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Abstract

Let F(P) be a functional defined on the set of all the probability distributions
on the vertex set of a graph G. We say that G is symmetric with respect to Fg(P)
if the uniform distribution on V(G) maximizes Fg(P). 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
characterize all graphs which are symmetric with respect to graph entropy. We show
that a graph is symmetric with respect to graph entropy if and only if its vertex
set can be uniformly covered by its maximum size independent sets. This is also
equivalent to saying that the fractional chromatic number of G, x(G), is equal to
a(Gy Where n = |[V(G)| and a(G) is the independence number of G. Furthermore,
given any strictly positive probability distribution P on the vertex set of a graph
G, we show that P is a maximizer of the entropy of the graph G if and only if its
vertex set can be uniformly covered by its maximum weighted independent sets.
We also show that the problem of deciding if a graph is symmetric with respect to
graph entropy, where the weight of the vertices is given by probability distribution
P, is co-NP-hard.

1 Introduction

The entropy of a graph is an information theoretic functional which is defined on a graph
with a probability distribution 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 [7].

Let VP(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 n := |[V(G)| and P be a
probability distribution on V(G). Then the entropy of G with respect to the probability
distribution P is defined as

H(G,P) —aer‘l/q;n Z polg(l/ay),
U eV(G)
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where lg denotes the base 2 logarithm. J. Korner investigated the basic properties of the
graph entropy in several papers from 1973 till 1992 [7, 8, 10, 9, 12, 13, 11].

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).

Perhaps, the most important property of the entropy of a graph is that it is sub-additive
with respect to the union of graphs, that is

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

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 G, 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 implicitly in a paper by Fredman and Komlés for the mini-
mum number of perfect hash functions of a given range that hash all k-element subsets
of a set of a given size [4].

G. Simonyi showed that the maximum of the graph entropy of a given graph over
the probability distribution on its vertex set is equal to the logarithm of its fractional
chromatic number [15]. For general information on fractional graph theory we refer the
reader to [16]. In this paper, we characterize all strictly positive probability distributions
which maximize the entropy of a given graph.

Let & be a multi-set of independent sets of a graph G. We say S is uniform over a
subset of vertices W of the vertex set of GG if each vertex v € W is covered by a constant
number of independent sets in S. We prove the following theorem in section 3.

Theorem 1. For every graph G and every probability distribution P over V (G), we have
H(G,P) = lgxs(G{v € V(G) : p, > 0}]) if and only if there exists a multi-set of
independent sets S such that

1. S is uniform over {v € V(G) : p, > 0}, and

2. every independent set I € S is a maximum weighted independent set with respect
to P.

We say a graph is symmetric with respect to graph entropy if the uniform probability
distribution maximizes its entropy. It is worth noting that the notion of a symmetric
graph with respect to a functional was already defined by G. Greco [6]. Furthermore,
S.S. C. Rezaei and C. Godsil studied some classes of graphs which are symmetric with
respect to graph entropy [1, 2]. Our theorem 1 gives a characterization of symmetric
graphs, i.e, a graph is symmetric with respect to graph entropy if and only if its vertex
set can be uniformly covered by its maximum size independent sets. We combine this
characterization with results from [16] to get another characterization for symmetric
graphs:
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Corollary 1. A graph G is symmetric if and only if x;(G) = ﬁ
Finally we consider the complexity of deciding whether a graph is symmetric with
respect to its entropy by proving the following theorem.

Theorem 2. [t is co-NP-hard to decide whether a given graph G is symmetric.

2 Preliminaries

Here we recall some properties of entropy of graphs. The following lemma shows the
monotonicity for graph entropy.

Lemma 2.1. (J. Korner). Let F' be a spanning subgraph of a graph G. Then for any
probability distribution P we have H(F, P) < H(G, 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. We substitute F' for v by deleting v and joining all vertices
of F' to those vertices of G which have been adjacent with v. Let G,._r be the resulting
graph.

We extend the notion of substitution to distributions. Let P and () be the probability
distributions on V(G) and V(F'), respectively. Then the probability distribution P,. ¢
on V (Gyer) is given by P, g(z) = P(z) if x € V(G) \ {v} and P, ¢(z) = P(v)Q(z) if
x e V(F).

Now we state the following lemma which was proved by J. Kérner, et. al. in [11].

Lemma 2.2. (J. Kérner, G. Simonyi, and Zs. Tuza). Let F' and G be two vertex disjoint
graphs, v a vertexr of G, while P and @) are probability distributions on V(G) and V(F),
respectively. Then we have

H(Gyer,Pyeg)=H(G,P)+ P(v)H (F,Q).

Notice that the entropy of an empty graph (a graph with no edges) is always zero
(regardless of the distribution on its vertices).

3 Graph entropy and fractional chromatic number

G. Simonyi in [14, 15] established the relationship between the entropy of a graph H(G, P)
with its fractional chromatic number x;(G) by showing

max H(G, P) = 1 /() (1)

Here we characterize strictly positive probability distributions which maximize H (G, P).

First we recall a characterization of uniform independent set covers using fractional
chromatic number. A b-fold colouring of the vertices of a graph G is an assignment of
b-subsets of a set with a elements such that adjacent vertices get disjoint b-subsets. The
least a such that G admits a b-fold colouring is called the b-fold chromatic number of G
and is denoted by x,(G).
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Theorem 3.1. (/16]) For every graph G and positive integer b

xo(G)
—

Furthermore, there exists an integer that realizes the equality.

X7 (G) <

As a corollary to the above theorem we have

Corollary 3.2. Let S be a multi-set of independent sets of G. Then each element of S
induces a mazimum independent set of G with size o(G) and S is a uniform cover over

the vertices of G if and only if x¢(G) = PR

Proof. First, assuming x; = %, we prove that there exists a uniform independent set
cover whose elements are maximum independent sets. From Theorem 3.1, there exists a
b-fold colouring such that x,(G) = a and we have

(@ =2=2, &)

Now we construct a uniform maximum independent cover S as follows. Let A be the
set of colours of size a and B be the function that assigns a b-subset of A to every vertex.
Forevery x € A, I, = {v € V(G) : x € B(v)} is an independent set. So, S = {[, : z € A}
is a uniform independent set cover of size a. Equation (2) tells us that the average size
of independent sets in § is a and so they all must be maximum independent sets.

Conversely, assume that G admits a uniform maximum independent E(\%‘G cover § such

n

that each vertex v € V/(G) lies in exactly b elements of S, and so 7+ = 2. Then,

B(v) = {5 € § : v € S} is ab-fold colouring. Let V' be an integer such that x;(G) = X%(,G)
and B’ be the b'-fold colouring that achieves this. Then

n Xb/(G)

— < = <

The left-most inequality comes from the fact that ayy(G) is an over-estimation of
ZUEV(G) |B'(v)| =nb'. O

We prove Theorem 1 in two steps, i.e., using Theorems 3.3 and 3.5 below.

Theorem 3.3. For every graph G and every probability distribution P over V(G), if
H(G,P) =l1gx;(Gl{v € V(G)|p, > 0}]), then there ezists a multi-set of independent sets
S such that

1. S is uniform over {v € V(G) : p, > 0}, and

2. every independent set I € S is a maximum weighted independent set with respect
to P.

Proof. Consider a fractional colouring (Z,w) of G, where Z is the family of independent
sets of G and w : Z — Q7 is a weight function such that

> wr = x4(G), (3)

1eT

THE ELECTRONIC JOURNAL OF COMBINATORICS 24(1) (2017), #P1.29 4



and
> w1, (4)
IET vel
for all v € V(G). We define x* = 3, ; e - L where Lis the characteristic vector of
the independent set /. That is I € {0, 1}‘V(G and I, =1if v € I and I, = 0 otherwise.
Clearly, x* € VP(G) due to (3), and z} > —— Xf , for all v € V(G), due to (4).

We turn the set Z to a multi-set S by settmg the multiplicity of any independent set
I to r - wy, where r is an integer such that r-w; € N for all I € Z. If for some v € Dp =
{veV(QG):p, >0}, 2 > m, then H(G, P) < —>_ cy(q Polgz;, <lgx;(G), which
is a contradiction. So, every v € Dp is in exactly r - z} - x;(G) = r independent sets of
S, which means § is uniform over Dp.

We also claim that P; = ap for all I € Z, where ap is the weight of maximum
weighted independent set of G with respect to P. Indeed, if there exists an [; € Z such
that P;, < ap, then we define x° = x* — el; + eM, where M is the characteristic vector
of an arbitrary maximum weighted independent set M. Note that x* € VP(G) for all
Oses Xf (G)

Now con31der

= Y pvlg—+ > pulg—zlg(l—exf ) D petlg(l+exs (@) Y po.
veli\M Lo veM\Iy veh\M veM\h
We have d(0) = 0, d is differentiable at zero, and
=( Y po— Y p)xs(G)>0.
veM\ I velh\M

So, there exists a positive number et such that d(e€) is positive for all € in (0,€e"). Then,
for an arbitrary € € (0, min{ =L e*}),

xf(G)’
Z polgal = Z polgay —d(e) < — > pylgal =1gxs(G),
veV(G veV (G veV(Q)
which is a contradiction. O

It is easy to see that the converse of Theorem 3.3 holds for any uniform distribution.
We call a graph G symmetric if H(G,U) > H(G, P) for all probability distributions P
on V(G), where U is the uniform distribution.

n

Corollary 3.4. A graph G is symmetric if and only if x;(G) = .

a(G)
Proof. For every x € VP(G) we have } () To < a. If x4(G) = %, then
1 o™ a
I = < (ﬁ) = —= Z lgz, > ——lg (5) =—lg— =lgxs(G).
veV(Q) 11 eV(Q)

This along with equation (1) implies H(G,U) = 1g x;(G), and so G is symmetric.
On the other hand, if G is symmetric, then, according to Theorem 3.3, there exists

a uniform maximum independent set cover. Thus from Corollary 3.2, we have x;(G) =
n [

«
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Now we prove the converse of Theorem 3.3 for every distribution.

Theorem 3.5. Let G be a graph with probability distribution P on its vertex set. Suppose
that there exists a multi-set of independent sets S such that

1. S is uniform over {v € V(G) : p, > 0}, and

2. every independent set I € S is a mazimum weighted independent set with respect
to P.

Then H(G, P) =lgx¢(G[{v € V(G) : p, > 0}]).

Proof. First we assume that the probability of every vertex v € V(G), i.e., p, is equal to
2 for some n, and m € N. We then construct the graph G’ by blowing each vertex v up
to a set of size n, and making the corresponding vertices adjacent to the neighbours of
v. We consider each set of vertices substituted for each vertex v as an independent set

F, of size n, with uniform distribution ni Then G’ is a probabilistic graph with uniform
1

distribution - on its vertex set, and repeated application of Lemma 2.2 leads to

1 n 1
(G’m) (@, P) Zv m ( U’nv)

Noting that F), is an independent set, we have

H(F, nl) 0, Vv e V(@)

v

and consequently,
1

H(G', —) = H(G, P). ()
m
Note that the vertex set of GG is uniformly covered by maximum weighted independent
set with respect to P. Therefore, due to the construction of G’, graph G’ is uniformly
covered by its maximum independent sets. Thus using Corollary 3.2 and Corollary 3.4
and equation (5), we have

H(G, 2) =lgxs () = H(G. P) < I xs(G). )

Noting that there is a homomorphism from G to G’, we get

X7 (G) < xyp(G).

This along with (6) implies that x;(G) = x;(G’), and hence, probability distribution P
over the vertex set of G maximizes H (G, P).

Now, suppose that P is a real probability distribution over the vertex set of G. Next
we will show that graph entropy H(G, P) is a continuous function of P. Let P be a
strictly positive probability distribution over V(G). Then for every € > 0 we set

1 . €
0= g ppy X min {1’ V(GHG, P) } '
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Therefore, we have
|P—P'|| <d—|H(G,P)—H(G,P)| <e.

First we show H(G, P') < H(G, P) + €. Let a* € VP(G) achieve H(G, P), that is
1
v Ay
Thus

(mvinpv> x Zlg% < H(G, P)

v

P 1 H(G,P
:>21g—< H(G, P) lg—é&, Yo e V. (7)

min, p, ay min, p,

On the other hand, setting §, = p, — p,, we have

/ . 1
HGF) = e 2o T 00 e
1 1
< v vl - = P 1 —_—
g:(p +8)1g - = H(G, +Z5 g~
H(G, P) P) €
< H(G,P < H(G,P)+ =
(G, P)+[V(G)] x 6 x -~ (G )+2 (8)

Now we show that H(G, P') > H(G, P) —e¢. Let b* € VP(G) achieve H(G, P'), that is
P = 1
H(G, va g b* (9)

If H(G,P) < H(G', P), we are done. Thus we may assume H(G, P) > H(G, P’). Then
using the value for ¢ defined above we have

g <l) _ H(G.P) _2H(G.P)

. ~ .
b min, p), min, p,

, Yo e V(G).

Now using the above equation and equation (9), we get
1 1
H(G,P) = v 1g — 0y lg —
(G, P) ;p s Z 55

1
> H(G,P)+)_ —lollg

H(G, P
~ H(G,P) - V(@) x 2 x TGP
MmNy, Py

> H(G,P)—-e (10)

Thus H (G, P) is a continuous function. Now note that there exists a sequence of rational
probability distribution P which tends to P as k — oo. Consequently, there exists a se-
quence of graphs G, with the corresponding sequence of uniform probability distributions
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1
mg
with respect to P and using (6), we have

constructed as explained above. Then, noting that H(G, P) is a continuous function

lim H(G}. ) = lim I x,(C4) = lim H(G.P) = H(G,P) <lgxs(@).  (11)

k—o0 myg k— o0

Since there is a homomorphism from G to Gy, for every k, we get
X (G) < lim xp(G). (12)

Therefore, (11) and (12) imply that probability distribution P over the vertex set of G
maximizes H(G, P). O

3.1 Computational Complexity

In this section, we discuss the complexity of computing graph entropy by proving the
following theorem.

Theorem 3.6. [t is co-NP-hard to decide whether a given graph G is symmetric.

Proof. We use a reduction from the maximum independent set problem. Assume we are
given a graph F' and an integer k, and let A and B be two disjoint sets of size k — 1
disjoint from V(F'). Then, graph F' has an independent set of size at least k if and only
if the graph G, defined below, is not symmetric:

V(G)=AUV(F) x B,

E(G) = {{a,(v,b)}:a€ A,veV(F),be B}U
{{(v,b), W, V)} 0,0 € V(F),b,b € Bjo# v ,b#b}U
{{(v,b), (v',b)} : (v,v") € E(F),b € B}

To see this, it is enough to note that a(G) = max{a(F),k — 1} and G has a uniform
independent set cover whose independents sets are all of size k — 1. If o(F) < k— 1, then
a(G) =k — 1 and due to the construction of G the vertex set of G is covered uniformly
by its maximum size independent sets. Therefore, using Corollary 3.2 and Corollary 3.4,
graph G is symmetric with respect to graph entropy. Conversely, if a(F') > k, then since
the vertices of G in A are adjacent to all vertices in V(G) \ A, the vertex set of G is not
covered uniformly by its maximum size independent sets. Consequently, from Corollary
3.2 and Corollary 3.4, graph G is not symmetric with respect to graph entropy. O]

References

[1] Seyed Saeed Changiz Rezaei, “Entropy and Graphs”, Master of Math Thesis, Com-
binatorics and Optimization Department of the University of Waterloo, 2013.

[2] Changiz Rezaei, Seyed Saeed, and Chris Godsil. “Entropy of symmetric graphs.”
Discrete Mathematics 339, no. 2 (2016): 475-483.

THE ELECTRONIC JOURNAL OF COMBINATORICS 24(1) (2017), #P1.29 8



[3] Csiszér, Imre, Janos Korner, Laszlo Lovész, Katalin Marton, and Gabor Simonyi.
“Entropy splitting for antiblocking corners and perfect graphs.” Combinatorica 10,
no. 1 (1990): 27-40.

[4] Fredman, Michael L., and Jénos Komlds. “On the size of separating systems and
families of perfect hash functions.” STAM Journal on Algebraic Discrete Methods 5,
no. 1 (1984): 61-68.

[5] Godsil, Chris, and Gordon Royle. “Algebraic graph theory, volume 207 of Graduate
Texts in Mathematics.” (2001).

[6] Greco, G. “Capacities of graphs and 2-matchings.” Discrete mathematics 186, no. 1
(1998): 135-143.

[7] Korner, Janos. “Coding of an information source having ambiguous alphabet and
the entropy of graphs.” In 6th Prague conference on information theory, pp. 411-425.
1973.

[8] Korner, J. “An extension of the class of perfect graphs.” Studia Math. Hung 8 (1973):
405-409.

[9] Korner, Janos. “Fredman-Komlés bounds and information theory.” SIAM Journal
on Algebraic Discrete Methods 7, no. 4 (1986): 560-570.

[10] Korner, Jénos, and Giuseppe Longo. “Two-step encoding for finite sources.” IEEE
Transactions on Information Theory 19, no. 6 (1973): 778-782.

[11] Korner, Jénos, Gdbor Simonyi, and Zsolt Tuza. “Perfect couples of graphs.” Com-
binatorica 12, no. 2 (1992): 179-192.

[12] Korner, Janos, and Katalin Marton. “Graphs that split entropies.” SIAM journal on
discrete mathematics 1, no. 1 (1988): 71-79.

[13] Korner, Janos, and Katalin Marton. “New bounds for perfect hashing via information
theory.” European Journal of Combinatorics 9, no. 6 (1988): 523-530.

[14] Simonyi, Gabor. “Graph entropy: a survey.” Combinatorial Optimization 20 (1995):
399-441.

[15] Simonyi, Gabor. “Perfect graphs and graph entropy. An updated survey.” Perfect
graphs (2001): 293-328.

[16] Scheinerman, Edward R., and Daniel H. Ullman. Fractional graph theory: a rational
approach to the theory of graphs. Courier Corporation, 2011.

THE ELECTRONIC JOURNAL OF COMBINATORICS 24(1) (2017), #P1.29 9



	Introduction
	Preliminaries
	Graph entropy and fractional chromatic number
	Computational Complexity

	Bibliography
	Bibliography

