obvious. Assume that He(P) < H4(P) for all P. As remarked
above, we have

H4(P) =min{P"x:x € A(A)},
and hence it follows that we must have A(A) C A(C). This clearly implies A C C. O
Then we have the following corollary.

3.1.3 Corollary. We have 0 < H4(P) < H(P) for every probability distribution P if and
only if A contains the unit corner and is contained in the unit cube.

16



3.2 Entropy of a Graph

Let G be a graph on vertex set V(G) = {1,--- ,n}, let P = (p1, -+ ,pn) be a probability
density on V(G), and let V P(G) denote the vertex packing polytope of G. The entropy of
G with respect to P is then defined as

n

Hi(G, P) = Jn QP log(1/as).

=1

Let G = (V, E) be a graph with vertex set V' and edge set E. Let V™ be the set of sequences
of length n from V. Then the graph G is the n-th conormal power graph with vertex
set V™, and two distinct vertices z and y of G™ are adjacent in G if there is some i € n
such that x; and y; are adjacent in G, that is

EM™ = {(z,y) € V" x V" : 3i: (z;,4;) € E}.

For a graph F' and Z C V(F') we denote by F|[Z] the induced subgraph of F' on Z. The
chromatic number of F' is denoted by x(F).

Let
T ={UCV": P"(U) >1—¢}.

We define the functional H(G, P) with respect to the probability distribution P on the
vertex set V(G) as follows.

H(G,P) = lim min ~ log x(G™[U)). (3.1)

n—00 yer(m N

Let X and Y be two discrete random variables taking their values on some (possibly
different) finite sets and consider the vector-valued random variable formed by the pair
(X,Y) (see Thomas M. Cover, and Joy A. Thomas [3] page 16).

Now let X denote a random variable taking its values on the vertex set of G and Y be a
random variable taking its values on the independent sets of G. Having a fixed distribution
P over the vertices, the set of feasible joint distributions Q consists of the joint distributions
Q@ of X and Y such that

Y QXY =y) = P(X).

yey

As an example let the graph G be a 5-cycle C5 with the vertex set

V(CB) = {951,332,553,%4,935}7

17



and let ) denote the set of independent sets of G. Let P be the uniform distribution over
the vertices of G, i.e.,

1
P(X =)= ¢, Vie{l .5}

Noting that each vertex of C5 lies in two maximal independent sets, we define the joint
distribution @ as

1 .
- — ) — ) 100 y maximal and y > z,
QX =2Y=y) { 0, Otherwise. (3.2)

is a feasible joint distribution.

Now given a graph G, we define the functional H'(G, P) with respect to the probability
distribution P on the vertex set V(G), as

H'(G,P) = inn](X;Y). (3.3)

The following lemmas relate the functionals defined above.

3.2.1 Lemma. (I. Csiszér, et. al.). For every graph G we have Hy (G, P) = H' (G, P).

Proof. First, we show that Hy (G, P) = H' (G, P). Let X be a random variable taking its
values on the vertices of G with probability density P = (p1,--- ,p,). Furthermore, let Y’
be the random variable associated with the independent sets of G and F(G) be the family
of independent sets of G. Let ¢ be the conditional distribution of Y which achieves the
minimum in (3.3) and r be the corresponding distribution of Y. Then we have

r(F)

H(GP)=I1(X;Y)==> p > q \)logq(F|i>.

i 1€FeF(G)

From the concavity of the log function we have

> q(Fli)log T(F). <log Y r(F).

1eFeF(G) q(Fm 1€FeF(G)

Now we define the vector a by setting



Note that a € VP(G). Hence,
— Z Di IOg a;.

and consequently,

H' (G, P)> H, (G, P).

Now we prove the reverse inequality. Let a € VP(G). Then letting s be a probability
density on F(G), we have

iEFEF(Q)
We define transition probabilities as
s(F) 1€ F
Fli) = a; ' 3.4

Then, setting r(F') = >, piq(F|i), we get

q(Fi)
r(F)

H'(G,P) <> piq(Fi)log
iF

By the concavity of the log function, we get

—Zr( Yogr(F) < — Zr ) log s(F
F

F

Thus,
= piq(Fli)logr(F) < =) piq(Fi)log s(F).
i, F i, F

And therefore,

H'(G,P) <sz (F7) log

Z p; log a;.

3.2.2 Lemma. (J. Korner). For every graph G we have H' (G, P) = H (G, P).

Proof. See Appendix A. O
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X4 €3

Figure 3.1: A characteristic graph of an information source with 5 alphabets

3.3 Graph Entropy and Information Theory

A discrete memoryless and stationary information source X is a sequence {X;};°, of in-
dependent, identically distributed discrete random variables with values in a finite set X.
Let X denote the set of the alphabet of a discrete memoryless and stationary information
source with five elements. That is

X - {xla Xo, T3, T4, LE5}.
We define a characteristic graph G corresponding to X as follows. The vertex set of G is
V(G)=AX.

Furthermore, two vertices of G are adjacent if and only if the corresponding elements of
X are distinguishable. As an example one can think of the 5-cycle of Figure 3.1 as a
characteristic graph of an information source X. In the source coding problem, our goal is
to label the vertices of the characteristic graph with minimum number of labels so that we
can recover the elemnets of a given alphabet in a unique way. This means that we should
colour the vertices of the graph properly with minimum number of colours. More precisely,
one way of encoding the elements of the source alphabet X in Figure 3.1 is

{z1,23} — red,
{xy, 24} — blue,
{z5} — green.
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Now, let X be a random variable takes its values from X with the following probability
density

Now consider the graph G and let € > 0. Then neglecting vertices of G(™ having a total
probability less than e, the encoding of vertices of G(™ essentially becomes the colouring
of a sufficiently large subgraph of G™. And therefore, the minimum number of codewords
is

min y(G™(U)).

ver™
Taking logarithm of the above quantity, normalizing it by n, and making n very large,
we get the minimum number of required information bits which is the same as the graph
entropy of G. The characteristic graph of a regular source where distinct elements of the
source alphabet are distinguishable is a complete graph. We will see in section 3.5 that
the entropy of a complete graph is the same as the entropy of a random variable.

3.4 Basic Properties of Graph Entropy

The main properties of graph entropy are monotonicity, sub-additivity, and additivity under
vertex substitution. Monotonicity is formulated in the following lemma.

3.4.1 Lemma. (J. Koérner). Let F' be a spanning subgraph of a graph G. Then for any
probability density P we have Hy(F, P) < Hi(G, P).

Proof. For graphs F and G mentioned above, we have V P(G) C V P(F'). This immediately
implies the statement by the definition of graph entropy. m

The sub-additivity was first recognized by Korner in [21] and he proved the following
lemma.

3.4.2 Lemma. (J. Korner). Let F and G be two graphs on the same vertex set V and
F UG denote the graph on V with edge set E(F)U E(G). For any fized probability density
P we have

Hy(FUG,P) < H,(F,P)+ Hy (G, P).

Proof. Let a € VP(F) and b € VP(G) be the vectors achieving the minima in the

definition of graph entropy for Hy (F, P) and Hj (G, P), respectively. Notice the vector
aob = (aby,asby, -+ ,a,b,) is in VP(F U G), simply because the intersection of an
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U4q us

(a) A 5-cycle G. (b) A triangle F.

U4q us

(c) The graph Gy, «—F

Figure 3.2

independent set of F' with an independent set of G is always an independent set in FFUG.
Hence, we have

= R 1
Hy, (F,P) + Hy, (G, P) :ZPiIOg;+ZPiIOgE
i=1 b=t v

u 1
= izlpz‘ log a:b;

> H, (FUG, P).

]

The notion of substitution is defined as follows. Let F' and G be two vertex disjoint
graphs and v be a vertex of G. By substituting F' for v we mean deleting v and joining

22



every vertex of F' to those vertices of G which have been adjacent with v. We will denote
the resulting graph G,.r. We extend this concept also to distributions. If we are given
a probability distribution P on V(G) and a probability distribution @ on V(F') then by
P,. g we denote the distribution on V' (G, ) given by P, o(z) = P(z) if z € V(G) \ v
and P, o(z) = P(x)Q(x) if € V(F'). This operation is illustrated in Figure 3.2.

Now we state the following lemma whose proof can be found in J. Korner, et. al. [23].

3.4.3 Lemma. (J. Korner, G. Simonyi, and Zs. Tuza). Let F' and G be two vertex disjoint
graphs, v a vertex of G, while P and Q are probability distributions on V(G) and V (F),
respectively. Then we have

Hk (Gv%Fa PveQ) = Hk (Ga P) + P(U)Hk <F7 Q) :
[

Notice that the entropy of an empty graph (a graph with no edges) is always zero
(regardless of the distribution on its vertices). Noting this fact, we have the following
corollary as a consequence of Lemma 3.4.3.

3.4.4 Corollary. Let the connected components of the graph G be the subgraphs G;’s and
P be a probability distribution on V(G). Set

Py(x) = P(x) (P(V(G))) "z € V(Gy).
Then
Hy (G, P)=> P(V(G) Hy (G, ;).

Proof. Consider the empty graph on as many vertices as the number of connected compo-
nents of G. Let a distribution be given on its vertices by P (V(G;)) being the probability
of the vertex corresponding to the ith component of G. Now substituting each vertex by
the component it belongs to and applying Lemma 3.4.3 the statement follows. O]

3.5 Entropy of Some Special Graphs

Now we look at entropy of some graphs which are also mentioned in G. Simonyi [35] and
[36] . The first one is the complete graph.
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3.5.1 Lemma. For K, the complete graph on n vertices, one has
Hy (K,,P)=H(P).

Proof. By definition of entropy of a graph, Hj, (K, P) has the form ) ., p, log% where
¢; > 0 for all ¢ and >, ¢; = 1. This expression is well known to take its minimum at
¢; = p;- Indeed, by the concavity of the log function Y )" p;log 2 <logd " ¢ =0. O

i
And the next one is the complete multipartite graph.
3.5.2 Lemma. Let G = Ky, g my,s €., a complete k-partite graph with maximal inde-
pendent sets of size my, ma, -+ ,myg. Given a distribution P on V(G) let Q) be the distri-

bution on S(G), the set of maximal independent sets of G, given by Q(J) = >, ., P(x)
for each J € S(G). Then Hy(G, P) = Hy (K, Q).

Proof. The statement follows from Lemma 3.4.3 and substituting independent sets of size
mai,ma, - -+ ,my for the vertices of Kj. O

A special case of the above Lemma is the entropy of a complete bipartite graph with
uniform probability distribution over its vertex set which is equal to 1. Now, let G be a
bipartite graph with color classes A and B. For a set D C A, let N(D) denotes the the
set of neighbours of D in B, that is a subset of the vertices in B which are adjacent to a
vertex in A.

Given a distribution P on V(G) we have
P(D)=) p VD CV(G),
i€D
Furthermore, defining the binary entropy as
h(z) == —zloge — (1 —z)log(l —z), 0<z<1,

J. Korner and K. Marton proved the following theorem in [21].
3.5.3 Theorem. (J. Kérner and K. Marton). Let G be a bipartite graph with no isolated
vertices and P be a probability distribution on its vertex set. If

P(D) _ PIN(D))

P(A) = P(B)

for all subsets D of A, then



And if

P(D) _ P(D)

P(A) P(B) -
then there exists a partition of A= D1 U---U Dy and a partition of B=U;U---UUy such
that

Hk(G,P):ZP(DiUUi)h<%>.

Proof. Let us assume the condition in the theorem statement holds. Then, using max-flow
min-cut theorem (see A. Schrijver [31] page 150), we show that there exists a probability
density @ on the edges of GG such that for all vertices v € A, we have

S Q)= % (36)

veeeE(G)

We define a digraph D" by

V(D) =V(G)U{s,t},
and joining vertices s and t to all vertices in parts A and B, respectively. The edges between
A and B are the exactly the same edges in G. Furthermore, we orient edges from s toward
A and from A toward B and from B to t. We define a capacity function ¢ : E(D') — R,
as

12&)), e=(s,v), v €A,
cle) = I, e=(v,u), ve Aandu € B, (3.7)
5573))a e = (u,t), u € B.

By the definition of ¢, we note that the maximum st-flow is at most 1. Now, by showing
that the minimum capacity of an st-cut is at least 1, we are done.

Let 6(U) be a st-cut for some subset U = {s} U AU B’ of V(D') with A’ C A and
B' CB. If

N (A ¢ B,
then
c(0(U)) =1
So suppose that
NA)CB
Then using the assumption
P(A") < PN (A"
P(A) = P(A) °



we get

c(U)) =

>

Now, we define the vector b € RLY(G”

Then using (3.6), we have

Thus,

Hy(G,P)< > p(v)log L H(P) — h(P(A)).

by
veV(G)

Then, using Lemma 3.4.1 and Lemma 3.5.2, we have
Hy(G, P) < h(P(A)),

Now, adding the last two inequalities we get

Hy, (G,P)+ Hy, (G, P) < H(P). (3.9)
On the other hand, by Lemma 3.4.2, we also have

H(P) < Hy, (G,P)+ Hy, (G, P), (3.10)
Comparing (3.9) and (3.10), we get

H(P) = Hy(G,P)+ H; (G, P),

which implies that
Hy (G, P) =h(P(A)).
This proves the first part of the theorem.
Now, suppose that the condition does not hold. Let D; be a subset of A such that
P(Dy)  P(B)
P(A) P(N(Dy))
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is maximal. Now consider the subgraph (A \ D;) U (B \ N (D;)) and for i = 2,--- , k let
i—1

DZ‘QA\UDJ‘,

j=1
such that

P(D;) P(B\U;Z i N(Dy))
P(A\UZI D) PWN(Dy)) 7

is maximal. Let us

Consider the independent sets Jy, - - - , Ji of the following form
Jo=B, 1 =DiUB\Uy, -, Ji=DyU---UD;UB\U; \---\U,---, Jp = A.
Set
P(Uy)
Jo) = ——————
P(Uis1) P(U;) .
Ji) = — , fori=1,--- k-1,
)= Bm U ~ PW,uDy O
P(Uk)
J)=1— ———-—.
a(k) P(U, U Dy)

Note that by the choice of D;’s, all a(J;)’s are non-negative and add up to one. This
implies that the vector a € RLY(G)' defined as

a; = Za(‘]r)a VJ € V(G)a
JEJr

is in V P(G). Furthermore,

P(Di) :

a4 — P(D;UU;)’ J € Di7

3 P(U;) e U
P(D;uU;) i

By the choice of the D;’s and using the same max-flow min-cut argument we had, there
exists a probability density @; on edges of G[D; U U;] such that

Pj .
v= Y ()= - vjenp,
j ' Q (6) P(DZ) ) J € )
j€ee E(G[D;UU;))

V= Y Qe)= 2, VieUl.

JjEeEE(G[D; VL)) (




Now we define the probability density () on the edges of G as follows

P(D;UU;)Qi(e), e€ E(G[D;UUy)),
Qe) = { 0. e d E(GID;, VT,

The corresponding vector b € V P (5) is given by

The vectors a € VP (G) and b € VP (G) are the minimizer vectors in the definition of
Hy (G, P) and Hy (@, P), respectively. Suppose that is not true. Then noting that the
fact that by the definition of a and b, we have

Z pjlog_+ Z pjlog Z p]log—z (P)

JEV(G) jeEV(G jeV(G

the sub-additivity of graph entropy is violated. Now, it can be verified that Hy (G, P) is
equal to what stated in the theorem statement. O

3.6 Graph Entropy and Fractional Chromatic Num-
ber

In this section we investigate the relation between the entropy of a graph and its fractional
chromatic number which was already established by G. Simonyi [30]. First we recall that
the fractional chromatic number of a graph G is denoted by xf (G) is the minimum sum of
nonnegative weights on the independent sets of G such that for any vertex the sum of the
weights on the independent sets of G containing that vertex is at least one (see C. Godsil
and G. Royle [17]). L.Csiszar and et. al. [9] showed that for every probability density P,
the entropy of a graph G is attained by a point a € V P(G) such that there is not any
other point a’ € V P(G) majorizing the point a coordinate-wise. Furthermore, for any such
point a € V P(G) there is some probability density P on V P(G) such that the value of
Hy (G, P) is attained by a. Using this fact G. Simonyi [36] proved the following lemma.

3.6.1 Lemma. (G. Simonyi). For a graph G and probability density P on its vertices with
fractional chromatic number x¢(G), we have

max Hi(G, P) =log x¢(G).

28



Proof. Note that for every graph G we have (Xf%G)’ . Xf%G)) € VP(G). Thus for every

probability density P, we have
H (G, P) <logxs(G).

Now, we show that graph G has an induced subgraph G’ with x; (G') = xs (G) = xy such
that if y € VP (G') and y > x_lf’ then y = %

Suppose the above statement does not hold for graph GG. Consider all y € V P(G) such
that

1
y 2 :
X (G)
Note that there is not any y € V P(G) such that

Xf(G)’

because then we have a fractional colouring with value strictly less than x(G). Thus for

every y > —— there is some v € V(G) such that gy, = Xf}G)' For such a fixed y, let

xf(G)

1
Qy:{vEV(G):yv>m}.
Let y* be one of those y’s with |€)y| of maximum size. Let
G'=G[V(G)\ Qy].
From our the definition of G’ and fractional chromatic number, we have either

X7 (G') < xp(G).

or
Jy € VP (G'),such that y > 1 and y # i
Xf Xf
Suppose
Xr(G) < x4 (G).
Therefore

1 !
z = () e VP(G)
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and consequently

Xs(G)
Without loss of generality assume that

VA V(G) = {1, V(G \V(E]}

e::%( 'nyv—ﬁ)>0,
=

T
OW(G\V(G/)| z") € VP(G).

Set

Then
(1—e)y* +ez" € VP(G),

which contradicts the maximality assumption of {2y«. Thus, we have
xs(G) = Xf(G)-
Now we prove that if y € VP (G') and y > > < theny = X_lf
Suppose z' be a point in V P(G’) such that 7/ > = but 7'+ % Set

T
T
y/ = <0‘7€/(G)\V(G/)|7Z/ ) € VP(G)
Then using the € > 0 defined above, we have
(1-ey*+ey € VP(Q),

which contradicts the maximality assumption of (-

Now, by I.Csiszér et. al. [9], there exists a probability density P’ on V P(G’) such that
H (G, P') =log xs. Extending P’ to a probability distribution P as

_ 27 (&S V(G)a
pi = { e v\ V(@) (3.11)

the lemma is proved. Indeed, suppose that H(G, P) < H (G',P') and let y € VP(G) be
a point in V P(G) which gives H (G, P). Let yyp(ey be the restriction of y in VP(G).
Then there exists z € V P(G’) such that

Z 2> Yvpc)-

30



This contradicts the fact that
H(G',P') =log x;.

O

3.6.1 Remark. Note that the maximizer probability distribution of the graph entropy is
not unique. Consider Cy with vertex set V(Cy) = {vy,vq,v3,v4} with parts A = {vy,v3}

and B = {vg,vs4}. Using Theorem 3.5.3, probability distributions P, = Gp i, }L, %1) and
1131

Py = (5,75, 7) give the maximum graph entropy which is 1.

Using the above lemma we compute the fractional chromatic number of a vertex tran-
sitive graph in the following corollary.

3.6.2 Corollary. Let G be a vertex transitive graph with |V (G)| = n, and let a(G) denote
the size of a coclique of G with maximum size. Then

n

X (G) = alG)’

Proof. First note that since G is a vertex transitive graph, there exists a family of cocliques
Si,--+,Sp of size a(G) that cover the vertex set of G, i.e., V(G) uniformly. That is each
vertex of G lies in exactly r of these cocliques, for some constant . Thus we have

ba(G) = nr, (3.12)

Now, we define a fractional coloring f (see C. Godsil and G. Royle [17] pages 137 and 138)

as follows 1 { }
e 1€ 17 ce 7[) ’
fi= { 0, Otherwise. (3.13)

Thus, from the definition of the fractional chromatic number of a graph, (3.12), and (3.13),

we have
n

b
log x/(G) < logz fi = log = log a(G)’ (3.14)

Now suppose that the probability density u of the vertex set V(G) is uniform and let B
be the 01-matrix whose columns are the characteristic vectors of the independent sets in
G. Then

VP(G)={x€R} : BA=x, Y A=1, X >0,Vi}

Counsider the function
1 n
9(x) " ;Zl ogx
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We want to minimize g(x) over VP(G). So we use the vector A in the definition of V P(G)
above. Furthermore, from our discussion above, note that each vertex of a vertex transitive
graph lies in a certain number of independent sets m. Thus, we rewrite the function g¢(.)
in terms of \ as

1 1
g(\) = —ﬁlog(kil ot A, = ﬁlog()\j1 + A

Now let S be the set of independent sets of G, and v,v; > 0 for all i € {1,--- ,|S|} be the
Lagrange multipliers. Then the Lagrangian function Lg(v,v1,--- ,7s) is

S] S
Lg(%’hf" ,’Y|3\) :9()\)+V Z)\i_l —Z%’)\i,
i=1 i

Now using Karush-Kuhn-Tucker conditions for our convex optimization problem (see S.

Boyd and L. Vanderberghe[1]) we get

VLQ(V7’71a"' 77\5|) 207

yihi =0, ie{l,---,|S|}. (3.15)
Then considering the co-clique cover {5, -, Sy} above with |S;| = a(G) for all 7, one can
verify that A* defined as
o Ge{l,---,b}
e nr ) ) ) 1
A { 0, Otherwise. (3.16)

is an optimum solution to our minimization problem. Since setting v; = 0 for i € S\
{1,---,b} along with A* gives a solution to (3.15). Substituting A* into g(\)

n
H.(G.U)=1 )
Using (3.14) and Lemma 3.6.1, the corollary is proved. 0

The above corollary implies that the uniform probability density is a maximizer for
Hy (G, P) for a vertex transitive graph. We will give another proof of this fact at the end
of the next chapter using chromatic entropy.

We have also the following corollary.
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3.6.3 Corollary. For any graph G and probability density P, we have
Hy (G, P) < logx(G).
Equality holds if x(G) = x(G) and P mazimizes the left hand side above.

Note that (3.1), Lemma 3.2.1, Lemma 3.2.2, and the sub-multiplicative nature of the
chromatic number, also results in the above corollary.

3.7 Probability Density Generators

For a pair of vectors a,b € ]R’_i, a o b denotes the Schur product of a and b, i.e.,
(aob), =a;.b;, i=1,--- k.
Then for two sets A and B, we have
AoB={aob:ac A, be B}.

We say a pair of sets A, B € R'j is a generating pair, if every probability density vector
pc ]Ri can be represented as the schur product of the elements of A and B, i.e.,

p=aob,ac A bebk.

In this section we characterize a pair of generating convex corners. First, we recall the
definition of the antiblocker of a convex corner (see D. R. Fulkerson [16]). The antiblocker
of a convex corner A is defined as

A :={beR! :b"a<1, Vaec A},
which is itself a convex corner.

The following lemma relates entropy to antiblocking pairs (see 1. Csiszér and et. al.
[9])-

3.7.1 Lemma. (I. Csiszar and et. al.). Let A,B C R’ be convex corners and p € R’} a
probability density. Then

(i) Ifp=aob for someac A andb € B, then
H(p) = Ha(p) + Hz(p),

with equality if and only if a and b achieve H 4(p) and Hg(p).
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(ii) If B C A" then
H(p) < Ha(p) + Hs(p).

with equality if and only if p =aob for somea € A and b € B.

Proof. (i) We have
Hp) = - sz‘ log a;b;

= =) pilogai—Y pilogh,
> Ha(p) + Hs(p). (3.17)

We have equality if and only if a and b achieve H4(p) and Hg(p).
(ii) Let a € A and b € B achieve H 4(p) and Hg(p), respectively. Then the strict concavity
of the log function and the relation b”a < 1 imply

a; bl
pi

Hu(p) + Hs(p) — H(p) = = Y pilog—— > —log Y _a;b; > 0.

Equality holds if and only if a;b; = p; whenever p; > 0. But then since
1> Zaibi > Zpi =1,

equality also holds for those indices with p; = 0. O]

The following theorem which was previously proved in I. Csiszar and et. al. [9] charac-
terizes a pair of generating convex corners.

3.7.2 Theorem. (I. Csiszdr and et. al.). For convex corners A, B C RE the following are
equivalent:

(i) A* C B,
(ii) (A, B) is a generating pair,

(iif) H(p) > Ha(p) + Hp(p) for every probability density p € R%.
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3.8 Additivity and Sub-additivity

If a e RY and b € RY then their Kronecker product a® b € R* is defined by
(a®b)ij:ai.bj, 7’:17,]{,]:1,,[

Note that if p and q are probability distributions then p ® q is the usual product distri-
bution. If £ = [, then also the Schur product aob & Ri is defined by

aob:ai.bi, ’L:]_,,k

Let A C Rﬁ and B C ]Rl+ be convex corners. Their Kronecker product A ® B C Rl_ﬂ is the
convex corner spanned by the Kronecker products a ® b such that a € A and b € B. The
Schur product A ® B of the convex corners A, B C R’i is the convex corner in that same
space spanned by the vectors a o b such that a € A and b € B. Thus

A® B = Convex Hull of {aocb: a€ A, be B}.

I. Csiszér et. al. proved the following lemma and theorem in [9].

3.8.1 Lemma. (1. Csiszdr et. al.). Let A, B CR% be convex corners. The pair (A, B) is
an antiblocking pair if and only if

H(p) = Hu(p) + Hs(p)

7. . . . k
Jor every probability distribution p € RY.

3.8.2 Theorem. ( I. Csiszar et. al.). Let A C R’i and B C RQL be convex corners, and
pc Ri, qeE Rﬂr probability distributions. Then, we have

Haeop(p ® q) = Ha(p) + Hp(a) = Ha-gp+)-(P ® q),

Furthermore, for convex corners A, B C Rf‘;, and a probability distribution p € R’i, we
have

Haos(p) < Ha(p) + Hi(q).

Proof. For a € A and b € B, we have a ® b € A ® B, which implies

kool
Hagp(p®q) < — Z sz‘%‘ log a;b;

i=1 j=1
k !
= —Zpilogai — qu log b;.
i=1 j=1
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Hence Hzp (P ® q) < Ha(p) + Hp(q). By Lemma 3.8.1,

H(p®q)=Hags(P®a)+ Huspy (PR Q).
Since (A)* ® (B)* C (A® B)*, we obtain

Haos (P®q) + Haop (P®q) (3.18)
Hu(p) + Hp(q) + Ha-(p) + Hp-(q)

H(p) + H(q)

= H(p®q).

H(p®aq)

VANVANRVAN

Thus we get equality everywhere in (3.18), proving

Huop (p®@q) = Ha(p) + Hs(q),

and consequently,

Hsep (P®d) = Haop (P ®q) = Ha-(p) + He-(q).

The second claim of the theorem is obviously true. O

As an example let G; = (V1, F1) and Gy = (V3, Ey) be two graphs. The OR product
of G1 and Gy is the graph G;\/ Gy with vertex set V (G1\ G2) = Vi x V4 and (vq,v) is
adjacent to (uq,usg) if and only if vy is adjacent to u; or vy is adjacent to ug. It follows that
VP (G1\/ Gy) = VP (G) ® VP (Gs). From the above theorem we have

Hy, <G1 \/G2,p ® Q> = Hy (G1,p) + Hi (G2, q) .

Thus if uniform probability densities on the vertices of G; and Gy maximize Hy (G, p)
and Hy (Ga,q) then the uniform probability density on the vertex of G;\/ G2 maximizes
Hy (G1V Ga,p®q).

3.9 Perfect Graphs and Graph Entropy

A graph G is perfect if for every induced subgraph G’ of G, the chromatic number of G’
equals the maximum size of a clique in G’. Perfect graphs introduced by Berge in [3] (see
C. Berge [3] and L. Lovéasz [20]).
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We defined the vertex packing polytope V P(G) of a graph, in the previous sections.
Here, we need another important notion from graph theory, i.e, the fractional vertex packing
polytope of a graph G. The fractional vertex packing polytope of G is defined as

FVP(G)={beRM:b>0,) b <1 forall cliques K of G}
€K

It is easy to see that, similar to V P(G), the fractional vertex packing polytope F'V P(G)
is also a convex corner and V P(G) C FV P(G) for every graph G. Equality holds here if
and only if the graph is perfect (See V. Chvatal [7] and D. R. Fulkerson [16]). Also note
that

FVP(G) = (VP@G)) .

3.9.1 Lemma. (I. Csiszar and et. al.). Let S ={x>0,>,x; < 1}. Then we have
S=VP(G)® FVP(G)=FVP(G) ® VP(G).

Furthermore,

VP(G)®VP(G) C FVP(G)® FVP(G)

A graph G = (V) E) is strongly splitting if for every probability distribution P on V/,
we have

H(P) = H, (G, P) + Hy (G, P).

Kérner and Marton in [25] showed that bipartite graphs are strongly splitting while odd
cycles are not.

Now, consider the following lemma which was previously proved in I. Csiszar and et. al.
[9].
3.9.2 Lemma. Let G be a graph. For a probability density P on V(G), we have H(P) =
Hy, (G, P) + Hy, (G, P) if and only if Hy p)(P) = Hpvp)(P).

Proof. We have [VP(@)}* = FVP(G). Thus, Lemma 3.2.1 and Lemma 3.8.1 imply

Hy (G, P)+ H, (G,P) — H(P) = Hyp)(P)+ Hypg(P)— H(P)
= Hvp)(P) — Hrve)(P).

]

The following theorem conjectured by Korner and Marton in [25] first and proved by
L. Csiszar and et. al. in [9].
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3.9.3 Theorem. (I. Csiszér and et. al.). A graph is strongly splitting if and only if it is
perfect.

Proof. By Lemmas 3.1.2 and 3.9.2, G is strongly splitting if and only if V P(G) = FV P(G).
This is equivalent to the perfectness of G. [

Let G = (V, E) be a graph with vertex set V' and edge set E. The graph
G = (v, g

is the n-th normal power where V" is the set of sequences of length n from V', and two
distinct vertices z and y are adjacent in GI" if all of their entries are adjacent or equal in
G, that is

EM = {(z,9) e V' x V" :x#y, Vi (z;,y;) € E or z; = y;}.

The m-entropy of a graph G = (V, E) with respect to the probability density P on V is
defined as

1
H.(G,P) =lim lim min —log x(G"(1))).

e>0n—o0 UCV " pn(U)>1—€e N

Note that Gl = G,
The following theorem is proved in G. Simonyi [30].

3.9.4 Theorem. (G. Simonyi). If G = (V, E) is perfect, then H.(G, P) = H,(G, P).
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Chapter 4

Chromatic Entropy

A graph G with probability distribution P on its vertex set is called a Probabilistic Graph
(G, P). In this chapter, we investigate minimum entropy colouring of the vertex set of a
probabilistic graph (G, P) which was previously studied by N. Alon and A. Orlitsky [!].
The minimum number of colours xg (G, P) required in a minimum entropy colouring of
V(G) was studied by J. Cardinal et. al. [5] and [6]. We state their results and further
investigate y g (G, P). For a Kneser graph with uniform probability distribution on its
vertex set (K., U) and based on induction on v, we prove that

XH(K’UZ’I’) U) = X(KUW’)'

Furthermore, using the relationship between the chromatic entropy and the entropy of a
vertex transitive graph, we prove that uniform probability distribution is a maximizer of
the entropy of a vertex transitive graph.

4.1 Minimum Entropy Coloring

Let X be a random variable distributed over a countable set V' and 7 be a partition of V/,
ie, m={Cy,---,C,} and V = U%_ C;. Then 7 induces a probability distribution on its
cells, that is

p(Cy) =Y pv),Vie{l,-- k}.

veC;
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Therefore, the cells of m have a well-defined entropy as follows:

k

H(m) = Y p(C)log .

If we consider V' as the vertex set of a probabilistic graph (G, P) and 7 as a partitioning
of the vertices of G into colour classes, then H (7) is the entropy of a proper colouring of

V(G).
The chromatic entropy of a probabilistic graph (G, P) is defined as

H,(G,P) :=min{H (7) : 7 is a colouring of G},

i.e. the lowest entropy of any colouring of G.

Example. The empty graph is a graph with a vertex set without any edges. We can colour
the vertices of an empty graph with one colour. Thus, an empty graph has chromatic
entropy 0. On the other hand, in a proper colouring of the vertices of a complete graph,
we require distinct colours for distinct vertices. Hence, a complete graph has chromatic
entropy H(X).

Now consider a 5-cycle with two different probability distributions over its vertices, i.e.,
uniform distribution and another one given by p; = 0.3, ps = p3 = p5s = 0.2, and py = 0.1.
In both of them we require three colours. In the first one, a colour is assigned to a single
vertex and each of the other two colours are assigned to two vertices. Therefore, the first
probabilistic 5-cycle has chromatic entropy

H(0.4,0.4,0.2) ~ 1.52.

For the second probabilistic 5-cycle, the chromatic entropy is attained by choosing the
colour classes as {1,3}, {2,5}, and {4}. Then, its chromatic entropy is

H(0.5,0.4,0.1) = 1.36.

4.2 Entropy Comparisons

A source code ¢ for a random variable X is a mapping from the range of X, i.e., X, to the
set of finite-length strings, i.e., D*, of a D-ary alphabet. Let ¢(x) denote the codeword
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corresponding to x and let [(z) be the length of ¢(z). Then the average length L(¢) of the

source code ¢ is
L(6) = ¥ p(@)i(a).

reX

The source coding problem is the problem of representing a random variable by a sequence
of bits such that the expected length of the representation is minimized.

N. Alon and A. Orlitsky [!] considered a source coding problem in which a sender
wants to transmit an information source to a receiver with some correlated information to
the intended information source. Motivated by this problem, they considered the OR/co-
normal product of graphs, as we stated in the previous chapter. We recall this graph
product here.

Let G1,--- ,G, be graphs with vertex sets Vi,---,V,. The OR product of G, --- ,G,
is the graph \/;_, G; whose vertex set is V™ and where two distinct vertices (v, -+ ,v,)

and (vy,--- ,v),) are adjacent if for some ¢ € {1,--- ,n} such that v; # v}, v; is adjacent to

rrn

v} in G;. The n-fold OR product of G with itself is denoted by GV™.

N. Alon and A. Orlitsky [1] proved the following lemma which relates chromatic entropy
to graph entropy.

4.2.1 Lemma. (N. Alon and A. Orlitsky). lim,_, 2 H,(GV", P™) = Hy(G, P).

Let Q(G) be the collection of cliques of a graph G. For every vertex x we choose a
conditional probability distribution p(z’|z) ranging over the cliques containing x. This
determines a joint probability distribution of X and a random variable Z’ ranging over all
cliques containing X. Then, the clique entropy is the maximal conditional entropy of X
given Z'. That is

H,(G, P) = max{H(X|Z') : X € Z' € QG)}.

Example. The only cliques of an empty graph are singletons. Thus for an empty graph,
we have

Z'={X},

which implies
H,(G,P)=0.

On the other hand, for a complete graph, we can take Z’ to be the set of all vertices. Thus,
for a probabilistic complete graph (G, P), we have

H,(G,P)=H(X).
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For a 5-cycle, every clique is either a singleton or an edge. Thus, for a probabilistic 5-cycle
with uniform distribution over the vertices, we have

H,(G,P)<1.

Now, if for every z we let Z’ be uniformly distributed over the two edges containing x,
then by symmetry we get
H(X|Z") =1,

which implies
H,(G,P)=1
N. Alon and J. Cardinal et. al. proved the following lemmas in [1] and [6].

4.2.2 Lemma. (N. Alon and A. Orlitsky). Let U be the uniform distribution over the
vertices V(G) of a probabilistic graph (G,U) and a(G) be the independence number of the

graph G. Then,

H,(G,U) > log %.

4.2.3 Lemma. (N. Alon and A. Orlitsky). For every probabilistic graph (G, P)

H,(G,P)= H(P) - H,(G, P).

4.2.4 Lemma. (J. Cardinal et. al.). For every probabilistic graph (G, P), we have
—loga(G, P) < Hy(G, P) < H,(G, P) <logx(G).
Here oG, P) denotes the mazimum weight P(S) of an independent set S of (G, P).

[]

It may seem that non-uniform distribution decreases chromatic entropy H, (G, P), but
the following example shows that this is not true. Let us consider 7-star with deg(vy) =7
and deg(v;) = 1 for i € {2,---,8}. If p(vy) = 0.5 and p(v;) = & for i € {2,---,8},
then H, (G, P) = H(0.5,0.5) = 1, while if p(v;) = § for i € {1,---,8}, then H,(G,P) =

H(3, %) < H(05,05) =1.
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4.3 Number of Colours and Brooks’ Theorem

Here, we investigate the minimum number of colours y g (G, P) in a minimum entropy
colouring of a probabilistic graph (G, P). First, we have the following definition.

A Grundy colouring of a graph is a colouring such that for any colour 4, if a vertex has
colour ¢ then it is adjacent to at least one vertex of colour j for all j < ¢. The Grundy
number ['(G) of a graph G is the maximum number of colours in a Grundy colouring of G.
Grundy colourings are colourings that can be obtained by iteratively removing maximal
independent sets.

The following theorem was proved in J. Cardinal et. al. [0].

4.3.1 Theorem. (J. Cardinal et. al.) Any minimum entropy colouring of a graph G
equipped with a probability distribution on its vertices is a Grundy colouring. Moreover,
for any Grundy colouring of G, there exists a probability mass function P over V(G) such
that ¢ is the unique minimum entropy colouring of (G, P).

We now consider upper bounds on xg(G, P) in terms of the maximum valency of G,
i.e., A(G). The following theorems were proved in J. Cardinal et. al. [5] and J. Cardinal
et. al. [0].

4.3.2 Theorem. (J. Cardinal et. al.). For any probabilistic graph (G, P), we have xu(G, P)
A(G) + 1.

4.3.3 Theorem. (Brooks” Theorem for Probabilistic Graphs). If G is connected graph
different from a complete graph or an odd cycle, and U is a uniform distribution on its
vertices, then xg(G,U) < A(G).

4.4 Grundy Colouring and Minimum Entropy Colour-
ing

Let ¢ : vy, v9, -+ , v, be an ordering of the vertices of a graph GG. A proper vertex colouring
c:V(G) = Nof G is a p—colouring of G if the vertices of G are coloured in the order
¢, beginning with ¢(v;) = 1, such that each vertex v;11(1 <i < n — 1) must be assigned
a colour that has been used to colour one or more of the vertices vy, v, - - - ,v; if possible.
If v;11 can be assigned more than one colour, then a colour must be chosen which results
in using the fewest number of colours needed to colour G. If v;y; is adjacent to vertices
of every currently used colour, then ¢(v;y1) is defined as the smallest positive integer not
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yet used. The parsimonious ¢—colouring number y4(G) of G is the number of colours in
a ¢—colouring of G. The maximum value of x4(G) over all orderings ¢ of the vertices of
G is the ordered chromatic number or, more simply, the ochromatic number of G, which
is denoted by x°(G).

Paul Erdos, William Hare, Stephen Hedetniemi, and Renu Lasker proved the following
lemma in [12].

4.4.1 Lemma. (Erdos et. al.). For every graph G, T'(G) = x°(G).

Now we prove the following lemma.

4.4.2 Lemma. For every probabilistic graph (G, P), we have
ngXXH(G, P) =T(G).

Proof. Due to Theorem 4.3.1 any minimum entropy colouring of a graph G equipped
with a probability distribution on its vertices is a Grundy colouring, and for any Grundy
colouring ¢ of GG, there exists a probability distribution P over V(G) such that ¢ is the
unique minimum entropy colouring of (G, P). O

4.4.3 Corollary.
m]z}XXH(G,P) = x°(G, P).

Note that every greedy colouring of the vertices of a graph is a Grundy colouring.

It is worth mentioning that the chromatic number of a vertex transitive graph is not
achieved by a Grundy colouring. Let GG be a 6-cycle. Consider the first Grundy colouring
of G with colour classes {v1,v4}, {vs,v6}, and {ve,v5} and the second Grundy colouring
with colour classes {vq,v3,v5} and {vg, vy, vg}.

It may seem that every Grundy colouring of a probabilistic graph is a minimum en-
tropy colouring, but the following example shows that is not true. Consider a proba-
bility distribution for the 6-cycle in the above example as p(v1) = p(vs) = 0.4 and
p(ve) = p(vg) = p(vs) = p(vs) = 0.05. Then, denoting the first Grundy colouring in the
example above by ¢4 and the second one by cp, we have H(ca) = 0.44 and H(cp) = 0.25
which are not equal.

4.4.1 Remark. Let (G, P) and (G', P') be two probabilistic graphs, and ¢ : G — G’ a
homomorphism from G to G’ such that for every v' € V(G’), we have

P)= > p).

viweP~(v')
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Then, can we say that
xu(G, P) < xu(G', P')?

The following example shows that is not true. Let (G, P) be a probabilistic 6-cycle and
(G', P") be a probabilistic K, with the corresponding probability distributions as follows.

p(v1) = p(ve) = 0.4, p(v2) = p(vs) = p(vs) = p(vs) = 0.05. Then, xu(Cs, P) = 3 while
xu(Kq, P') =2, ie., xu(Cs, P) > xg (K>, P'). It is worth noting that even as a result of
simple operations like deleting an edge, we cannot have the above conjecture. To see this
just add an edge between v, and v, in this example.

4.5 Minimum Entropy Colouring and Kneser Graphs

In this section, we study the minimum entropy colouring of a Kneser graph K,.. and prove
the following Theorem.

4.5.1 Theorem. Let (K., U) be a probabilistic Kneser graph with uniform distribution
U over its vertices and v > 2r. Then, for the minimum number of colours in a minimum
entropy colouring of (K., U), i.e. xg(Ky.r,U), we have

XH(K”U:T'? U) = X(Kv:'f)‘

Before proving the above theorem, we explain some preliminaries and a lemma which
were previously given in J. Cardinal et. al. [0].

Consider a probabilistic graph (G, P). Let S be a subset of the vertices of G, i.e.,
S CV(Q).

Then P(S) denotes
P(S) = Zp(x)

z€eS
Note that a colouring of V(G) is a map ¢ from the vertex set V(G) of G to the set of
positive integers N, that is
¢:V(G) =N,

Then ¢~'(i) denotes the set of vertices coloured with colour 7. Let ¢; be the probability
of the i-th colour class. Hence, letting X be a random vertex with distribution P ranging
over the vertices of G, we get



The colour sequence of ¢ with respect to P is the infinite vector ¢ = (¢;).

Let (G, P) be a probabilistic graph. A sequence c is said to be colour-feasible if there
exists a colouring ¢ of V(G) having ¢ as colour sequence. We consider non-increasing
colour sequences, that is, colour sequences ¢ such that

Ci 2 Ciy1, V1.

Note that colour sequences define discrete probability distributions on N. Then the entropy
of colour sequence c of a colouring ¢, i.e., H(c) is

H(c)=-— Zcilogci.

1€EN

The following lemma was proved in N. Alon and A. Orlitsky|!].

4.5.2 Lemma. (N. Alon and A. Orlitsky). Let ¢ be a non-increasing colour sequence, let
i, J be two indices such that i < j and let o a real number such that 0 < o < c¢;. Then we
have H(c) > H(c1,- -+ ,Ci1,Ci+ @, Cig1, -+ ,Cjo1,Cj — O, Cjr1, -+ ).

We now examine the consequences of this lemma. We say that a colour sequence c
dominates another colour sequence d if Zgzl cj > 25:1 d; holds for all j. We denote this
by ¢ = d.Note that > is a partial order. We also let > denote the strict part of >. The
next lemma which was proved in J. Cardinal et. al. [0] shows that colour sequences of
minimum entropy colourings are always maximal colour feasible.

4.5.3 Lemma. (J. Cardinal et. al.). Let ¢ and d be two non-increasing rational colour
sequences such that ¢ = d. Then we have H(c) < H(d).

Now we prove Theorem 4.5.1.

Proof of Theorem 4.5.1. The proof is based on induction on v. For v = 2r the as-
sertion holds. We prove the assertion for v > 2r. Due to Erdés-Ko-Rado theorem, the
colour sequence corresponding to the grundy colouring achieving the chromatic number
of a Kneser graph dominates all colour feasible sequences. Hence using Lemma 4.5.3, we
have xg(Ky_1.,U) = x(Ky_1.+). Now, removing the maximum size coclique in K,.,., due
to induction hypothesis, we get a minimum entropy colouring of K, ;... Thus we have
XH(Kv:ra U) -1= XH(Kv—lsra U) = X(Kv—lsr)' NOting that X(szr) = X(Kv—lsr) + 17 we
have XH(KUZT‘7 U) = X(Kv:r)'

4.5.4 Corollary. Let Gy = (K., U), and (G, U) is homomorphically equivalent, in the
sense of Remark 4.4.1, to Gy, then we have xg (G1) = xu (G2) = x (G1) = x (G2).
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4.6 Further Results

As we mentioned in the previous chapter, for a probabilistic graph (G, P), we have

m}z)xka (G,P) =logxy(G). (4.1)

In this section, we prove the following theorem for vertex transitive graphs using chro-
matic entropy. Recall that we gave another proof of the following theorem using the
structure of vertex transitive graphs and convex optimization techniques in previous chap-
ter.

4.6.1 Theorem. Let G be a vertex transitive graph. Then the uniform distribution over
vertices of G maximizes Hy, (G, P). That is H, (G,U) = log xs (G).

Proof. First note that for a vertex transitive graph G, we have x;(G) = %, and the

n-fold OR product GV™ of a vertex transitive graph G is also vertex transitive. Now from
Lemma 4.2.2, Lemma 4.2.4 , and equation 4.1, we have

Hy, (GV",U) <logx; (GV") < H, (GV",U), (4.2)

From [1] and [38], we have Hy (GV",U) = nH;(G,U), x; (GV") = x;(G)", and
log xr (G) = limnﬁoo%logx (GV”). Hence, applying Lemma 4.2.1 to equation 4.2 and
using squeezing theorem, we get

Hy (G,U) =log x; (G) = lim l1ogx(GV“) = lim lHX (GV™,U). (4.3)

n n—oo 1,

]

The following example shows that the converse of the above theorem is not true. Con-
sider G = C4UC§, with vertex sets V (Cy) = {vy, va, v3,v4} and V (Cg) = {vs, vg, v7, vs, Vg, V10 },
and parts A = {vy,vs,v5, 07,09}, B = {vg, vy, 06,08, v10}. Clearly, G is not a vertex tran-
sitive graph, however, using Theorem 3.5.3, one can see that the uniform distribution

U= (%, ceey 1—10) gives the maximum graph entropy which is 1.
Now note that we can describe the chromatic entropy of a graph in terms of the graph
entropy of a complete graph as

H, (G, P) =min{Hy (K,,P'): (G,P) = (K,, P")}.
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A graph G is called symmetric with respect to a functional Fg (P) defined on the set of all
the probability distributions on its vertex set if the distribution P* maximizing Fg (P) is
uniform on V' (G). We study this concept in more detail in the next chapter.
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Chapter 5

Symmetric Graphs

A graph G with distribution P on its vertices is called symmetric with respect to graph en-
tropy Hy (G, P) if the uniform probability distribution on its vertices maximizes Hy (G, P).

In this chapter we characterize different classes of graphs which are symmetric with
respect to graph entropy. Using Hall’s, Konig’s, and the entropy of bipartite graphs, we
characterize bipartite graphs which are symmetric with respect to graph entropy. We
also characterize symmetric perfect graphs using weak perfect graph theorem and basic
properties of graph entropy. Furthermore, we find a class of line graphs which are symmetric
with respect to graph entropy using Lagrange multipliers in convex optimization. As
a corollary to this result, we show that the line graph of every bridgeless cubic is also
symmetric with respect to graph entropy.

5.1 Symmetric Bipartite Graphs

5.1.1 Theorem. Let G be a bipartite graph with parts A and B, and no isolated vertices.
The uniform probability distribution U over the vertices of G maximizes Hy (G, P) if and
only if G has a perfect matching.

Proof. Suppose G has a perfect matching, then |A| = |B|, and due to Hall’s theorem we
have

|D| < |N(D)|, VD C A.
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Now assuming P = U, we have

~p) 4B
PP =wer "W v T vo

Thus, the condition of Theorem 3.5.3 is satisfied, that is

= p(B),

p(D) _ pN(D))
) VD g A7
p(A) = p(B)
Then, due to Theorem 3.5.3, we have
1
HL(G.0) = ho(a) = (3) =1

Noting that Hy (G, P) < log X¢(G), VP, and log X;(G) = 1 for a bipartite graph G,
the assertion holds.

Now suppose that G has no perfect matching, then we show that Hy (G,U) < 1. First,
note that from Konig’s theorem we can say that a bipartite graph G = (V, E) has a perfect
matching if and only if each vertex cover has size at least $|V|. This implies that if a
bipartite graph G does not have a perfect matching, then G has an independent set with
size > ‘—‘;'

Furthermore, as mentioned in [31], the vertex packing polytope of a graph G is deter-
mined by the following inequalities if and only if G is bipartite.

0<z,<1, WYveV(Q),
T, +x, <1, Ve=uve EG).

VI, Let S denote an independent set in G with
|S| > % We define a vector X such that z, = 2k if v € S and T, = 1 — 2L otherwise.

4 14
%, X is feasible. Letting ¢ := % and noting that |S| > ‘—g', we have

We show max,c vp@) [[ ey v > 27

Since |S| >

—(tlogt+ (1 —t)log(1 —1)) <1,

This shows that Hy (G,U) < 1 which contradicts the fact G is symmetric with respect
to graph entropy. O
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5.2 Symmetric Perfect Graphs

Let G = (V, E) be a graph. Recall that the fractional vertex packing polytope of Gi.e,
FV P(G) is defined as

FVP(G):={x¢€ R'X' ; Z x, <1 for all cliques K of G}.

veK

Note that F'V P(G) is a convex corner and for every graph G, VP(G) C FVP(G). The
following theorem was previously proved in [7] and [16].

5.2.1 Theorem. (V. Chvatal and D. R. Fulkerson). A graph G is perfect if and only if
VP(G)=FVPG).

The following theorem which is called weak perfect graph theorem is useful in the fol-
lowing discussion. This theorem was proved by Lovdsz in [27] and [28] . We state the
theorem here.

5.2.2 Theorem. (L. Lovész). A graph G is perfect if and only if its complement is perfect.
Now, we prove the following theorem which is a generalization of our bipartite sym-
metric graphs with respect to graph entropy.

5.2.3 Theorem. Let G = (V, E) be a perfect graph and P be a probability distribution on
V(G). Then G is symmetric with respect to graph entropy Hy (G, P) if and only if G can
be covered by its cliques of maximum size.

Proof. Suppose G is covered by its maximum-sized cliques, say Qq,---,Q,,. That is
V(G)=V(Q)U---UV(Q,,) and |V(Q;)| = w(Q), Vi € [m].

Now, consider graph T' which is the disjoint union of the subgraphs induced by V' (Q;) Vi €
[m]. That T' = U:LG [V(Q;)]- Noting that T is a disconnected graph with m components,
using Corollary 3.4.4 we have

H, (T, P) = Z P(Qi)Hi(Qi, Py).

Now, having V(T') = V(G) and E(T) C E(G), we get Hy (T, P) < Hy (G, P) for every
distribution P. Using Lemma 3.6.1, this implies
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ZP Qi) Hy (Qs, P) < log x4(G), VP, (5.1)

Noting that G is a perfect graph, the fact that complete graphs are symmetric with
respect to graph entropy, xs(Qi) = xs(G) = w(G) = x(G), Vi € [m], and (5.1), we
conclude that uniform distribution maximizes Hy (G, P).

Now, suppose that G is symmetric with respect to graph entropy. We prove that G can
be covered by its maximum-sized cliques. Suppose this is not true. We show that G is not
symmetric with respect to Hy (G, P).

Denoting the minimum clique cover number of G by v(G) and the maximum indepen-
dent set number of G by a(G), from perfection of G and weak perfect theorem, we get
v(G) = a(G). Then, using this fact, our assumption implies that G has an independent

set S with | S| > & G))|.

Is|
|V| “Lifv e V(G )\S Then,

we can see that X € FVP(G) = VP(G). Let t := IIS\ Then, notlng that ¢t > =

1—
We define a vector X such that 7, = 513y € S and Ty = —

Hk: (G, U) S Zlong
vEV
1 _ —
= v Zlogmv+ Z Ty
| ‘ veS veV\S
1 l -«
= 1 1
~ 7 (18toga-+ V1= 180y 10g 2=
1—
= —tlogt—(l—t)log tl
1—t 1—t
= —tlogt— (w—1) (w 1 logw — 1) < logw(G).
O
Note that we have
7(G) = a(G).

Now, considering that finding the clique number of a perfect graph can be done in poly-
nomial time and using weak perfect graph theorem we conclude that one can decide in
polynomial time whether a perfect graph is symmetric with respect to graph entropy.
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5.2.4 Corollary. Let G be a connected regular line graph without any isolated vertices
with valency k > 3. Then if G is covered by its disjoint maximum-size cliques, then G is
symmetric with respect to Hi(G, P).

Proof. Let G = L(H) for some graph H. Then either H is bipartite or regular. If H
is bipartite, then G is perfect (See [10]) and because of Theorem 5.2.3 we are done. So
suppose that H is not bipartite. Then each clique of size k in G corresponds to a vertex
v in V(H) and the edges incident to v in H and vice versa. That is because any such
cliques in GG contains a triangle and there is only one way extending that triangle to the
whole clique which corresponds to edges incident with the corresponding vertex in H. This
implies that the covering cliques in G give an independent set in H which is also a vertex
cover in H. Hence H is a bipartite graph and hence G is perfect. Then due to Theorem
5.2.3 the theorem is proved. O

5.3 Symmetric Line Graphs

In this section we introduces a class of line graphs which are symmetric with respect to
graph entropy. Let G5 be a line graph of some graph Gy, i.e, Go = L(G}). Let |[V(G1)| =n
and |E(G4)| = m. We recall that a vector x € R7 is in the matching polytope M P(G)
of the graph G, if and only if it satisfies (see A. Schrijver [31]).

T, >0 Ve € E(Gl),
2(6(0) < 1 Yo € V(Gy), (5.2)
(E[U)) < |A|U1), VU C V(Gy) with |U] odd.

Let M denote the family of all matchings in G, and for every matching M € M let the
characteristic vector by, € R’ be as

(bar)e = { (1) ) ; %j (5.3)

Then the fractional edge-colouring number x;(G1) of G is defined as
MeM MeM

If we restrict Ay; to be an integer, then the above definition give rise to the edge colouring
number of Gy, i.e., x'(G1). Thus

X5(G) < X(G).
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As an example considering GG; to be the peterson graph, we have
X3 (G) =X(G) = 3.

5.3.1 Remark. Note that every matching in G; corresponds to an independent set in G,
and every independent set in G5 corresponds to a matching in G;. Note that the fractional
edge-colouring number of Gy, i.e., x;(G1) is equal to the fractional chromatic number of
Gg, 16,X(G2> Thus

X/f(Gl) = Xf(G2)-
Furthermore, note that the vertex packing polytope V P(Gs) of G5 is the matching polytope
MP(G,) of Gy (see L. Lovasz and M. D. Plummer [30]). That is

VP(Gy) = MP(Gy).

The following theorem which was proved by Edmonds, gives a characterization of the
fractional edge-colouring number x’;(G1) of a graph G (see A. Schrijver [31]).

5.3.1 Theorem. Let A(G4) denote the maximum degree of G1. Then the fractional edge-
colouring number of Gy is obtained as

=

X7(G1) = max{A(Gy), vV, 023 |Ll|(g I)J|

}.

Following A. Schrijver [31] we call a graph Gy a k-graph if it is k-regular and its
fractional edge coloring number x;(H) is equal to k. The following colloray characterizes
a k-graph (see A. Schrijver [31]).

5.3.2 Corollary. Let Gy = (Vi, E1) be a k-regular graph. Then X';(G1) = k if and only if
|0(U)| > k for each odd subset U of V.

The following theorem introduces a class of symmetric line graphs with respect to graph
entropy. The main tool in the proof of the following theorem is Karush-Kuhn-Tucker
(KKT) optimality conditions in convex optimization (see S. Boyd and L. Vanderberghe

[4])-

5.3.3 Theorem. Let Gy be a k-graph with k > 3. Then the line graph Go = L(G1) is
symmetric with respect to graph entropy.
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Proof. From our discussion in Remark 5.3.1 above we have

1

H; (Gy, P) = i . log —,

<O P) = it 2 mrloeg
e 1

Let Ay, 7o > 0 be the Lagrange multipliers corresponding to inequalities z(d(v)) < 1 and
z (E[U]) < [3|U]] in the description of the matching polytope MP(G;) in (5.2) for all
v € V(G4) and for all U C V(G,) with |U| odd, and |U| > 3, respectively.
Now, note that the function

— Y pelogze

eGE(Gl)

is a convex function and tends to infinity at the boundary of the non-negative orthant and
tends monotonically to —oo along the rays from the origin. Thus, the Lagrange multipliers
corresponding to inequalities z. > 0 are all zero.

Set

g(X) - - Z pelogxev

ecE(G1)

Then the Lagrangian of g(x) is

L(xX7) =- Y plogze+ Y (A+A)(ze—1)

e€E(G1) e={u,v}
1
F Y Y wm- Y LWL G
e€cE(G1) Uucy, Uucv,
Ue,|U| odd, [U|>3 U| odd, |[U|>3

Using KKT conditions (see S. Boyd, and L. Vanderberghe [1]), the vector x* minimizes
g(x) if and only if it satisfies

oL
orr

— _i_z + (A + ) + ) = 0for e = {u,v}. (5:5)

Uucv,
Ude,|U| odd, |U[>3

Fix the probability density to be uniform over the edges of GG, that is

L Vee B,

DPe = —
m
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Note that the vector % is a feasible point in the matching polytope M P(G1). Now, one
can verify that specializing the variables as

x* 1

k?
Yo =0 YU CV, U] odd, [U] =3
/\u:/\v:% Ve = {u,v}.

satisfies the equations (5.5). Thus
Hy, (Ga,u) =logk.

Then using Lemma 3.6.1 and the assumption x(G3) = k the theorem is proved. ]

It is well known that cubic graphs have a lot of interesting structures. For example,
it can be checked that every edge in a bridgeless cubic graph is in a perfect matching.
Furthermore, L. Lovasz and M. D. Plummer [30] conjectured that every bridgeless cubic
graph has an exponentially many perfect matching. This conjecture was proved by Louis
Esperet, et. al. [13] recently. Now we have the following interesting statement for every
cubic bridgeless graph.

5.3.4 Corollary. The line graph of every cubic bridgeless graph G = (V1, Ey) is symmetric
with respect to graph entropy.

Proof. We may assume that GGy is connected. Let U C V;j and let U; C U consist of vertices
v such that 6(v) N §(U) = (. Then using handshaking lemma for G;[U], we have

3|Ur| +3JUN\ Uh| = [0(U)] = 2| E(GL[U])]-

And consequently,
3| U = |0(U)| mod 2,

Assuming |U| is odd and noting that Gy is bridgeless, we have
I(U) > 3.

Then, considering Corollary 5.3.2, the corollary is proved. O]

Figure 5.1 shows a bridgeless cubic graph which is not edge transitive and its edges are
not covered by disjoint copies of stars and triangles. Thus the line graph of the shown graph
in Figure 5.1 is neither vertex transitive nor covered by disjoint copies of its maximum size
cliques. However, it is symmetric with respect to graph entropy by Corollary 5.3.4.
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V4

/\

V6 U5

Figure 5.1: A bridgeless cubic graph.

V9 (%rd

Us Ve
U1 V10
V4 v

Figure 5.2: A cubic one-edge connected graph.

Figure 5.2 shows a cubic graph with a bridge. The fractional edge chromatic number
of this graph is 3.5 while the entropy of its line graph is 1.75712, i.e., log, 3.5 = 1.8074 >
1.75712. Thus, its line graph is not symmetric with respect to graph entropy, and we
conclude that Corollary 5.3.4 is not true for cubic graphs with bridge.
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Chapter 6

Future Work

In this chapter we explain two possible research directions related to the entropy of graphs
discussed in previous chapters. Since these directions are related to a superclass of per-
fect graphs which are called normal graphs and Lovdsz 9, we explain the corresponding
terminologies and results in the sequel.

6.1 Normal Graphs

Let G be a graph. A set A of subsets of V(G) is a covering, if every vertex of G is contained
in an element of A.

We say that graph G is Normal if there exists two coverings C and S such that ev-
ery element C' of C is a clique and every element S of S is an independent set and the
intersection of any element of C and any element of § is nonempty, i.e.,

CNnS+#0, vCecC, Ses.
Recall from the sub-additivity of Graph Entropy, we have
H(P) < Hy(G, P) + H,(G, P). (6.1)

A probabilistic graph (G, P) is weakly splitting if there exists a nowhere zero probability
distribution P on its vertex set which makes inequality (6.1) equality. The following lemma
was proved in J. Korner et. al. [23].
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6.1.1 Lemma. (J. Kérner, G. Simonyi, and Zs. Tuza) A graph G is weakly splitting if
and only if it is normal.

Furthermore, we call (G, P) is strongly splitting if inequality (6.1) becomes equality for
every probability distribution P. The following lemma was proved in I. Csiszér et. al. [9].

6.1.2 Lemma. (I. Csiszéar et. al.) For a probabilistic graph (G, P), we have

Furthermore, it is shown in I. Csiszér et. al. [9] that

6.1.3 Lemma. (I. Csiszér et. al.) A graph G is perfect if and only
Hyp)(P) = Hpvpo)(P).

Using Lemmas 6.1.1, 6.1.2, and 6.1.3, we conclude that every perfect graph is also a
normal graph. This fact was previously proved in J. Kérner [20]. It is shown in [32] that
the line graph of a cubic graph is normal. Furthermore, it is shown in J. Korner [20] that
every odd cycle of length at least nine is normal. Smaller odd cycles are either perfect
like a triangle or not perfect nor normal like C5 and C7. If we require that every induced
subgraph of a normal graph to be normal, we obtain the notion of hereditary normality.
The following conjecture was proposed in C. De Simone and J. Kérner [15].

6.1.4 Conjecture. Normal Graph Conjecture A graph is hereditarily normal if and only
if the graph nor its complement contains C5 or C; as an induced subgraph.

A circulant C* is a graph with vertex set {1,--- ,n}, and two vertices i # j are adjacent
if and only if
1 — 7 =k mod n.
We assume k > 1 and n > 2(k + 1) to avoid cases where C* is an independent set or a
clique. The following theorem was proved in L. E. Trotter, jr. [37].

6.1.5 Theorem. (L. E. Trotter, jr.) The circulant C¥, is an induced subgraph of C* if

and only if
k+1

kK +1

, k
n <n< P
Note that
ck < CF,
implies &' < k and n’ < n. Particularly, the following lemma was proved in A. K. Wagler

[39]-
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6.1.6 Lemma. (A. K. Wagler)

(i) Cs C Ck if and only if *EF) < n < 5k,
(i) C7 C C¥ if and only if ) < n < 7k,

(iii) C2 C Ck if and only if "*F1 k“ <n<Z.

Using the above theorem and lemma, A. K. Wagler [79] proved the Normal Graph Conjec-
ture for circulants C*.

One direction for future research is investigating the Normal Graph Conjecture for
general circulants and Cayley graphs.

6.2 Lovasz ¥ Function and Graph Entropy

An old problem in information and graph theory is to determine the zero error Shannon
capacity C(G) of a graph G. Let G be a graph with vertex set V(G) and edge set E(G).
The n-th normal power of G is the graph G™ with vertex set V(G") = (V(G))" and two
vertices (1, ,x,) # (Y1, -+ ,yn) are adjacent if and only if

XT; =1Y; Oor {lli'i,yi} S E(G) Vi € {1, ... ’n}.

The zero error Shannon capacity C(G) of a graph G is defined as

C(G) = limsup — loga (G").

n—oo 1

Let P denote the probability distribution over the vertices of G, and € > 0. Let 2 € V" be
an n-sequence whose entries are from X, and N (a|z™) denote the number of occurrences
of an element a € X. We call the set of (P, ¢)-typical sequences TP, ¢) to be the set of
n-sequences " € V" such that

|IN(a|z") — P(X = a)| < ne.

Then the capacity of the graph relative to P is

C(G, P) = limlimsup ! log « (G(P, €)) .

=0 noco N

61



Given a probabilistic graph (G, P), K. Marton in K. Marton [31] introduced a functional
A(G, P) which is analogous to Lovasz’s bound ¥(G) on Shannon capacity of graphs. Sim-
ilar to J(G), the probabilistic functional A\(G, P) is based on the concept of orthonormal
representation of a graph which is recalled here.

Let U ={u; : i € V(G)} be a set of unit vectors of a common dimension d such that
uu; =0ifi#jand {i,j} ¢ E(G).

Let ¢ be a unit vector of dimension d. Then, the system (U, c) is called an orthonormal
representation of the graph GG with handle c.

Letting T'(G) denote the set of all orthonormal representations with a handle for graph
G, L. Lovasz [29] defined

1
Y(G)= min  max :
(U)eT (@) ieV(G) (u;, €)?

Then it is shown in L. Loasz [29] that zero error Shannon capacity C'(G) can be bounded
above by 9(G) as
C(G) < logd(G).

A probabilistic version of J(G) denoted by A\(G, P) is defined in K. Marton [31] as

1

MG, P) = i Plog ———.

(’)<ﬁ%wz O%%W
1€V(G)

K. Marton [31] showed that

6.2.1 Theorem. (K. Marton) The capacity of a probabilistic graph (G, P) is bounded above
by MG, P), i.e.,
C(G,P) < \G,P).

The following theorem was proved in K. Marton [31] which relates A(G, P) to Hx(G, P).
6.2.2 Theorem. (K. Marton) For any probabilistic graph (G, P),

A(G,P) < Hy (G, P).

Furthermore, equality holds if and only if G is perfect.
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K. Marton [31] also related A\(G, P) to ¥(G) by showing

max MG, P) = log9d(G). (6.2)

It is worth mentioning that J(G) can be defined in terms of graph homomorphisms as
follows.

Let d € N and a < 0. Then we define S(d, ) to be an infinite graph whose vertices
are unit vectors in R?. Two vertices u and v are adjacent if and only if uv? = o. Then

ﬁ(@):min{l—é:G%S(d,a),a<0}. (6.3)

Thus, noting (6.2) and (6.3) and the above discussion, investigating the relationship be-
tween graph homomorphism and graph entropy which may lead to investigating the rela-
tionship between graph homomorphism and graph covering problem seems interesting.
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Appendix A

Proof of Lemma 3.2.2

Here we explain the proof of Lemma 3.2.2 with more detail compare to the proof already
stated in the literature.

First, we state a few lemmas as follow.

A. 1. Lemma. The chromatic number of a graph G, i.e., x(G) is equal to the minimum
number of maximal independent sets covering G.

Proof. Let k(G) be the minimum number of maximal independent sets covering the vertices
of G. Then k(G) < x(G), since the colour classes of any proper colouring of V(G) can
be extended to maximal independent sets. On the other hand, consider a covering system
consisting of maximal independent sets S with a minimum number of maximal independent
sets. Let S = {S1, -+, Sk }. We define a colouring c of the vertices of graph G as

c(v) =1, Yo €S5;\ S;i—1, and Vi € {1,--- ,k(G)},

The proposed colouring is a proper colouring of the vertices of V(G) in which each colour
class corresponds to a maximal independent set in our covering system S. That is

K(G) > x(G).
0

Let X be a finite set and let P be a probability density on its elements. Let K be
a constant. Then, a sequence x € X" is called P-typical if for every y € X and for the
number of occurrences of the element y in x, i.e., N(y|x), we have

[N (yx) —np(y)| < K/p(y).

Then we have the following lemma.
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A. 2. Lemma. Let T"(P) be the set of the P-typical n-sequences. Then,
(i) For all € > 0 there exists K > 0 such that

P (W) <€, for this K.

(ii) For every typical sequence x we have

9~ (H(PIYCVT) < P () < 9~ (H(P)=CVR)

for some constant C' > 0 depending on |X'| and € > 0 and independent of n and P,

(iii) The number of typical sequences N(n) is bounded as

gnH (P)-Cyi < N(n) < onH(P)+Cv/n.

for some constant C' > 0 depending on |X| and € > 0 and independent of n and P.

Having X defined as above, let (G, P) be a probabilistic graph with vertex V(G) = X.
We define the relation e as

rey <= either{z,y} € E(G) or z = y.

If e determines an equivalence relation on the vertex set V(G), then graph G is the union of
pairwise disjoint cliques. Let H(P|e) denote the conditional entropy given the equivalence

class e, i.e.,
D yiey PY)
p(z)

)

H(Ple) = > p(x)log

Let A denote the collection of equivalence classes under e. Let P, be the probability density
on the elements A of A given by

pe(A) = plx),
€A
Then we have the following lemma (see V. Anantharam [2] and J. Korner [19] ).

A. 3. Lemma. (V. Anantharam). The number of P-typical n-sequences in a P,-typical
n-sequence of equivalence classes is bounded below by 2 (PIP)=Cvn and bounded above
by 2nH(PIP)+CVT for some constant C' > 0.
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Proof. Let A = (Ay,---, A,) be a P.-typical n-sequence. That is for each A € A

IN(AJA) = npe(A)| < Kv/npe(A), (6.4)
Then for all A € A, we have
np(A) < max(4K? 2N(A|A)), (6.5)
The proof is as follows. Suppose np(A) > 4K?2. Then np(A) > 2K +/np.(A) and therefore,
npe(A)

N(A|A) > npe(A) - K npe<A) >

2 )
Let x = (z1,--- ,x,) be a P-typical n-sequence in A, i.e.,

€ A;, 1<i<n.
From P-typicality of x, we have

[N (z[x) = np(x)| < Kv/np(x

Now, we prove that for each A € A, the restriction of x to those co-ordinates having

A, =Ais (pe(ﬁ) x € A) -typical. For x € A, we have

np(z) — N(AJA) P

me—mm&p@]srwmw—wmw

pe(A) pe(A)
< Ky + PEL K
p(x)  plr)
K ( o) " (A)) npe(A).
Using (6.5), and noting N(A|A) > 1 and p:2 (2), we get

N(z]x) — N(A|A)£(<92)‘ < K (,/ p;(A > /max(4K2, 2N (A[A))
| p(z) (@) K2
K( pe(A ) \/max NCAA) 2) N(A|A)
2 (z)
< max(2K2,V2K) ,/pe )) N(A|A)

N(AJA)p(z)
pe(A) .

IN

< 2max(2K? V2K) (6.6)
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Now, letting H(Ple = A) denote ) _, pi ((72) log %, we give the following lower and

upper bounds on the number of P-typical n-sequences x in A. Let C' > 0 be some
constant depending on K and |X| as in Lemma 6.2, then using Lemma 6.2 and (6.4) we
get the following upper bound on the P-typical n-sequences x in A

[ 2" =) 4 ¢\ /N(AJA)

AcA

_ o Taca (MR H(Ple=A)+C/N(AIA))

< 9" Zaca(pe(A) 10 npe(A)) H(Ple=A)+ X 4 A OV

; N2 acaPe(A)H(P|Pe)+K 3 sc g A/ mpe(A)H (Ple=A)+C|X|V/n
; 2nH(P|Pe)+\/ﬁ(C\X\+K Y acaloglA])

_ 2nH(P\Pe)+\/ﬁ(C\X\+K|X\)’

Now, setting

Thus, the number of P-typical n-sequences x in A is upper bounded by

2nH(P|e)+Cl Vvn

Similarly, the number of P-typical n-sequences x in A is lower bounded by

2nH(P|e)—C’1\/ﬁ'

Proof of Lemma 3.2.2.
Let 0 < e < 1, and M(n,¢€) denote

min x(G™[U)),

ver™
for sufficiently large n. Let A > 0 be a positive number. First, we show that

M(n,e) > 2H(GP)=Y),

Consider GM™[U] for some U € T{™. Using Lemma A. 2, for any § > 0 there is a K > 0
such that for any sufficiently large n, we have

P(T"(P)) > 1-0.
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First, note that

1-0—e<PUNT™P)). (6.7)
Now, we estimate the chromatic number of G™[U N T"(P)]. Let S™ denote the family of
the maximal independent sets of G(™. Note that every colour class in a minimum colouring
of graph can be enlarged to a maximal independent set. Thus,

PUNTY(P)) <x (GMUNT(P)]).max P (SNT"(P)), (6.8)

Sesn

Furthermore, we have

P(SNT"(P)) < ) SNT"(P)|. 6.9

max P ( (P)) < xen;%)p(X) max| (P)] (6.9)

It is worth mentioning that |S N 7" (P)| is the number of typical sequences contained in

S. Furthermore, note that S can be considered as an n-sequence of maximal independent
sets taken from S.

Let N(y, R|x,S) denote the number of occurrences of the pair (y, R) in the following
double n-sequence
Ty T2 - T
( S, Sy - S, )

In other words, N(y, R|x,S) is the number of occurrences of the letter y selected from
the maximal independent set R in the n-sequence x taken from the maximal independent
sequence S. Similarly, N(y|x) denotes the number of occurrences of the source letter y in
the n-sequence x.

Setting
q(y,R) = %-p(y% (6.10)
we have
Ny, RIx.S) — nq(y, R)| = %\ N (yl) — np(y)]

q(y, R) — x| P R) -
< ‘ (o) '.K\/np(y) = Ky /n. @) < K+/nq(y, R),

since x is a P-typical sequence. Let

a(R)= > q(y,R). (6.11)



Then
N(R|S) —na(R) = N(y, R[x,S) — nq(y, R),
YyER
And therefore using 6.11,

IN(RIS) —na(R)] <> K\/nq(y.R) < K |n> qly.R)
= Kiy/na(R). (6.12)

Now, we define an auxiliary graph I' of G as follows. Letting S be a maximal independent
set of G containing a vertex « of G, the vertex set of I consists of pairs (z, S). Furthermore,
two vertices (z,S5) and (y, R) are adjacent if and only if S # R. Let Ky > 0 be some
constant. Then, applying Lemma A.3 with the equivalence relation a which is

((z,5), (y, R)) ¢ E(I'),

and probability density Q for the graph T, the number of Q-typical n-sequences in each
a-typical equivalence class A which is a maximal independent set of GG lies in the interval

|:2nH(Q|a)7K2\/ﬁ’ 2nH<Q\a)+Kzﬁ] _ (6.13)

Noting that every pair (y, R) may occur zero, one,- - -, or n-times in the n-sequence (x,S)
and for a given y knowing N(y, R|x,S) for all R uniquely determines N (y|x), there are at
most (n + 1)V®I different auxiliary densities of the type given by (6.10). Now we bound
maxgesn |[SNT™(P)| as follows. Note that SNT"(P) is the set of P-typical n-sequenences
which are contained in a given maximal independent set S in G. Then letting Q be the
feasible joint distribution for (X, .S), for all S € 8™ and all @ € Q, set

T"(S,Q) :={x:x€ X" x; € S;, (x,S) is Q-typical.}

From (6.10), for all S € 8™ and for all x in |S N T™(P)| there is some @) € Q such that
x € T"(S,Q). Therefore, for all S € 8", we get

snT(P) < || TS,

QeQ

< > ITS.Q)
QeQ

<

Q| max IT"(S, Q)|
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Then, using (6.13), we obtain

max S N T"(P)| < (n + 1)Vl gn-maxgreq H(Qla)+Kav/n, (6.14)
Further,
p(y)
R) = . N(y, R|x,S) = p(y).
> qy.R) Nyl > N(y, RIx,S) = py)
R:yeR R:yeR

From the Lemma A.2 part (ii), we get

< 9~ (HP)=CVn), 6.15
i} g%)p(x) < (6.15)

Thus, using the inequalities (6.7)-(6.9), (6.14) and (6.15) we have
1-=x—¢ <x(G™[UNT"(p)])
.eXPa <n (5%25 H(Q'|a) — H(P)) + Kov/n+ |V(T)]. logy(n + 1)) :
And consequently,
X (GPUNTY(P))  >(1=A—¢) (6.16)

expa ((H(P) — o H(Q0) — Ko/~ V(D) o+ 1) )

Note that

¢z, = min 1(Q").

p(z).q'(S) @eQ

H(P) — max H(Q'a) = min ; ¢ (x, ) log,

Now, considering
X (GMIU]) 2 x (G [UnT(P)]),
and using (6.16), for every U € 7™ we get
Y(GM[U]) > (1 — X — €).expy (nH'(G, P) — Koy/n — [V(I')]. logy(n + 1)) .
Thus,

1 , . 1 , K, |V(T
—log, (%%X(G( )[U])> > —logy (1= A—e)+ H' (G, P) - \/—% - #logQ(nJr 1),

71



Therefore, we get
1
liminf — log, M (n,€e) > H'(G, P). (6.17)
n

n—0o0

Now we show that for every 0 < ¢ < 1 and § > 0 and sufficiently large n, there exists
subgraphs G™[U] of G, for some U C V(G™), such that

Y (G(n) [U]) < 2n(H’(G,P)+§).

Let @* be the joint density on vertices and independent sets of G which minimizes the
mutual information I(Q*). That is

1(Q*) = H'(G, P).
Then the probability of every maximal independent set S is

Q'(S)= > Q9)

y:yeS

Letting S be S = (51,59, ,.5,) € 8", we have

Let L be a fixed parameter. For a family of L maximal independent sets, not necessarily
distinct and not necessarily covering, we define the corresponding probability density Qj
as follows. We assume that the L maximal independent sets of a given system of maximal
independent sets are chosen independently. Thus,

Q7 (81,8, ,8) = [ @ (S)).

Now consider a fixed n. Let G™ be the n-th conormal power graph of graph G. Consider
systems of maximal independent sets consisting of L maximal independent sets each in
the form of a n-sequence of maximal independent sets. We call this system of maximal
independent sets an L-system.

For each L-system (Si,Ss, -+ ,Sy) let U (Sq,Ss, -+ ,Sz) be the union of all vertices
of V(G™) which are not covered by the L-system (S;,Ss,---,S;). For a given L, we
show that the expected value of P (U(S1,S2,---,Sy)) is less than e. This implies that
there exists at least one system Sy, ---,S; covering a subgraph of G™ with probability
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greater than or equal to 1 —e. For an L-system chosen with probability @7, let Q7  be
the probability that a given n-sequence x is not covered by an L-system, that is

Qz,x = QZ({(Sl,'“,SL):XEU(Sl,"',SL)})
= > Qi(Si,-+,81).

(S]..?”. 7SL)3x

Then we have

E(P(U(Sy,---,8.) = Y Qi(Si,---,8.).P(U(Sy, - ,SL))

= ) @S-8 > Px)
S1,+,8L) Y

( x€U(S1,+,S1)

= Y P(x) > Qi(Si,-- .Sy
xeX™ U(S1,,8L)3%

= > Px).Q;. (6.18)
xexn

For a given € with 0 < € < 1, by Lemma A. 2 there exists a set of typical sequences with
total probability greater than or equal to 1 — 5. Then we can write the right hand of the

above equation as
> Px).Qx

xXEX™

= Y P(x).Qix

x€T™(P)

+ > Px).Q) (6.19)
xeT"(P)

The second term in (6.19) is upper-bounded by P (T”(P)) which is less than 5. We give

an upper bound for the first term and show that for L = 2MH(G:P)+9) it tends to 0 as

n — 00. Now
Z P(x).Q7 <

xeT™(P
P(T"(P)). ma
(P Q) <
ma:
xeT”?P) QL x
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If an n-sequence x is not covered by an L-system, then x is not covered by any element of
this system. Letting Sy be the set of maximal independent sets covering the n-sequence x,
we have

s, Qe = i, (1-Q°(8)" (620
We obtain a lower bound for Q*(Sx) by counting the Q*-typical n-sequences of maximal
independent sets covering x € T™(P). This number is greater than or equal to the Q*-
typical sequences (y,B) with the first coordinate equal to x. The equality of the first
coordinate of the ordered pairs in V' (I") is an equivalence relation p on the set V' (I"). Thus,
using Lemma A. 3, the number of the Q*-typical n-sequences of maximal independent sets

is bounded from below by
27LH(Q*\q)—Ks\/ﬁ7 (6.21)

Let K4 be a constant independent of n and the density a(Q*). Then, applying Lemma A.2
to § and the marginal distribution a(Q*) of @* over the maximal independent sets, we
obtain the following lower bound on the probability Q* of the a(Q*)-typical n-sequences
of maximal independent sets,

Q* > o~ (nH(a(Q"))+Kav/n) (6.22)
Combining (6.20),(6.21), and (6.22), we get

*
max @7, <
xeTn(p) < PX

L

(1 — expa(—(nH (a(Q%)) + Kyv/n) +nH (Q*|p) — K3v/n)) (6.23)
Note that using (2.6) we have
H'(G, P) = 1(Q") = H (a(Q") = H(Q"[p)) ,
Therefore,
, L
max @7 . < (1 —g~(nH (G»P)+K5\/ﬁ)> , for some constant K.
xeTn(P)
Then, using the inequality (1 — x)L < exps(—Lz), the above inequality becomes
max @y, < expp <—L.2_("H/(G’P)+K5‘/ﬁ)> . (6.24)
xeTn(P)
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Setting L = 2nH'(G:P)+9) " (6.24) becomes

max @y, < exps <_(2TLH’(G,P)+5_ 1)_2*(nH’(G,P)+K5\/5)>
xern(p) "

< exps (—2”5—K6W) . (6.25)
Substituting (6.19) into (6.25), we get
Z P(x).Q1 x < exps <—2n67K6‘/ﬁ> + %’
xeX™

for L = 20" (@:P)+9)  For sufficiently large n the term exp, (—2" %6V tends to zero, and
(6.18) implies

> Qi (81, ,SL) P(USy, - .,81) <e.
S1,,S1,

Thus, we conclude that for every 0 < € < 1 and 0 > 0, there exists a (2”(H'(G’P)+5))—
system covering a subgraph G(™[U] of G with probability of U at least 1 —e. Now, from
Lemma A.1, the chromatic number of a graph is equal to the minimum number of maximal

independent sets covering the graph. Therefore, for every § > 0 there exists a subgraph
GM[U] of G™ with U € T such that

Consequently,

min X (G(”)[U]) < Q'GP  for every § > 0,
Ucv(Gm)UueTn

Then, using the definition of M (n,¢€), we get
%log2 M(n,e) < H'(G,P)+6, forevery d > 0.
And consequently, we get
lim sup % log, M (n,€) < H'(G, P). (6.26)
n—>00
Comparing (6.17) and (6.26), we obtain
lim 1 logy M (n,e) = H' (G, P), for every e with 0 < e < 1.

n—oo 1
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