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How do I love thee?
Let me count the ways.

Elizabeth Barrett Browning

To Jayne and Jane

001267



The Royal Mathematician was a bald-headed,
nearsighted man, with a skullcap on his head and a
pencil bebind each ear. He wore a black suit with
white numbers on it.

“I don’t want to hear a long list of all the things
you have figured out for me since 1907, the King
said to him. ‘I just want you to figure out right now
how to get the moon for the Princess Lenore. When
she gets the moon, she will be well again.”

“I am glad you mentioned all the things I have
Sfigured out for you since 1907’ said the Royal
Mathematician. ‘1t so happens that I have a list
of them with me.”’

James Thutber, “Many Moons”
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Enumerate, count, number, call nver, run over, fake
an account of, call the roll, muster, poll, sum up,
cast up, tell off, cipher, reckon, reckon up, estimate,
compute, calculate.

Roget, “Thesaurus”

PREFACE

The first question asked by many students in a course in graph theory is
““How many graphs are there?”’ This is also the first problem we attempted.
As circumstances had it, we learned by a most circuitous procedure that
George Pdlya had already counted graphs with a given number of points and
lines. Starting from his formulas, it was a relatively routine matter to enumer-
ate rooted graphs, connected graphs, and directed graphs. Subsequently,
we counted various other types of graphs and when we had temporarily
exhausted all the easy counting problems, we published a paper presenting
27 unsolved enumeration problems. By now, almost half of these problems
have been resolved, and successive revisions of the original list of 27 unsolved
enumeration problems were prepared. Our closing chapter brings this topic
up to date.

Although Euler counted certain types of triangulated polygons in the
plane, the major activity in graphical enumeration was launched in the
preceding century. Cayley counted three types of trees: labeled trees, rooted
trees,and ordinary trees. Even earlier, the world’s first electrical engineer,

xi



xii "PREFACE

Kirchhoff, implicitly had found the number of spanning trees in a given
connected graph, and thus in particular, the number of labeled trees. In
one of the earliest instances of support of combinatorial research by the
military (aside from Archimedes), Major P. A. MacMahon wrote a compre-
hensive treatise that touched on graphical enumeration, but only peripherally.
There is another pre-Polya innovator in the art of combinatorial enumera-
tion. This largely unsung hero, J. Howard Redfield, wrote exactly one
paper on the subject; in it he anticipated many of the counting methods and
results found subsequently. His paper went almost completely unrecognized.
Long after Polya’s great work served as the impetus for most of the con-
temporary research on the counting of graphs, proper acknowledgment to
Redfield was accorded.

Although we are restricting ourselves to the enumeration of various
kinds of graphs, there are many types of configurations that can be so handled.
The following structures, none of which is blatantly graphical at first blush,
have all been enumerated by clever transformations into graphs or sub-
graphs: automata, finite topologies, boolean functions, necklaces, and
chemical isomers.

It is not only true that a full book can be written on each of our ten
chapters, but a fortiori, an entire book has been written on one of the sections
of our first chapter: a formal but comprehensive monograph entitled
“Counting Labeled Trees”’ by John Moon. Clearly the material to be included
in each chapter must necessarily be a matter of personal taste.

The plan of the book is as follows. We begin with labeled graphs in
Chapter 1, both in order to get them out of the way and because they are much
easier to count. We then develop the basic enumeration theorem of Polya in
Chapter 2. With this available, we count in Chapter 3 an enormous variety of
trees and then in Chapters 4 and 5 various kinds of graphs and digraphs.
Chapter 6 presents the powerful Power Group Enumeration Theorem and
shows how to apply it. Chapter 7, Superposition, counts those configurations
that can be constructed by ‘“‘plopping things on top of other things.” Non-
separable graphs, also known as blocks, are then counted in Chapter 8 using
the ingenious methods conceived by the hero of unsolved enumeration
problems, R. W. Robinson. Some mathematicians feel that a knowledge of
the order of magnitude of the number of configurations of a certain type is
more important than the exact number in a form which is inconvenient for
calculations. Rather than report lower and upper bounds, we develop exact
asymptotic numbers in Chapter 9 for several different graphical structures.
Necessarily this is only illustrative, as again a whole book can be written
on graphical asymptotics. Finally as a special feature we conclude with

a new comprehensive definitive list of unsolved graphical enumeration
problems.
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The exercises range widely in difficulty from routine to intractible. Thus
not all the exercises are intended to be worked out in detail by the reader.
Frequently, counting formulas are given in exercises in order to include this
information in the book. There are also abundantly many exercises within
the text, not labeled as such, in the form of results whose proofs are omitted.
We have found it convenient to indicate Equation 7 of Section 1 of Chapter 3
by the ordered triple denoted (3.1.7) and trust that the reader will forgive us
for using this complicated notation. The end of a proof is marked by the
symbol //.

[t is our hope and belief that the present volume will make enumeration
techniques more available and more unified. In turn this should serve as a
stimulus for the investigation of open counting questions.
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Don’t rely too much on labels,
For too often they are fables.

C. H. Spurgeon

Chapter 1| LABELED
ENUMERATION

We consider labeled enumeration problems first because they always
appear to be much easier to solve than the corresponding unlabeled prob-
lems. For example, the number of labeled graphs is instantly found from
first principles, while the determination of the number of unlabeled graphs
requires a considerable amount of combinatorial theory including Polya’s
Theorem.

We shall present in this chapter a selected sample of some of the out-
standing and interesting solutions to labeled enumeration problems in
graph theory, including the determination of the number of labeled graphs,
connected graphs, blocks, eulerian graphs, k-colored graphs, acyclic digraphs,
trees, and eulerian trails in an eulerian digraph. Often several different solu-
tions to the same problem will be provided so that the reader has an oppor-
tunity to become acquainted with a variety of useful tricks, skills, devices,
and schemes. For example, we shall see that when dealing with labeled
enumeration problems, the exponential generating functions provide a
natural vehicle for carrying sufficient information for a solution. On the

1



2 1 LABELED ENUMERATION

other hand, by examining a small amount of data, one can often quickly
find a required formula which can then be verified by an induction argument.

1.1 THE NUMBER OF WAYS TO LABEL A GRAPH

A graph G of order p consists of a finite nonempty set V = V(G) of p
points together with a specified set X of g unordered pairs of distinct points;
this automatically excludes loops (lines joining a point to itself) and multiple
lines (in parallel). A pair x = {u, v} of points in X is called a line of G and
x is said to join u and v. The points u and v are adjacent ; u and x are incident
with each other, as are v and x. A graph with p points and q lines is called a
(p, q) graph. Our terminology will follow that in the book on graph theory
[H1]. However, we plan to include most definitions.

It is most convenient and illuminating to represent graphs by diagrams.
Consider the graph G chosen at random with

V= {01,02,03,04}

and

X = {{vla Uz}, {Uza 03}, {03, U4}> {vg, U1}a {1’1» Us}}-

This is illustrated by the diagram in Figure 1.1.1. Only the names of the
points have been used in this diagram. The five lines of G are represented by
the line segments which join the pairs of points in the figure. The diagrams
of all graphsof order 4, arranged by number of lines, are shown in Figure 1.1.2.
Henceforth we shall also refer to such diagrams as graphs by an abuse of
language which will cause no confusion.

In a labeled graph of order p, the integers from 1 through p are assigned to
its points. For example, the random graph (of Figure 1.1.1) can be labeled
in the six different ways indicated in Figure 1.1.3.

Thus two labeled graphs G; and G, are considered the same and called
isomorphic if and only if there is a 1-1 map from V(G,) onto V(G,) which
preserves not only adjacency but also the labeling. One can easily see then,
that all of the different labelings of the random graph are displayed in

Figure 1.1.3.

Figure 1.1.1
The graph with four points and five lines.
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Figure 1.1.2
The 11 graphs of order 4.

Two natural questions now arise. The first asks: How many labeled
graphs of order p are there? The second is: How many graphs of order p
are there? The first question is so easy that we deal with it next. The second is
much more difficult and will be treated in Chapter 4.

We shall answer the easier question by generalizing the problem ever so
slightly to that of finding the number of labeled graphs with a given number
of points and lines. Let G (x) be that polynomial which has as the coefficient
of x*, the number of labeled graphs of order p which have exactly k lines.
Such a polynomial is ordinarily called the *“‘ordinary generating function”
for labeled graphs with a given number of points and lines. If V' is a set of p
points, there are (5) distinct unordered pairs of these points. In any labeled
graph with point set V] each pair of points are either adjacent or not adjacent.
The number of labeled graphs with precisely k lines is therefore (";:)).

Theorem The ordinary generating function G,(x) for labeled graphs of
order p is given by

G )= 3 rﬁﬂ=41+xw (LL1)
k=0 k

where m = ().

Since G,(x) = (1 + x)" and the number G, of labeled graphs of order p is
G (1), we see that

G, =29, (1.1.2)
1 4 1 4 1 3 2 4 2 3 3 2
3 2 2 3 2 4 1 3 1 4 1 4

Figure 1.1.3 '

The six different labelings of a graph.
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1 1 1 1 1 1 1
o 0
3323232323232323

Figure 1.1.4
The eight labeled graphs of order 3.

For p = 3; this formula is vividly illustrated in Figure 1.1.4. Thus there
are eight labeled graphs of order 3 but only four graphs of order 3; and there
are 64 labeled graphs of order 4, but only 11 graphs of order 4. The question
then arises: In how many ways can a given graph be labeled? To provide an
answer, we must consider the symmetries or automorphisms of a graph.
A 1-1 map « from V(G) to V(G,) that preserves adjacency is naturally called
an isomorphism. If G, = G, then a is an automorphism of G. The collection
of all automorphisms of G, denoted I'(G), constitutes a group called the group
of G. Thus the elements of I'(G) are permutations acting on V. For example,
the random graph G has exactly four automorphisms, so that I'(G) contains
the permutations in the usual cyclic representation:

(01)(V2)(V3)(v4), (v1)(v3)(v204), (v103)(V2)(v4), and (v103)(0y04).

Let s(G) = |I'(G)|, the order of the group G, denote the number of symmetries
of G. Then the answer to the labeling problem posed above is provided in
the following theorem.

Theorem The number of ways of labeling a given graph G of order p is

I(G) = p!/s(G). (1.1.3)

The proof is most easily obtained using some of the group theoretic
results of Chapters 2 and 4, see [HPR1]. To illustrate, we simply observe that
the random graph G has p!/s(G) = 4!/4 = 6 labelings, and the six different
labeled graphs displayed in Figure 1.1.3 complete the verification of (1.1.3)
for this graph G.

Although this theorem is stated only for graphs, similar versions of it
hold for any finite structures with specified automorphism groups, such as
rooted graphs, directed graphs, other relations of various types, simplicial
complexes, functions, etc.

A directed graph or digraph D of order p consists of a finite nonempty set
V of distinct objects called points together with a specified set X of g ordered
pairs of distinct points of V. A pair x = (u,v) of points in X is called an arc
of D and u 1s said to be adjacent to v; u and x are incident with each other,
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b > > >
> 0> 0 0>

o~ O~ B> B>

Figure 1.1.5
The 16 digraphs of order 3.

as are v and x. The outdegree of point u is the number of arcs with u as first
point; the indegree as second point. The diagrams of all digraphs of order 3
are shown in Figure 1.1.5. As in the case of graphs, we refer to the diagrams
themselves as digraphs.

Labeled digraphs of order p have the different integers 1 through p
assigned to their points and the group of a digraph D, denoted I'(D), consists
of the permutations of the points V(D) of D that preserve adjacency. Since
the number of labeled digraphs of order p with exactly k lines is (P®, V),
we have the following results which correspond to (1.1.1) and (1.1.2).

Theorem The ordinary generating function D ,(x) for labeled digraphs
of order p is given by

p(p—1) -1
Dix)= ¥ (p v ))x" = (1 + e, (1.14)
k=0 k
Obviously D (x) = GZ(x) so that
D,(1) = 27¢=1 = G(1). (1.1.5)

In a round-robin tournament, a given collection of players play a game
in which the rules do not allow for a draw. Any two players encounter each
other just once and exactly one emerges victorious. Therefore a tournament
is a digraph in which every pair of points are Joined by exactly one arc. We
conclude this section by observing that the number of labeled tournaments
of order p is precisely 2%), the number, as in (1.1.2), of labeled graphs of



6 1 LABELED ENUMERATION

1 1 1 { 1 1 1 1
2 3 2 3 2 3 2 3 2 3 2 3 2 3 2 3
Figure 1.1.6
The eight labeled tournaments of order 3.

order p. This observation is verified for p = 3 by Figures 1.1.2 and 1.1.6.
Furthermore, the natural correspondence between these two classes of
graphs is indicated by the order in which they appear in the two figures.
Each labeled tournament corresponds to that labeled graph in which the
points with labels i and j are adjacent if and only if i < j and the arc from
i to j is present in the tournament.

1.2 CONNECTED GRAPHS

Let G be a graph and let v,,v,,v,,...,0, be a sequence of points of G
such that v; is adjacent to v;,, for i = 0 to n — 1. Such a sequence together
with these n lines, is called a walk of length n. If the lines {v;, v;,,} fori =0
to n are distinct, the walk is called a trail. If all the points are distinct (and
hence the lines), it is called a path of length n. Then a connected graph is a
graph in which any two points are joined by a path; see Figure 1.2.1. The
number of labeled connected graphs of order 4 can be calculated by brute
force if we apply (1.1.3) to each of the six graphs in Figure 1.2.1. The orders
of the groups of these graphs, from left to right, are 2, 3, 2, 8,4, 24. Then from
(1.1.3) it follows that the number of labeled, connected graphs of order 4 is 38.
This information provides no hint as to how to determine a formula for C,,
the number of connected, labeled graphs of order p. To that end we require
the next few definitions.

A subgraph H of a graph G has V(H) = V(G) and X(H) = X(G). A
component of a graph is a maximal, connected subgraph. A rooted graph
has one of its points, called the root, distinguished from the others. Two
rooted graphs are isomorphic if there is a 1-1 function from the point set of
one graph onto that of the other which preserves not only adjacency but
also the roots. A similar requirement serves to describe rooted, labeled
graphs. These ideas can now be used to obtain the following recursive formula.

L N N X

Figure 1.2.1
The six connected graphs of order 4.
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Theorem The number C, of connected, labeled graphs satisfies

1p 1 p k
C = — = Z k( )2( (1.2.1)
Dr=1

To prove (1.2.1) we observe that a different rooted, labeled graph is
obtained when a labeled graph is rooted at each of its points. Hence the
number of rooted, labeled graphs of order p is pG,. The number of rooted,
labeled graphs in which the root is in a component of exactly k points is
kCD)G,-x- On summing from k = 1 to p, we arrive again at the number of
rooted, labeled graphs, namely

> p
2 k( )Cka—k' /l
The values of C,, in Table 1.2.1 are listed in [S4].

TABLE 1.2.1

4 5 6 7 8 9

1 2 3
1 4 38 728 26704 1866256 251548592 66296291072

p
C

p

It is important to have at hand the concept of the exponential generating
function and some of its associated properties. We shall therefore introduce
these functions now and use them to provide an alternative form of (1.2.1).

For each k =1,2,3,..., let g, be the number of ways of labeling all
graphs of order k which have some property P(a). Then the formal power
series

e o}

a(x) = ) axk/k! (1.2.2)

k=1

is called the exponential generating function for the class of graphs at hand.
Suppose also that

b(x) = f b x*/k! (1.2.3)
k=1

is another exponential generating function for a class of graphs with property
P(b).

The next lemma provides a useful interpretation of the coefficients of
the product a(x)b(x) of these two generating functions.
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Labeled Counting Lemma The coefficient of x*/k! in a(x)b(x) is the
number of ordered pairs (G,, G,) of two disjoint graphs, where G; has
property P(a), G, has property P(b), k is the number of points in G, U G,
and the labels 1 through k have been distributed over G; U G,.

To illustrate, let C(x) be the exponential generating function for labeled,
connected graphs,

C(x) = i Cox/k!. (1.2.4)

k

Then C(x)C(x) is the generating function for ordered pairs of labeled, con-
nected graphs. On dividing this series by 2, we have the generating function
for labeled graphs which have exactly two components. Similarly C*(x)/n!
has as the coefficient of x*/k!, the number of labeled graphs of order k with
exactly n components. If we let G(x) be the exponential generating function
for labeled graphs, we then have

G(x) = i C(x)/n!. (1.2.5)

Thus we have the following exponential relationship for G(x) and C(x)
found by Riddell [R14].

Theorem The exponential generating functions G(x) and C(x) for labeled
graphs and labeled connected graphs come to terms in the following relation

1 + G(x) = ™, (1.2.6)

Note that (1.2.6) remains true for multigraphs (Gilbert, [G2]). Riordan
noticed the remarkable coincidence that C, = J,(2), where J,(x) is the
enumerator of trees by number of inversions [MR1] and thus obtained the
following recurrence for C,,:

rcl(p— 2\
Co= % ( )(2 - DC,C,,. (1.2.7)
k=1 k - 1
Furthermore, it is evident that if the exponential generating function for a
class of graphs is known, then the exponential generating function for the
corresponding connected graphs will be the formal logarithm of the first
series, just as in (1.2.6) for all graphs.
Therefore we can state the following general result.
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Corollary If Y *_ A,x" =exp{d *_ a,x"}, then for m > 1

-1

a, = Am - m_l( Z kakAm—k ) (128)
k=

1

1.3 BLOCKS

The removal of a point v from a graph G results in that subgraph G — v
of G consisting of all points of G except v, and all lines not incident with v.
A cutpoint of a graph is one whose removal increases the number of com-
ponents. A block or nonseparable graph is connected, nontrivial, and has no
cutpoints. We shall follow the procedure of Riddell [R14] and Ford and
Uhlenbeck [FU1] in establishing relations between the generating functions
for labeled blocks and labeled connected graphs. The approach used here is
successful only for the labeled case. We shall see in Chapter 8 that a far
more complex method is required for the enumeration of unlabeled blocks.

Since we are dealing with a labeled problem, we shall use exponential
generating functions. Let B(x) denote the series for labeled blocks so that

B(x) = i B, x?/p! (L.3.1)

p=2

where B, is the number of blocks with p points. It follows from formula
(1.1.3) of the theorem on the number of ways to label a graph that the co-
efficient of x? in B(x) is the sum of the reciprocals of the orders of the groups
of the (unlabeled) blocks with p points. Therefore from Figure 1.3.1 in which
the small blocks are displayed together with their group orders, we have the
first few terms of B(x):

1 1 5 x2 x> x*
B(x)= -x2+ x>+ —x*+ - =14+ 1"— + 10—+ ...,
(x) 2x +6x +12x + 2!+ 3!-i— 4!+

(1.3.2)

Our aim is to prove the following theorem where C’(x) and B'(x) denote
the usual formal derivative.

AR BN

Figure 1.3.1

The small blocks and their symmetry numbers.
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Theorem The exponential generating functions B(x) and C(x) for labeled
blocks and connected graphs are related by

log C'(x) = B'(xC'(x)). (1.3.3)

To verify this identity, let R(x) be the exponential generating function
for rooted, connected, labeled graphs, so that the coefficient of x? in R(x) is
R,/p!. Since R, = pC, for all p we have

R(x) = xdC(x)/dx. (1.3.4)

We denote by R,(x) the exponential series for rooted, connected, labeled
graphs in which exactly n blocks contain the root. Thus Ry(x) = x and

R(x) = 2’0 R (). (1.3.5)

Furthermore, R,(x) enumerates rooted, connected, labeled graphs with
exactly one block incident with the root. Suppose S(x) is the corresponding
series in which the root is unlabeled; that is, the coefficient of x?/p! is the
number of rooted, connected graphs with p + 1 points but the root is un-
labeled. Then it follows from the Labeled Counting Lemma that R,(x) =
xS(x), and hence S(x) = R,(x)/x.

Again by the lemma, (R,(x)/x)"/n! enumerates n-sets of such graphs
where each root is unlabeled. If these n roots are identified and a single label
is introduced for them, we shall have enumerated rooted, labeled, connected
graphs with exactly n blocks at the root. Restoration of the labeled root is
accomplished simply by multiplying by x:

R.(x) = x(R,(x)/x)"/n!. (1.3.6)
Combining the last two formulas yields
R(x) = x exp(R,(x)/x). (1.3.7)

We now seek to express R,(x) in terms of B(x) and R(x). Observe that
(R(x)/x)*~! counts (k — 1)-tuples of rooted, labeled, connected graphs in
which the k — 1 roots are neither labeled nor included in the point count.
That is, the coefficient of x?/p! in this series is the number of (k — 1)-tuples
of such graphs with p + k — 1 points including the k — 1 roots and no
labels on the roots. If we multiply this series by kB, , we have counted rooted,
connected graphs with one block at the root and in which only the labels 1
through k have been used for this block. Finally, to scatter all the labels
we need only multiply by x*/k!. Hence xB,(R(x))* " !/(k — 1)! counts rooted,
labeled, connected graphs with exactly one block of order k at the root.
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Adding we have

R (x) = x i B(R(x)\* "k — 1)!. (1.3.8)
k=2

On combining the last two formulas which both involve R,(x) the result is

log(R(x)/x) = 3 ByRG™ ik — 1)!. (1.39)
k=2

The proof is completed on substitution of R(x) = xC'(x) from (1.3.4) in
(1.3.9). //

By comparing coefficients of x? on each side of (1.3.3), we can arrive at a
recursive formula for B,. The coefficient of x” on the left side of (1.3.3) can be
expressed in terms of the coefficients of C(x) using (1.2.8). For convenience
let h(p, k) denote the coefficient of x? in (xC'(x))* so that the coefficient of x?
in the right side of (1.3.3) is

f Bh(p, k — 1)J(k — 1)!. (1.3.10)
k=2

Hence the number of labeled blocks B, can be expressed in terms of the
numbers C, of labeled connected graphs using (1.3.3). The method described
here can be extended to include the number of lines as a second parameter
without much more difficulty.

1.4 EULERIAN GRAPHS

In this section we shall derive, following the procedure of Read [R5]
rather closely, the generating function for labeled eulerian graphs. The
degree of a point v in a graph G is the number, denoted deg v, of lines of G
which are incident with v. If every point of G has even degree, G is called
even. An eulerian graph is a connected, even graph.

Let W, be the number of labeled, even graphs of order p. Then the follow-
ing rather surprising result occurs.

Theorem The number of labeled, even graphs of order p equals the number
of labeled graphs of order p — 1:

W, = 2029, (1.4.1)
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To prove this result we now establish a 1-1 correspondence between
these two classes of graphs. Consider any labeled graph G of order p — 1.
Now G must have an even number of points of odd degree. Next we add to G
a new point v which is assigned the label p. Finally, we construct a graph G’
from G and v by specifying that v is adjacent to each of the points of G which
has odd degree. This graph G’ is a labeled even graph of order p. It is easily
seen that this correspondence i1s 1-1, and that every labeled even graph of
order p can be obtained in this way from some labeled graph of order p — 1.

I

We shall use generating functions to obtain a formula for the number of
labeled eulerian graphs. Therefore let W(x) be the exponential generating
function for labeled even graphs, so that

W)= Y 203 %2/p!. (1.42)

pr=1

Next, let U, be the number of labeled, eulerian graphs of order p so that

U(x) = i U x?/p! (1.4.3)

p=1

is the corresponding exponential generating function.

Theorem The exponential generating function U(x) for labeled eulerian
graphs satisfies

U(x) = log(W(x) + 1), (1.4.4)

and

BT A P
Up =202 Z k(k)Z(p 2 )Uk. (1.4.5)
P =1

Formula (1.4.4) follows from the fact mentioned after (1.2.6) that if the
generating function for any class of graphs is known, then the generating
function for the corresponding connected graphs is obtained by taking the
formal logarithm of the first series. The recurrence relation (1.4.5) for U,
1s a consequence of (1.4.4) and (1.2.8). /]

For the first few terms of U(x), we have

x> 3x*  38x°
U(x)=x+—3—!+74—!~+ 3]

(1.4.6)
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O I A&

Figure 1.4.1
The four eulerian graphs of order 5.

The four eulerian graphs of order 5 are shown in Figure 1.4.1 together
with the orders of their respective groups. According to (1.1.3) the reciprocals
of these numbers should sum to 38/5!, which is the coefficient of x> in U(x),
and indeed they do.

Next we consider the more difficult problem of determining the number of
labeled eulerian graphs with a given number of points and lines. We seek to
establish the following result of Read [RS5].

Theorem The polynomial w,(x), which has as the coefficient of x? the
number of labeled graphs of even degree with p points and q lines, is given by

p _ n(p—n)
w(x) = %(1 + x)® ZO (5)(1 n i) . (1.4.7)

For small p, we find that
wi(x) = wy(x) = 1, wia(x) = 1 + x3, and wa(x) = 1 + 4x3 + 3x*.

Proof Let L be the set of all labeled graphs of order p with exactly g lines.
Consider any graph G in L and arbitrarily multiply each of the labels 1
through p by +1 or — 1. Since the labels will be positive or negative, each
point can be referred to as “positive” or “negative” depending on the sign
of its label. The numbers +1 or —1 are then assigned to each line as the
product of the signs of its points. The sign of G, denoted ¢(G), is then defined
as the product of the signs of its lines. There are, of course, 27 ways in which the
signs can be assigned to the labels of a given graph. On the other hand, sup-
pose they have been allocated to the p integers which serve as labels; then
there are (‘3') different graphs with g lines and signed points determined by
the given allocation of signs to the labels. These concepts are illustrated in
Figure 1.4.2.

Since ¢(G) is the sign of the product of positive or negative numbers
assigned to adjacent points, the positive points can be eliminated from this
product. Thus

o(G) = (- 1), (1.4.8)



14 1 LABELED ENUMERATION

+1 -4 +1 -1 -3
< .
G, +1 +1 6, -1 -1
+2 -1 -3 -4 -1 +2
Figure 1.4.2

Two graphs with the same sign.

where a is the sum of the degrees of the negative points. On the other hand,
obviously

o(G) = (- 1Y, (1.4.9)

where b is the number of negative lines of G, joining a negative point to a
positive point.

Next we consider the sum ) 6(G) where the summation is for all labeled
graphs in L and for the set S of 2? possible allocations of +1 or —1 to the
labels of the points. It follows from (1.4.8) and (1.4.9) that this sum can be
written in two different ways:

Y {Z(—l)“} =y {Z (—1)”}. (1.4.10)

GeL { S S |GeL

We first consider the left side of (1.4.10). If G is even, then a is even,
whatever the allocations of signs in S. Hence ) (—1)* = 2? and G contributes
2P to the left side of (1.4.11). If G is not even, at least one point v has odd degree.
The allocations in S for which the label of v is positive and those for which
it is negative are equinumerous and contribute opposite amounts to > (— 1),
Hence G contributes nothing to the left side of (1.4.10). Thus the left side of
(1.4.10) 1s 2?7 times the number of even graphs in L.

Next we focus on the right side of (1.4.10) and consider an allocation in §
for which n points are positive and m = p — n are negative. There are
(?) such allocations. If there are k lines that join positive to negative points,
these may occur in (}") different ways. The remaining g — k lines can occur in

2+ (3
(( ) ) (1.4.11)
qg—k
different ways. Summing from k = 0 to g, we obtain
q - 12 + - 1)/2
Y (= 1)“(nm)(n(n V2 + mim = 1f ) (1.4.12)
k=0 k q — k
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as the contribution to the right side of (1.4.10) for each allocation with given n
and m. This contribution is the coefficient of x? in

(1 — x)™(1 + x)mn=Diz+mm=1)/2 (1.4.13)
Hence the right side of (1.4.10) is the coefficient of x? in
L [p
Y ( )(1 — x)"™(1 4 x)yrn = 1/2+mim=1)/2 (1.4.14)
n=0 \N

and this coefficient is 27 times the number of even graphs in L. On observing

that
5 + 51 =15 — n(p — n), (1.4.15)

we obtain the final result that the required number of even graphs is the
coefficient of x? in the right side of (1.4.7). !/

We note in passing that the total number of labeled, even graphs is the
number w,(1) obtained from (1.4.7) by setting x = 1 and observing the con-
vention that y° = 1 even when y = 0:

wy(l) = 2029, (1.4.16)
which verifies (1.4.1).
One can use (1.4.7) to obtain
ws(x) = 1 + 10x> + 15x* + 12x5 + 15x% + 10x” + x!°, (1.4.17)

and the 64 labeled, even graphs counted by ws(x) can be obtained by labeling
the seven even graphs displayed in Figure 1.4.3.

The exponential generating function w(x, y) that enumerates all labeled,
even graphs is

o

w(x, y) = Zl w,(x)y?/p!. (1.4.18)
e
° o
oo ON R
01200 ° 120 8 10 8 12 120
Figure 1.4.3

The even graphs of order 5 and their symmetry numbers.
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To obtain the generating function u(x, y) for labeled, eulerian graphs
with a given number of points and lines, we need only take the logarithm
of the series 1 + w(x, y):

u(x, y) = log(1 + w(x, y)). (1.4.19)

This observation follows from the two-variable version of the Labeled
Counting Lemma.

1.5 THE NUMBER OF k£-COLORED GRAPHS

A colored graph consists of a graph G with point set ¥, together with an
equivalence relation on V such that no equivalent pair of points are adjacent.
The k equivalence classes are regarded as the colors and G is called k-colored.
Two k-colored graphs are isomorphic if there is a 1-1 correspondence between
their point sets which preserves not only adjacency but also the colors.
Note that the colors do not have fixed identities but are interchangeable.
A given graph may be k-colored in many ways. For example, all the 3-
colorings of a labeled graph of order 6 are shown in Figure 1.5.1 where the
letters a, b, and ¢ denote the colors and the integers denote the labels.

Following Read [R2], we shall find a formula for the number of labeled
k-colored graphs of order p, generalizing a result of Gilbert [G2]. Let p,, ..
P« be positive integers that form an ordered partition of p, so that

A

k
2 =D (1.5.1)
i=1

Writing {p} for an arbitrary solution of (1.5.1), Read’s formula takes the
following form:

Theorem The number C (k) of k-colored labeled graphs of order p is

Ck) = 2% ( i )2@2_2""2”2' (1.52)
k'{P} Pis---5Dx
2
NEINRINGINGYN
6 4q a c a c a [ a c
Figure 1.5.1

All four 3-colorings of a graph.
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Proof Note that the number of k-colored, labeled graphs of order p in
which the colors have fixed identities is k! C (k). Hence we now consider the
k colors as fixed. Each solution {p} of (1.5.1) determines a k-part ordered
partition of p, and so we seek the number of labeled graphs with p; points
of the ith color. The number of ways that the labels can be selected for the
points is the multinomial coefficient

-
Pl’Pz,---,Pk.

)40

i=1\1

Obviously, there are

pairs of points of different colors. Since each of these pairs may or may not be
adjacent, we raise 2 to the power of (1.5.3), and use (1.5.1) to obtain for the
total number of graphs with p; points of color i, precisely the expression
under the summation sign in (1.5.2). On summing over all solutions {p}
of (1.5.1), we have k! C (k) and (1.5.2) is verified. /]

Note that the coefficient of x? in

(1 + x)P*~ZpdV2

1 p
—Z(
k!{p} Dis---5 Dk

is the number of k-colored, labeled (p, g) graphs. For example, if we apply
this assertion with p = 4, ¢ = 5, and k = 3, we obtain six as the number of
3-colored labeled (4, 5) graphs. This number six is also easily verified because
there is only one unlabeled (4, 5) graph and it can be labeled in six ways as
in Figure 1.1.3.
A recursive formula for C (k) is easily derived as a corollary:
17z}

)=+ X (Z )2""""’C,,(k — ). (1.54)

n=1

The verification of (1.5.4) can be accomplished by expressing the ordinary
generating function for C(k) in terms of that for C o(k — 1). The values of
k!C (k) for p < 7 are in Read [R2] and were used to derive Table 1.5.1.

Note that (1.2.8) cannot be usedf to express the generating function for
connected k-colored graphs in terms of that for k-colored graphs.

T Read wrote Wright that both Read [R2] and Wright [W3] were wrong. So Read and Wright
wrote a joint erratum [RW1] to set things right. This may be wrong since Wright asserts that
Wright wrote Read first.
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TABLE 15.1
ok 1 2 3 4 5 6 7
1 1 0 0 0 0 0 0
21 2 0 0 0 0 0
30001 12 8 0 0 0 0
4 1 80 192 64 0 0 0
51 720 5120 5120 1024 0 0
6 1 9152 192000 450560 24 576 32768 0
7 1 165312 10938368 56197120 64225280 22020096 2097152

1.6 ACYCLIC DIGRAPHS

A walk of length n in a digraph D is determined by its sequence of points
Vo, V1, -, U, In Which v, is adjacent to v;,, for i < n. A closed walk has the
same first and last points. A cycle is a nontrivial closed walk with all points
distinct except the first and last. An acyclic digraph has no cycles. Labeled
acyclic digraphs are now enumerated rather easily following Robinson
[R20], but the unlabeled case requires more powerful machinery that is
developed in Chapter 8.

A digraph E is an extension of D if D is the subgraph of E induced by the
points of E with positive indegree. Every acyclic digraph must have at least
one point of indegree zero [HNC1, p. 64]. Therefore every acyclic digraph
with at least one arc is the extension of a unique proper subgraph. Further-
more, every acyclic digraph has many extensions, but each must be acyclic.

Suppose D is an acyclic digraph with exactly n > 1 points u; of indegree
zero and s other points v;. We can form an extension E of D having exactly
k points of indegree zero by adding k new points w; and new arcs such that
each of the n points u; is adjacent from some new point w;, but otherwise the
transmitters w; may be adjacent to any of the other points v; of D. In Figure
1.6.1, the new points w, , w,, and w; were added and each old point u, and u,
of indegree zero is adjacent from some w;.

Figure 1.6.1

An extension of an acyclic digraph.
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Thus all the acyclic digraphs of order p can be obtained by extending
the acyclic digraphs of order less than p. Specifically, let a, be the number of
labeled acyclic digraphs of order p and let a,, be the number of order p
which have exactly k > 1 points of indegree zero. For k = p, we have of
course a, , = 1, since the totally disconnected digraph is the only candidate.
Clearly for all p,

p
a,= Y a,,. (1.6.1)
k=1

We shall now show how a,, can be expressed in terms of a,_, , with
n < p — k. First we prove that the contribution to a,, from all extensions
of the a,_, , digraphs with p — k points of which exactly n have indegree
zZero is

p
2k — 1)"2k<v-"—k>( )ap_,m. (1.6.2)

We seek the number of labeled extensions E of the a,_, , labeled acyclic
digraphs D. For each of the (f) ways of labeling the k new points w; in E,
there are a,_, , labelings of the digraphs D to be extended. This accounts
for the factor (f)a,_,, in (1.6.2). Each of the n points of indegree zero in D
must be adjacent from at least one of the k new points. Hence there are 2 — 1
possible combinations of arcs to each of these n points and therefore (2 — 1)
for all of them. Each new point may or may not be adjacent to any of the
p — n — k points of positive indegree in D. Therefore there are 2P~ "%
possible combinations for each new point and hence (27" ¥* in all. On
multiplying these factors, (1.6.2) is obtained.

Summing (1.6.2) over n, we have an expression for a, .

Theorem The number a,, of labeled acyclic digraphs of order p which
have exactly k points of indegree zero is

p—k p
ap,k = Z (2k — l)nzk(l’—n—k)( )ap——k,n' (163)
n=1

Thus (1.6.1) and (1.6.3) can be used to determine a,. These results can
also be expressed in terms of generating functions. Let a(x, y) have as the
coefficient of x*y?~* the number of labeled acyclic digraphs with p points,
k of which have indegree zero. Then the first few terms of a(x, y) are given by

alx,y) = x + x* + 2xy + x> + 9x2%y + 15xy% + x* + 28x3y
+ 198x%y? + 316xy> + x> + 75x*y + 1610x3y?
+ 10710x2y> + 16885xy* + ---. (1.6.4)
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Y

Figure 1.6.2

The two acyclic digraphs of order 3 with two points of indegree zero.

For example, there are six ways in which that acyclic digraph D, of
Figure 1.6.2 can be labeled and three in which the other, D,, can be labeled.
The total of nine corresponds to the term 9x?y of a(x, y).

1.7 TREES

A tree is a connected graph that has no cycles, see [H1, Chap. 4). It is
well known that every nontrivial tree has at least two endpoints (of degree 1)
It follows that if T is a tree with p points and q lines then

gq=p— 1L (1.7.1)

All of the trees with as many as five points are shown in Figure 1.7.1
together with the number of ways in which each may be labeled. From these
data, the number ¢, of labeled trees with p points has its smallest values
1, 1, 3, 16, 125. Many authors have correctly surmised from this sequence
that the counting formula is given by the next theorem.

Theorem (Cayley) The number ¢, of labeled trees of order p is
t,=p"" 2 (1.7.2)
We shall sketch only the four proofs of Cayley, Priifer, Polya, and Kirch-
hoff, although there are many others no less interesting than these. A collec-

?

w
)
N
3

60 5

Figure 1.7.1

The trees of order up 1o 5, and the number of ways to label each.
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tion of such proofs may be found in Moon’s article [M1], as a sequel to
which he wrote an entire book [M4] on the subject of counting various types
of labeled trees.

Cayley [C2] suggested a correspondence between labeled trees and
functions from a set of p — 2 objects to a set of p objects. For example,
for p = 5 there are 5° functions from {a, b, ¢} to {v,,v,,v;,v,,vs}. These
functions are enumerated by the polynomial

(v, + vy + v3 + vy + v5) . (1.7.3)

Its terms correspond in a natural way to the functions. To illustrate, v
corresponds to the constant function f(x) = v, the term 3v,v3 indicates the
three functions that send a single element to v, while the other two go to v;,
and 6v,v5v5 gives the six functions that send one element to each of v,, vy
and vs. Now if (1.7.3) is multiplied by v,v,v;v,405 to obtain

(vy + vy + vy + vy + v5)v,0,030,05, (1.7.4)

then there is a correspondence between the terms in this product and the
labeled trees of order 5. This correspondence is displayed in Figure 1.7.2
using the term 3v3v,v3v,v5 = 3v,05(v,v,050,05). Note that in the trees
corresponding to v?v,v3v,v5 the degree of the point labeled k is the exponent
of v,. This observation can be shown to be true in general and hence the
number of labeled trees in which the point with label k has degree d, is the
multinomial coefficient

p—2
dl - l,dz"‘l,...,d —1 .

p

(1.7.5)

Cayley [C2] displayed this correspondence for p = 6 and dismissed the
other cases with the remark that ““It will be at once seen that the proof given
for this particular case is applicable for any value whatever of p.”

Priifer [P10] obtained a correspondence between labeled trees of order p
and (p — 2)-tuples (a,, a,, ..., a,_,), where each a, is an integer from 1 to p
with repetitions permitted. Thus there are pP~2 such sequences. For a

2 4 5

i 1 1

3 3 3
Figure 1.7.2

Labeled trees counted by viv,v3v,vs.
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Figure 1.7.3
A labeled tree of order 8.

given labeled tree T, let v be the endpoint with the smallest label and let q,
be the label of the point adjacent to v. Now to obtain a, repeat this step with
T — v, the tree obtained from T by deleting v (and the line incident with v).
The procedure is terminated when only two adjacent points remain. Note
that the tree in Figure 1.7.3 corresponds to the sequence (2, 4, 1, 2, 4, 4).

Since each labeled tree of order p yields a unique (p — 2)-tuple, t, < pP~2.

To show that t, > p?~2, we describe a procedure for constructing a
unique labeled tree from each (p — 2)-tuple, (a;,a,,...,a,-,). Following
Moon [M4, p. 5}, let b, be the smallest positive integer that does not occur in
the (p — 2)-tuple and let (c,,...,c,_,) denote the (p — 3)-tuple obtained
from (a,,...,a,_,) by diminishing all terms larger than b, by 1. Then (c,,
.., C,_,) consists of the numbers 1 through p — 1, and we can assume there
is a corresponding tree T of order p — 1. Next relabel the points of T by
adding 1 to each label that is larger than b; — 1. Then introduce a pth point
labeled b, and join it to the point labeled a, in T. Thus a unique labeled tree
is obtained which corresponds to the given (p — 2)-tuple.

Next we consider Polya’s method [P8] for determining the number of
labeled trees. Since the number of rooted, labeled trees of order p is pt,, the
exponential generating function for these trees is given by

y= ) pt,x"/p!. (1.7.6)

p=1

Polya found a functional equation for y and then applied Lagrange’s in-
version formula to determine ¢,,.

This functional equation for y is now derived. It follows from the Labeled
Counting Lemma that y"/n! is the exponential generating function for n-sets
of rooted labeled trees. These n-sets correspond precisely to rooted labeled
trees in which the root has degree n but no label. More specifically, this
correspondence is obtained by first adding a new point with no label to each
n-set and by then joining this new point to each of the old roots. This idea
i1s illustrated in Figure 1.7.4. Multiplication by x introduces a label for the
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7 9 )
3 2 4\/5
1 10 8
r r r
N J
~

Figure 1.7.4

A 3-set of rooted trees and the corresponding tree whose root has degree 3.

new root and adds it to the point count. Thus xy"/n! enumerates rooted,
labeled trees in which the root has degree n. On summing we obtain

y= 2 xy"/nl, (1.7.7)
n=0
and hence we arrive at the functional equation
y = xe’. (178)

To solve (1.7.8) for y in terms of x we apply the very useful special case
of the formula of Lagrange given in Moon [M4, p. 26]; see also Pélya [P8].

Lagrange’s Inversion Formula If ¢(y) is analytic in a neighborhood of
v =0 with ¢(0) # 0, then the equation

x = y/o(y). (1.7.9)

is uniquely solved by the generating function

y= Y x* (1.7.10)

whose coefficients are

¢x = (1/kD{(@d/dy)~ o)}, 0. (1.7.11)
On applying this inversion formula to (1.7.8) where @(y) = ¢’, we find that

y= > k< Ix¥k!, (1.7.12)
k=1
and confronting this with (1.7.6), we again obtain the formula (1.7.2) for t,.

To solve some labeled counting problems (see Exercises 1.13a, b and
[.14) it is convenient to use Lagrange’s generalization of formula (1.7.11).
In addition to the conditions on the function @, we assume that f(y) is
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another function analytic in a neighborhood of y = 0. Lagrange’s general
formula states that f(y) can be expressed as a power series in x as follows:

© k d k-1
=10+ ¥ %{(3;) [f’(y)q»"(y)]} . )

y=0

With f(y) = y, this formula implies (1.7.10) and (1.7.11). A proof of (1.7.13)
can be found in Goursat and Hedrick [GH1].

A most interesting and useful result usually called the ‘““Matrix-Tree
Theorem™ is implicit in the work of Kirchhoff [K3]. The number of labeled
trees can be derived quickly as a corollary. The adjacency matrix A = A(G) =
la;;] of a labeled graph G of order p is the p x p matrix in which g;; = 1 if
v; and v; are adjacent and a;; = 0 otherwise. Hence there is a 1-1 corre-
spondence between labeled graphs of order p and p x p symmetric binary
matrices with zero diagonal. Let M(G) denote the matrix obtained from — A4
by replacing the ith diagonal entry by degv;. A subgraph H of G spans G
if every point of G is a point of H (see Figure 1.7.5.)

Matrix-Tree Theorem for Graphs For any connected labeled graph G,
all cofactors of the matrix M(G) are equal and their common value is the
number of spanning trees of G.

The proof can be found in [H1, p. 152]. To illustrate, consider the graph G

in Figure 1.7.5. It has three spanning trees since the 1, 4 cofactor, for example,
of

2 -1 -1 0 : 5 |
-1 2 -1 0
M(G) = 1s —-|-1 =1 3| =3.
-1 -1 3 -1 0 0 |

0 0 -1 1

The complete graph K , with all lines present can be labeled in only one way
and every spanning tree corresponds to a different labeled tree. Hence the

vy Va
Y 1)
Figure 1.7.5

A graph and its three spanning trees.
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number of labeled trees of order p is formed by applying the theorem to K.
Each principal cofactor of M(K ) is the determinant of order p — 1:

p—1  —1 o —1

On subtracting the first row from each of the others and adding the last
p — 2 columns to the first, we arrive at an upper triangular matrix whose
determinant is p?~ 2.

1.8 EULERIAN TRAILS IN DIGRAPHS

We saw in Section 1.7 that the Matrix-Tree Theorem for Graphs provides
one of several methods for counting labeled trees, by determining the number
of spanning subtrees of a labeled K,. We now develop only the statement
of the extension of this theorem to digraphs, which gives the number of
spanning subtrees of a given digraph D that are oriented toward each point.
The object of this section is to apply this Matrix-Tree Theorem for Digraphs
to a labeled eulerian digraph D in order to derive an explicit formula for the
number of eulerian trails in D.

A tree to a point is obtained from a rooted tree Twith root v by orienting
all the arcs toward v. A tree from a point is the directional dual. Clearly these
are both in 1-1 correspondence with rooted trees.

Consider the digraph D of Figure 1.8.1 whose points are labeled 1, 2, 3,
4, 5. There are just four spanning trees from point 1 and two spanning trees
to point 1, as shown in Figure 1.8.1b and c.

Let D be a digraph with adjacency matrix A. Define the diagonal matrix
M, with i, i entry odv;, the outdegree of v;. Then let C,,, = M, — A.
Thus every row sum in C_,,, is zero, but not necessarily every column sum. In
fact the column sums of C_,, are also all zero if and only if D is eulerian, as we
shall soon see. Similarly define C,, = M,, — A. The important next result
was found by Bott and Mayberry [BM2] and the proof is due to Tutte [T2].

(1.8.1) Matrix-Tree Theorem for Digraphs All the cofactors of the
ith row of C,, are equal, and their common value is the number of spanning
trees of D to v;. Dually, the common value of the cofactors of the ith column
of C,, is the number of spanning trees from v,.
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(c)

Figure 1.8.1
The spanning trees of D from and to the point labeled 1.

Although we omit the proof, this theorem is easily illustrated for the
digraph D of Figure 1.8.1, for which the two matrices of the theorem are

2 -1 0 0 —1]

0 2 -1 -1 0

Cow=| 0 0 1 —1 0}
0 -1 0 2 -1

-1 0 0 0 1

1 -1 0 0 —1]

0 2 -1 -1 0

C,=| 0 0 1 —-1 0]
0 -1 0 0 —1

-1 0 0 0 2]

From these it is verified at once from the first row of C_,, and from the first
column of C,, that D has exactly four trees from point 1 and two trees to it,
as shown in Figure 1.8.1.

A digraph is called eulerian if there exists a closed spanning directed
walk passing through each arc exactly once. Such a walk is a directed eulerian
trail. One criterion for a digraph to be eulerian [H1, p. 204] is that it be con-
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)

3

Figure 1.8.2
An eulerian digraph.

nected while each point has equal outdegree and indegree. For example,
the digraph of Figure 1.8.1 is not eulerian, but D in Figure 1.8.2 is.

It follows from the definition of an eulerian digraph that C,,, and C,,
have the same diagonal, and are therefore equal. For the digraph D of
Figure 1.8.2, this matrix is

2 -1 0 0 -1 0]
0 2 -1 =1 0 0
O 0 1 -1 0 0
CzCoutzcin:
0 -1 0 2 —1 0
1 0 0 0 2 -1
-1 0 0 0 0 1

A first step in the proof of the Matrix-Tree Theorem for Graphs is the observa-
tion that in a matrix with all row sums and column sums zero, every cofactor
has the same value. Therefore, by Theorem 1.8.1, every eulerian digraph
has the same number of spanning trees to each point and from each point.
For example, in the matrix above all cofactors equal 4, so there are four
trees to each point as illustrated in Figure 1.8.3.

=Jaivie:

Figure 1.8.3
The spanning trees to v, in Figure 1.8.2.
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We are now ready to apply the Matrix-Tree Theorem for Digraphs to
the derivation of the number of eulerian trails in a given digraph. The proof
follows the elegant exposition in Kasteleyn [K1]. The result itself was first
found by van Aardenne-Ehrenfest and de Bruijn [BE1], although a special
case appears earlier in Smith and Tutte [ST1]. Because each point v; of an
eulerian digraph D has od v; = id v;, we can denote this number by d;.

Theorem The number (D) of eulerian trails in a labeled eulerian digraph D
in which ¢ is the common value of the cofactors of C = C,,, = C,, is

eD) = [ — 1. (1.8.2)

Proof Let v, be any point of an eulerian digraph D. We shall show that each
eulerian trail E of D determines a unique spanning tree T to v, , and that each
such tree T determines exactly [[(d; — 1)! eulerian trails. Since we have
already seen that the number of spanning trees of D to each point is c,
equation (1.8.2) will then be proved.

To construct the spanning tree to v, determined by a given eulerian trail
E in a digraph D, call the exit arc from each point v; # v, the last arc out of v,
when traversing E with starting (and finishing) point v,. Thus only v, has
no exit arc. Then define T as the spanning subgraph of D whose arcs are
the exist arcs. Since in T, v, has outdegree 0 and all other points have out-
degree 1, it must be a tree to v, by [HNCI, p. 283, Theorem 10.12].

Now let T be a fixed spanning tree to v, (among the c such trees). We
proceed to construct all eulerian trails E associated with T in the manner of
the preceding paragraph, that is, the exit arcs of E with respect to v, are
the arcs of T. Since D is eulerian, we have already noted that od v, = id v, =
d;. In constructing E from T, one arc from each point v; # v, is put aside
for later use as the exit arc, and one arc from v, is reserved for use as the first
arc of E. Then at each and every point v; (including v,), there are exactly
(d; — 1)! orders in which the occurrences of arcs in E can appear. Since these
occurrences are independent, we multiply these factorials to get the number
of eulerian trails determined by T. But there are c such trees, proving (1.8.2).

I

(1.8.3) Corollary  In an eulerian digraph, in which each d;, =1 or 2,
the number of eulerian trails equals the number ¢ of spanning trees to each
point.

This follows at once from the observation that every (d; — I)! = 1.
We illustrate the corollary for D in Figure 1.8.2, in which each d; is 1 or 2.
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(a) (b) (c) (d)

Figure 1.8.4
The eulerian trails of Figure 1.8.2.

Thus we know from the calculation of the cofactor preceding Figure 1.8.3
that D has exactly four eulerian trails. These are now displayed (Figure 1.8.4)

in correspondence with the spanning trees of exit lines shown in the preceding
figure.

EXERCISES

1.1 Connected labeled digraphs.

1.2 Labeled orientations of a given (p, q) graph with symmetry number s.

1.3 Oriented labeled graphs and signed labeled graphs in which each line
is positive or negative.

1.4 Labeled (p, q) graphs with no isolated points. (Gilbert [G2))
1.5 (a) Labeled, connected, (p, q) graphs:
P (_ 1)k+1 p' m
k§1 k {%}: Hpi! (k ) ’
where m = Y%_, (%) and the second sum is over all partitions p, +
-+ + p, = p of p with k parts.
(b) Labeled (p, g) blocks. (Riddell [R14])

1.6 A labeled graph with point set {vy, v, ..., v,_,} is a starred polygon
if vy adj v; implies that forall k = 1 to p — 1, v, adj v, ;, where the subscripts
are taken mod p. There are 2~ V2 starred polygons of order p. (Turner [T1])

t Whenever a class of graphs is mentioned in an exercise, it is understood that the reader
is being asked to find a counting formula for them.
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1.7 Labeled, even, general graphs (see Section 7.5). (Read [R5))

1.8 Connected graphs with all points labeled except endpoints.
(Moon [M3])

1.9 Labeled trees in which each point has degree (a) 1 or 3, (b) degree 1
or n, where n > 3.

1.10 Labeled bicolored trees with m points of one color and n of the other:
T imt L (Scoins [S1])
1.11 Labeled homeomorphically irreducible trees:

p) kk—Z

(Read [R9])

=2 k;(_l)p_k(k k —2)!

1.12 Labeled trees with unlabeled endpoints. (Hint:  Use Stirling numbers
of the second kind.) (Harary, Mowshowitz, Riordan [HMR1])

1.13 (a) Labeled 2-trees (see Section 3.5):

(z )(2p _ 3pP~%  (Beineke and Moon [BM1])
(b) Labeled k-trees:
(Z)(kp k2 1t

(Beineke and Pippert [BP1))

(¢) Line-labeled 2-trees:
(2p — 3)!
2(p — 2)!

1.14 A plane graph has been embedded in the plane so that no two lines
intersect. Labeled, plane 2-trees:

(2p — 3P4, (Palmer [P1])

1y (5p — 10)!

Pp =D e

(Palmer and Read [PR1])

1.15 (a) Labeled, connected functional digraphs (see Section 3.4):
p '
2

k=1 — k!
(b) Labeled, connected unicyclic graphs. (Moon [M4])

p—k+1

p (Rubin and Sitgreaves)
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1.16 Labeled graphs with (a) no endpoints, (b) with a given number of

endpoints. (Read [R9))
1.17 Labeled cacti (see Section 3.4) with ¢, lines in no cycle, ¢, triangles,
¢, quadrilaterals, . . ., ¢, cycles of n points:
p'p
[Ti-2((k = Dlye,
wherec = Y7_, ¢, — 2. (Harary and Uhlenbeck [HU1])

1.18 (a) The number c; of triangles in a labeled graph is & of the trace
of the cube of its adjacency matrix 4; the number c, of quadrilaterals and
the number c5 of pentagons is also expressible in terms of 4.

(Harary and Manvel [HM 1))

(b) The number of paths of three, four, and five points can be expressed in
terms of A. (Cartwright and Gleason [CG1]), and Harary and Ross [HR 1))

1.19  The number of ways of arranging 2" binary digits in a circular array
so that the 2" sequences of n consecutive digits in the arrangement are all
distinct :

22"— ' —n

(Hint: Apply Theorem (1.8.2) to the eulerian digraphs (using the term
loosely because loops are present) which is obtained from the universal
relation S x Sona 2-set § = {0, 1}, by taking iterated line digraphs (defined
in Section 10.3).) _ (deBruijn [B4])



Solving problems is a practical art, like swimming or
skiing, or playing the piano: you can learn it only by
imitation and practice. This book cannot offer you a
magic key that opens all the doors and solves all the
problems, but it offers you good examples for imitation
and many opportunities for practice: if you wish to
learn swimming you have to go into the water, and if
you wish to become a problem solver you have to solve
problems.

George Polya, Mathematical Discovery

Chapter 2| POLYA’'S THEOREM

In order to determine the number of unlabeled graphs, the problem is
reformulated so that the answer can be obtained by finding the number of
orbits of the appropriate permutation group. Burnside’s Lemma can then be
used to express the number of orbits in terms of the number of objects
fixed by permutations in the group at hand. Every permutation group has
associated with it a polynomial called the “cycle index.”” This concept can
be traced back to Frobenius as a special case of a formulation in terms of
group characters. Rudvalis and Snapper [RS2] point out the connection
between these generalized characters and the theorems of deBruijn [BS]
and Foulkes [F1]. Redfield [R10], who discovered cycle indexes indepen-
dently, devised a clever scheme (Chapter 7) which enabled him to determine
the number of classes of certain matrices by forming a special product of
cycle indexes. Burnside’s Lemma was concealed in the proof of his enumera-
tion theorem. Redfield’s methods enabled him to count numerous interesting
combinatorial structures, provided that the counting problem under con-
sideration could be recast in the matrix form required by his theorem and

32
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provided that formulas could be derived for the relevant cycle indexes.
Though admirably suited for solving certain problems, this method is
somewhat difficult to apply to others because the structures to be enumerated
must be interpreted as matrices. The classical enumeration theorem of Pdlya,
on the other hand, may be viewed as an enumerator of functions and for this
reason is much easier to apply to most graphical problems. In its sweeping
generality, Poélya’s theorem incorporates Burnside’s Lemma, and often
enables one to express the complete generating function for a class of graphs
in terms of an appropriate cycle index and a polynomial called the “figure
counting series.” Thus it is the generality, versatility, and ease with which it
can be applied that make Pélya’s method a most powerful tool in enumerative
analysis.

21 GROUPS AND GRAPHS

The study of permutation groups evidently goes hand-in-hand with the
study of graphs because a graph provides a “picture” of its automorphism
group. Thus the group theoretic concepts required in this chapter are more
easily understood in their graph-theoretic setting.

Consideraset X = {1,2,...,n} and let 4 be a collection of permutations
of X which is closed under multiplication. Then A is a permutation group
with object set X. The order of A, denoted |A|, is the number of permutations
in A and the degree of A is the number n of elements in the object set X.
For example, consider the graph G of Figure 2.1.1, always chosen at random,
whose four points consist of the set X of integers 1, 2, 3, 4. Note that the
list of permutations «; in the figure consists of all permutations of X which
preserve adjacency in G. For example, points 1 and 4 are adjacent in G.
The permutation (13)(2)(4) sends the points 1 and 4 to 3 and 4, and these
images, 3 and 4, are also adjacent. Thus (13)(2)(4) preserves the adjacency
of the points 1 and 4. Since the collection of permutations in this list is
closed under multiplication, it constitutes a group. As already noticed, the

| 2
a, = (1(2)(3)}(4)
a, = (1)(3)(24)

G
) a, = {13)(2)(4)

a, = (13)(24)

4 3

Figure 2.1.1

A graph and its group.
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40 3
Figure 2.1.2
The complement of the random graph.

collection I'(G) of all adjacency preserving permutations of V(G) is called
the group of G or the automorphism group of G, and its permutations are
called automorphisms. Thus the group of a graph is a permutation group
whose objects are its points.

The complement G of a graph G has the same set of points as G, and two
points u and v are adjacent in G if and only if they are not adjacent in G.
The complement of the four point graph in Figure 2.1.1 is shown in Figure
2.1.2. The permutations which preserve adjacency in the graph of Figure
2.1.2 are the same as those for Figure 2.1.1. In fact, for any graph G, the
permutations which preserve adjacency, also preserve nonadjacency and
hence

T(G) = T(G). (2.1.1)

But now we require a more subtle criterion than group isomorphism
for deciding whether or not two permutation groups are the same. Consider
the three labeled graphs of Figure 2.1.3, which have essentially the same
groups. The only distinctions between the graphs lie in complementation
and labeling. It is convenient, therefore, to identify permutation groups
whose permutations are the same except for the names of the objects being
permuted. Therefore we make the following definitions. Two permutation
groups A, B with object sets X and Y respectively are isomorphic, written
A = B, if there is a function & from A4 onto B such that for all «;, a, in 4

h(oyoty) = h(ag)h(ay), (2.1.2)

If there is also a 1-1 map ¢ from X onto Y such that for each « in 4 and
each x in X

p(ax) = h(a)p(x), (2.1.3)
1 2 o ob u, U,
A, > N
Figure 2.1.3
Three graphs with identical groups.
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then A and B are identical and we write A = B. Thus, the map ¢ simply
changes the labels, or names, of the objects of A to those of B. It is now easily
seen that the groups of all three graphs in Figure 2.1.3 are identical.

2.2 THE CYCLE INDEX OF A PERMUTATION GROUP

Let A be a permutation group with object set X = {1,2,...,n}. It is
well known that each permutation « in 4 can be written uniquely as a product
of disjoint cycles and so for each integer k from 1 to n we let j,(«) be the number
of cycles of length k in the disjoint cycle decomposition of «. Then the
cycle index of A. denoted Z(A4), (Z for the word Zyklenzeiger used by Polya
[P8)) is the polynomial in the variables s,,s,, ..., s, defined by

Z(A) = A" ) sjE), (2.2.1y
acAd k=1

When it is necessary to display the variables, we shall write Z(4;s,.
Sa....,S,) instead of Z(A). Redfield [R10] called this polynomial a ‘“‘group-
reduction function” and Polya [P8], who discovered the concept indepen-
dently, named it the “cycle index.” _

To provide an example, we consider the symmetric group S, on n objects.
For n = 3, we observe that the identity permutation (1)(2)(3) has three
cycles of length 1, resulting in the term s;. The three permutations (1)(23).
(2)(13), and (3)(12) each have one cycle of length 1 and one of length 2, and
so one term is obtained, 3s;s,. Finally, the two permutations (123) and (132)
contribute 2s5. Thus we have

Z(S3) = (1/3)(s; + 35,5, + 2s3). (2.2.2)

Throughout the rest of this book we shall make very frequent use of the
explicit formulas which follow for the cycle indexes of the five most famous
permutation groups: symmetric, alternating, cyclic, dihedral, and identity.
Both Redfield [R10] and Pélya [P8] expressed Z(S,) in terms of the partitions
of n. Note that each permutation « of n objects can be associated with the
partition of n which has, for each k from 1 to n, exactly j, (o) parts equal to k.
We shall denote a partition of n by the vector (D =Ui1,J2s---.Js) Where j,
is the number of parts equal to k. Thus

n=Y kj. (2.2.3)
k=1

Let h(j) be the number of permutations in S, whose cycle decomposition
determines the partition (j), so that for each k, j, = j(«). Then it is easy to
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see that
h(j) = n!/ij"jk!. (2.2.4)

Thus the cycle index Z(S,,) takes the form shown in the next theorem.

Theorem The cycle index of the symmetric group is given by

Z(s,) = (n) Y h(j) T1 sk, (2.25)

0)) k=1

where the sum is over all partitions (j) of n, and h(j) is given by (2.2.4).

The following corollary gives the cycle index of the alternating group A,
which consists of all the even permutations in §,.

Corollary The cycle index of the alternating group is given by

Z(A,,) = Z(Sn) + Z(S,,; S1, — 82,83, —S4,-- ) (2.2.6)
To illustrate, note that from (2.2.2) we have
Z(S3;51, —S5,83) = (1/3 !)(5? — 3518, + 2s3), (2.2.7)

and on adding (2.2.2) and (2.2.7) we obtain

Z(A,) = L(s3 + 2s5). (2.2.8)

It is often convenient to express Z(S,) in terms of Z(S,) with k < n.
For this purpose we define Z(S,) = 1, and the recursive formula, whose
inductive proof is straightforward, can then be stated as follows.

Theorem The cycle index of the symmetric group satisfies the recurrence

relation
n

ZS)=n"1Y SZ(S, ) (2.2.9)

k=1

The cyclic group of degree n, denoted C,, is generated by the cycle
(123 -- - n). Redfield provided the following formula for Z(C,) using the Euler
¢-function.

Theorem The cycle index of the cyclic group C, is given by
Z(C,) =n"1Y) ok)sp*. (2.2.10)

k|n
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The dihedral group of degree n, denoted D,, is generated by the cycle
(123 ---n) and the reflection (1 n)(2 n—1)(3 n—2)---. Its cycle index can
be expressed in terms of Z(C,).

Corollary The cycle index of the dihedral group D, is given by

(D,) = Z(C,) st D
Z(D,) = 32Z(C,) + -
: (o3 +sis77%)  neven.

To illustrate, one may use (2.2.10) and (2.2.11) to obtain Z(C;) and Z(D;),
but note that C; = A; and D; = S;. Therefore Z(C;) and Z(D,) are also
given by (2.2.8) and (2.2.2) respectively. Our group notation is completed by
letting E, denote the identity group on n objects, so that

Z(E,) = s". (2.2.12)

We observe next that the cycle index does not determine a unique permu-
tation group. That is, two permutation groups 4 and B need not be identical
to share the same cycle index. In fact, they may even be nonisomorphic
and yet have the same cycle index and as the following rather accurate
translation from Pélya [P8, p. 176] demonstrates:

It is of interest to remark that two combinatorially equivalent permutation groups
(having the same cycle index) need not be identical. In fact they need not even be isomorphic.
Namely, let p be an odd prime and m > 3 be an integer (p = m = 3 is the simplest example).
It is well known (see Burnside [B7, p. 143]) that there is a nonabelian group of order p™ in
which every element except the identity has order p. Let B be the regular representation of
this group as a permutation group. Let 4 be the regular representation of the abelian group
of order p™ and type (p, p, . .., p). Then A and B are permutation groups of order and degree
p™ = d with the same cyclic index

d= (s} + (d — 1)s¥7)

for each permutation of 4 and B other than the identity contains p™~! cycles of length p.

This section is concluded with a binary operation on permutation groups
together with the relevant cycle index formula. Let A and B be groups with
disjoint object sets X and Y respectively. The productt of A and B, denoted
AB, is a permutation group with object set X U Y. Each pair of permutations,
ain A and B in B, determines a permutation, denoted af3, in AB such that for
eachzin XU Y,

oz, ze X

= 2.2.
“He) {Bz, zeY. , (22.13)

 We formerly [H1] called this product the “sum’ and denoted it by A + B.
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Thus AB has degree |X| + |Y| and order |A4||B|. We denote the product
AA - - - A of m copies of the group by A™ Polya [P8] observed the elementary
but useful fact that the cycle index of a product is the product of the cycle
indexes of the constituent groups.

Theorem The cycle index of the product 4B is given by
Z(AB) = Z(A)Z(B). (2.2.14)

Of course the complete graph K, on n points has S, as its group. Further-
more the graph G whose only connected components are K, and K,,,
with m # n, has group I'(G)=S,S,. Hence from (2.2.14), Z(I'(G)) =
Z(S,)Z(S,,) Since it will be necessary to refer to the cycle index of the group
of a graph, we often simplify the notation by writing Z(G) instead of Z(I'(G)).
For example, Z(K,) is given by (2.2.4) and (2.2.5).

2.3 BURNSIDE’S LEMMA

The three lemmas discussed next form the basis for numerous solutions
to counting problems for unlabeled graphs. Though apparently known to
Frobenius, Schur, and others we refer to them as the lemmas of Burnside [B7].
Let A be a permutation group with object set X = {1,2,...,n}. Then
x and y in X are called A-equivalent or similar if there is a permutation «
in A4 such that ax = y. It is a classical and immediate result that this is
an equivalence relation and the equivalence classes are called the orbits or
transitivity systems of A.

For each x in X, let

A(x) = {o € Alax = x}. (2.3.1)

Thus A(x) 1s called the stabilizer of x. Note that whenever x and y belong
to the same orbit, A(x) and A(y) are conjugate subgroups of 4, and hence
|A(x)| = [A(y)l. We now show that for any element y of an orbit Y of A4,

|4l = A Y], (2.3.2)

that is, the number of elements in the orbit of y is the index of the stabilizer
of yin A. To see this, we first express 4 as a union of right cosets modulo A(y):

A= U o A(y)-
i=1
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[t only remains to observe the natural 1-1 correspondence between these
cosets and the elements of Y. For each i = 1 to m, we associate the coset
x,A(y) with the element «(y) in Y. For i # j, we have «(y) # ajy), because
otherwise «; 'a; is an element of A(y) and hence «; is an element of o;A(y),
thus contradicting the fact that o;A(y) N o;A(y) = &. Therefore this cor-
respondence is 1-1. For any object y' in Y we have a(y) = y’ for some permu-
tation « in A. From the coset decomposition of A, it follows that o« = «;y
with v in A(y). Hence y’ = a(y) and thus every element of Y corresponds to
some coset. Therefore m is the number of elements in Y and (2.3.2) is proved.

Now we are prepared for the first lemma which provides a formula for
the number N(A) of orbits of 4 in terms of the average number of fixed points
of the permutations in A.

Burnside’s Lemma The number N(A) of orbits of A is given by

N(A) = A" Y j1(). (23.3)

acA

Proof Let X, X,,..., X, be the orbits of A4 and for each i =1 to m,
let x; be an element of the ith orbit, X ;. Then from (2.3.2) we have

NI = 3 140)] 1) (234)

We have seen that if x and x; are in the same orbit, then |A(x)| = |A(x,).
Hence the right side of (2.3.4) can be altered to obtain

N(A)A] = ) |A(x), (2.3.5)
xeX
or in other notation
N(A)|A] = Z Z 1. (2.3.6)
xeX acA(x)

Now on interchanging the order of summation on the right side of (2.3.6)
and modifying the summation indices accordingly, we have

N4l =Y ) 1, (2.3.7)
acd x=ax

but ) . _,. 1isjustj,(«). Thus the proof is completed on division by | A]. //

To 1illustrate, consider the graph G in Figure 2.3.1. Using the product
notation, the group of G may be expressed as I'(G) = S3S%. Now I'(G) has
order 4 and each permutation fixes the three points 3, 5 and 7. Let the
permutations be denoted by

2 = (HRB)DGI(T) a3 = (46)(H)B)(5)(7)

(2.3.8)
a; = (12)B)A(S)O)(7) oy = (12)(46)(3)(5)(7).
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6

Figure 2.3.1
A graph with three fixed points.

Then j,(a,) = 7, j,(x;) = jy(a3) = 5 and j,(a,) = 3. Thus NT'(G)) = {7 +
5+ 5 + 3) = 5.1tis clear of course that the orbits are {3}, {5}, {7}, {1,2},and
{4,6}. Note that the number of orbits is precisely the number of ways in
which G can be rooted. To obtain all rootings of G, one simply chooses one
point from each of the orbits as a root.

Occasionally we will need to restrict 4 to a subset Y of X, where Y is a
union of orbits of 4. Therefore we denote by A|Y the set of permutations
on Y obtained by restricting those of A to Y. For each « in A, the number of
elements in Y fixed by a is denoted by j, (] Y). Then we can state the following
consequence of (2.3.3).

Restricted Form of Burnside’s Lemma

NAY) = 14171 3 ji(oY). (2.3.9)

a€A

Next we provide a slight generalization of (2.3.3) called the Weighted
Form of Burnside’s Lemma. Let R be any commutative ring containing the
rationals and let w be a function, called the weight function, from the object
set X of 4 into the ring R. In practice the weight function is constant on
the orbits of 4. Hence in this case we can define the weight of any orbit X,
to be the weight of any element in the orbit. For each orbit X;, we denote
the weight of X; by w(X,), and by definition, w(X;) = w(x) for any x in X,.

Weighted Form of Burnside’s Lemma The sum of the weights of the
orbits of A is given by

INgE

WX) =141 Y T wx). (2.3.10)

1 a€Ad x=ax

The proof is similar to the proof of (2.3.3) and is omitted.
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We consider again the graph G in Figure 2.3.1 to illustrate this lemma,
and to display a sum of cycle indexes in a way which will be used effectively
in Chapter 8. For each point k of G, we define the weight w(k) to be the cycle
index of the stabilizer of k in I'(G). Thus

w(l) = 5(s] + sis2) (2.3.11)
and
w(3) = (s + 2s3s, + s3s3). (2.3.12)
Note that
w(l) = w(2) = w(4) = w(6) and w(3) = w(5) = w(7); (2.3.13)

thus in particular w is constant on the orbits.

We sketch the verification of (2.3.10) for this example by observing that
the sum of the orbit weights is w(l) + w(3) + w(4) + w{(5) + w(7) = 2w(1) +
3w(3). Now the right side of (2.3.10) is the sum

) w(x)=é{z wx) + -4+ Y w(x)}

i=1 x=a;x X=X X=24X

2] [£0] - ]

where the last two terms in the above equation are found at once by inspecting
a3 and 2, in (2.3.8). Using (2.3.13), this sum may be rewritten as 2w(1) + 3w(3),
which we saw is the sum of the orbit weights, and the verification is finished.

Similarly, the cycle index sum for all the different rooted graphs obtained
from any graph G can be obtained in terms of the weights of the fixed points
of I'(G).

24 POLYA'S THEOREM

Since most applications of Pdlya’s main enumeration theorem have
required only the one-variable version and since the theorem is also more
easily understood in this case, we shall not provide details of the usual
generalization to n variables.

First we introduce the power group [HP4], which we will encounter
again and again later in this book. Let 4 be a permutation group with object
set X = {1,2,...,n}and let B be a finite permutation group with a countable
object set Y of at least two elements. Then the power group denoted B4
has the collection Y* of functions from X into Y as its object set. The permu-
tations of B“ consist of all ordered pairs, written (x; f), of permutations «
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in A and f in B. The image of any function fin Y* under (x; f§) is given by
(o3 By ) x) = Bf(ax), (24.1)

for each x in X.

In order to lead to the classical Polya enumeration formula, we shall
take B = E, the identity group on Y. Now consider the power group E4
actingon Y*. Letw: Y — {0, 1, 2,...} be a function whose range is the set of
nonnegative integers, and for which |w™ (k)] < oo for all k. In particular, for
eachk=0,1,2,...let

¢, = lw k)| (2.4.2)

be the number of ““figures” with weight k.
Then the elements y in Y which have w(y) = k, are said to have weight k
and w is called a weight function. Further the series in the indeterminate x,

c(x) = i e XX, (24.3)
k=0

which enumerates the elements of Y by weight, is called the “figure counting
series.”
The weight of a function fin Y¥ is defined by

w(f) = Y w(f (%), (2.4.4)

xeX

and it is then easily seen that functions in the same orbit of the power group
E* have the same weight. Therefore the weight w(F) of an orbit F of E* is the
weight of any fin F. Since |w™ (k)| < oo for each k = 0, 1,2, ..., there are
only a finite number of orbits of each weight. Hence we let C;, be the number
of orbits of weight k. Then the series in the indeterminate x,

Clx) = i Cox, (2.4.5)
k=0

is called the ““function counting series,” or the *““‘configuration counting series”
following Poélya [P8]. Now we can finally state the main theorem of this
book which expresses C(x) in terms of Z(A4) and c(x). In this formula
Z(A, c(x)) is an abbreviation for Z(A4 ; c(x), c(x?), c(x3),...).

Theorem (Pdlya’s Enumeration Theorem) The function counting series
C(x) 1s determined by substituting for each variable s, in Z(A), the figure
counting series ¢(x*). Symbolically

Cix) = Z(A, c(x)). (2.4.6)
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This result is used so often throughout graphical enumeration that we will
frequently write PET for brevity instead of Polya’s Enumeration Theorem.

Proof Let ¢ be the identity permutation on Y. Then for each « in A, and
eachk =0, 1,2,..., we can let ¢(«, k) be the number of functions of weight k
fixed by («;e). Now for each k, on restricting the power group E* to the
functions of weight k and applying the Restricted Form (2.3.9) of Burnside’s
Lemma, we have

C, = 14171 Y ola, k). (2.4.7)
axeA
Therefore
Cx)= > 147" Y olo, k)x* (2.4.8)
k=0 acA
and on interchanging the order of summation, we have
Cix)=141"" Y. Y ol k)x~. (2.4.9)
acA k=0

Now ) 2, ¢(a, k)x* is the counting series for all functions fixed by (x;é)
and we seek an alternative form for this series.

Suppose fin Y¥ is fixed by («; ¢). Then (x;¢) f(x) = f(x) for all x in X,
but from (2.4.1) we have («;¢)f(x) = ¢f (xx). Thus we must have f(ox) =
f{(x) for all x, and hence f must be constant on the disjoint cycles of «. Con-
versely, all functions constant on the cycles of « are fixed by («; &).

Let z, be a cycle of length r in «. If f sends the elements of z, to one of the
¢, elements of Y of weight k, then the contribution to the weight of f is rk.
Then it can be seen that the series

cdx) =) ¢x™ (2.4.10)
k=0

has as the coefficient of x™ for each k, the number of ways f can be defined on
the elements of z, so that f is fixed by («;¢) and the contribution to w(f)
is rk. It follows that c(x"/"® enumerates by weight the ways of defining
fixed functions on all the cycles of length r in a.

On considering all cycles of «, we can then express the series for fixed
functions as the product

n

i ola, k)x* = [T (P, (24.11)
k=0

k=1

Now (2.4.6) follows from (2.4.9), (2.4.11), and the definition of Z(A4), aﬁd the -
proof is completed. !/
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| <—] | | Dz
4 3 4 3
Figure 2.4.1

Two labeled necklaces.

To illustrate the theorem we shall consider a ‘‘necklace problem.”
In Figure 2.4.1 we have shown two necklaces, each with four beads. Each
of these has its beads labeled with the elements of X = {1, 2, 3,4}, and each
has two white beads and two black. Clearly the number of labeled necklaces
constructed from black and white beads is 2*. To obtain the number of
unlabeled necklaces, we must identify necklaces such as those in Figure 2.4.1
when one necklace differs from another only by a reflection or rotation of the
string of beads. If we let Y = {q, b}, then each function f from X to Y cor-
responds to a labeled necklace in which bead number k in X has *““color” f'(k).
Thus the necklace represented by f has |f~!(a)| beads of one color and
| f ~1(b)| beads of the other color. Now let the identity group E, act on Y.
To remove the labels, two necklaces should be identified whenever their
corresponding functions are in the same orbit of the power group E2<. If
we define w(a) = 0 and w(b) = 1, then 1 + x is the counting series for Y
and a function of weight k represents a necklace with 4 — k white beads
and k black beads. Therefore the function counting series C(x) here enumer-
ates unlabeled necklaces and the coefficient of x* is the number of such with k
black beads. From (2.4.6) in the PET, then,

C(x) = Z(D,,1 + x). (2.4.12)
From (2.2.11) we have
Z(Dy) = L(sT + 2s1s, + 353 + 2s,). (2.4.13)

Then on carrying out the details of the substitution of the figure counting
series 1 + x in Z(D,) we have

C(x) =14 x +2x* + x> + x*. (2.4.14)

The six unlabeled necklaces with four beads of two colors are now shown
in Figure 2.4.2.

L1 L O L

Figure 2.4.2
The necklaces with four beads.
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The total number of necklaces is, of course, C(l1) and hence the total
number may be obtained by evaluating the figure counting series 1 + x
at x = | and substituting 2 for each variable s, in Z(D,). In general, when-
ever the figure counting series ¢(x) is a polynomial, so is the function counting
series C(x). Then C(1), the number of orbits of functions without regard to
weight is obtained on substituting ¢(1) for each variable in the cycle index
at hand.

Corollary The number of orbits of functions determined by the power
group E2 is obtained by substituting the integer m for each variable in Z(A):

N(E4) = Z(A, m). (2.4.15)

We shall provide only the statement of the PET for n variables. The
proof follows the same course as above for the one-variable case. Let N
be the set of nonnegative integers and let N = N x --- x N be the cartesian
product of n copies of N. As before, the power group E* has object set
Y¥, and w:Y — N" the weight function, has the property that for each z
in N", |w™1(2)] < o0. With component-wise addition in N", weights of func-
tions in Y and orbits of E# are defined as before. By definition of the figure
counting series, ¢(x;, X,, ..., X,) has |lw™!(r;,7,,...,r,) as the coefficient of
xPx5 -+ x;» and the function counting series C(x,, X5, ..., x,) has as the
coefficient of x%!'x%---xi", the number of orbits of weight (¢,,¢,,...,1t,).
We denote by Z(4, c(x,, x,,...,X,) the polynomial obtained with each
variable s, in Z(A) is replaced by c(x*, x%,..., x). Then the more general
result giving the PET in n variables can be expressed as follows.

Theorem If c¢(x,, x,,...,X,) is the figure counting series for Y, then the
orbits of functions in Y determined by the power group E4 are enumerated
by weight with C(x,, x5, ..., x,) and ‘

CX1sXgs--erXp) = Z(A, cxy,X5,...,X,)). (2.4.16)

To illustrate this theorem, we return to the necklace problem. This time
we wish to determine the enumerator of necklaces with four beads when three
colors of beads are available. Therefore we let Y = {a, b, ¢} and we can con-
sider any function f from X to Y as representing a necklace with | f ™~ !(a)|
red beads, |/ ~!(b)| white beads, and | f ~!(c)| blue beads. If we let w(a) =
(0,0), w(b) = (1, 0), and w(c) = (0, 1), then

w(f) = Y wf(x)), (2.4.17)

xeX
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and w(f) is an ordered pair whose first coordinate is the number of white
beads in the necklace and the second is the number of blue. The number of
red beads is, of course, just | X| minus the number of white and blue. Now, by
definition, the figure counting series is ¢(x) = 1 + x; + x,. Hence by the
theorem, the necklace enumerator is

Clxy,x;) = Z(Dy, 1 + x; + x,). (2.4.18)
On carrying out the details of the substitution we obtain
Clxy, X)) =1+ x; +2x7 + x3 + xt + x, +2x2 + x3 + x2
+ 2x,%; + 2x9X, 4+ X3x, + 2x;x3 + x;x3 + 2x2x3. (2.4.19)

Asa check, one can easily compute the coefficient sum for C(x,, x,)
by evaluating Z(D,, 3), which is 21; then compare (2.4.19).

2.5 THE SPECIAL FIGURE SERIES 1 + x

There is a rather natural corollary to the PET which stipulates the
significance of the coefficients of the polynomial obtained when 1 + x is
substituted into the cycle index of an arbitrary permutation group A.
This observation, although quite easy to demonstrate, is exceptionally
powerful because every enumeration formula obtained from the PET by
using the figure series 1 + x is necessarily a special case thereof. These
results will include the counting of necklaces, graphs, digraphs, rooted
graphs, and bicolored graphs. Thus we defer such applications of the corol-
lary until later.

We note now its impact on the five special groups whose cycle indexes
are given in equations (2.2.5, 6, 10, 11, 12). Just as for individual elements of X
twor-sets S = {x;,...,x,}and §' = {x},..., x.} in X are called A-equivalent
if for some a€ 4,aS = S

(2.5.1) Corollary to PET  The coefficient of x" in Z(A4, 1 + x) is the num-
ber of A-equivalence classes of r-sets of X.

Proof In the figure counting series 1 + x, the term 1 = x° can indicate the
absence of an object in X while x = x! stands for its presence. Thus x
means that r distinct objects, forming an r-set, are present. The corollary
now follows at once from the PET. !/

In view of this corollary, we see that a permutation group A is transitive
if and only if the coefficient of x in Z(4, 1 + x) is 1. Furthermore this poly-
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nomial always has end-symmetry of its coefficients because the number of
classes of r-sets and (n — r)-sets are equal. For the symmetric group, it
follows from the definition of S, that there exists a permutation taking a
given r-set onto any other. For 4,, one only need note that an even permuta-
tion can be found which effects this mapping. The next two formulas can also
be verified by the brute force substitution of 1 + x into the respective cycle
indexes:

ZS, 1+ x)=1+x+x*+ -+ x" (2.5.2)
Z(A, 1 +x)=1+x+ x>+ + x". (2.5.3)

The identity group of course produces the binomial coefficients :
no[n
ZE,1+x)= ) ( )x’. (2.54)
r=0 \F

The cyclic and dihedral groups are a bit more complicated. It is a routine
matter to make a formal substitution of 1 + x* for s, in (2.2.10) to obtain
Z(C,, 1+ x)=n"1) ok)(1 + x"y"x (2.5.5)
kin
However a similar substitution into (2.2.11) results in a less elegant-looking
equation. Rather than write this formula mechanically, we note that we have
already encountered it for n = 4 in (2.4.14) where the polynomial so obtained
counts four-bead necklaces with a specified number of beads of each of two
colors. For arbitrary n, the result then gives the number of types of two-
color, n-bead necklaces.

2.6 ONE-ONE FUNCTIONS

It is now logically convenient to have at our disposal a theorem of
Polya which expresses the number of weighted 1-1 functions in terms of
the cycle indexes of the symmetric and alternating groups and a figure
counting series. We shall use this result later to relate the generating function
for trees to that for rooted trees.

Let ¢(x) be the series that enumerates the elements of any set Y according
to weight and let the identity group E have object set Y. Now consider the
power group E4 restricted to the 1-1 functions in Y*. If C(x) is the counting
series for the orbits of 1-1 functions determined by E4, we seek to express
C(x) in terms of ¢(x). We shall do this first with A = S,; then the solution to
the general problem follows quickly. Note that the orbits of 1-1 functions
determined by E5~ correspond to n-combinations or n-subsets of the elements
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of Y. Following Polya we have used Z(4, — S,) as an abbreviation for
Z(A,) — Z(S,), and we set Z(4, — So) = 1.

Theorem The generating function C(x) which enumerates 1-1 functions
from n indistinguishable elements into a collection of objects with figure
counting series ¢(x) is given by

C(x) = Z(A, — S,, c(x)). (2.6.1)

Before proving the theorem we shall illustrate its use with an example for
n = 3. Let c(x) be the generating function for the set Y of connected graphs,
so that the coefficient of x? in ¢(x) is the number of connected graphs of
order p. It is known that the first few terms of ¢(x) are

o(x) = x + x2 + 2x3 + 6x* + 21x3 + 112x% + ---. (2.6.2)

Next let C(x) be the generating function for graphs that have exactly three
components, all different. Consider the power group ES* with object set YX.
Then the orbits of 1-1 functions determined by ES* correspond precisely to
the graphs enumerated by C(x). Furthermore, the weight of each orbit is the
order of the graph to which the orbit corresponds.

The cycle index formula for Z(A4; — S5) is already available in (2.2.7).
Therefore on substituting c(x*) for each variable s, in this formula, the first
few terms of C(x) are seen to be

C(x) = 2x5 + 7x7 + 34x8 + ---. (2.6.3)

It is left to the reader to verify some of these coefficients by drawing the
corresponding graphs.

Proof To prove (2.6.1), recall that ¢(x) enumerates the elements of any set Y
by weight and ES~ has object set Y*. It follows from PET that the counting
series for orbits of all functions determined by E5" is simply Z(S,, c(x)).
Therefore it is sufficient to show that Z(A4,, c¢(x)) counts these orbits of 1-1
functions twice and all others just once.

We first note that the number of orbits of 1-1 functions from X to itself
determined by Ed= is 2. This is an immediate consequence of the easily
demonstrated fact that any two such 1-1 functions are in the same orbit of E/»
if and only if they are both odd or both even. Thus Z(A4,, c(x)) counts twice
those orbits of ES which consist of 1-1 functions.

Next we show that orbits of ES» which consist of functions not 1-1 are
counted only once. To do this, consider such an orbit and any two functions
fand g in it. Then there is a permutation « in S, such that for all x in X,
f(x) = g(ax). We need to show that f and g are in the same orbit of E4~
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This follows from the equation f(x) = g(xx) if « is even. Suppose, on the
other hand, that « is odd. Since fis not 1-1, for some x,, x, in X with x;, # x,
we have f(x;) = f(x,). Let § be the permutation that interchanges x, and x,
and fixes all other elements of X. Of course 3, being a transposition is odd.
Thus of is even, and for all x in X, f(x) = g(afx). Thus f and g are also in
the same orbit of E“4»and hence Z(A4,, ¢(x)) counts orbits of ES* which consist
of functions not 1-1 exactly once. //

The following corollary treats the general case, in which the orbits of
1-1 functions on n objects are determined not by the symmetric group S,
but by any group A of degree n.

Corollary The generating function C(x) that enumerates 1-1 functions
determined by the figure counting series c(x) and any permutation group 4
of degree n is given by

n!

€ =13

Z(4, — S, c(x)). (2.6.4)

Proof Recall that c(x) enumerates the elements of Y by weight and
Z(A, — S,, c(x)) counts by weight the subsets of Y that consist of n elements.
As usual E is the identity group with object set Y and A is a permutation
group of degree n with object set X. Consider any n-subset Y; of Y. Then we
seek to establish that the number of orbits of EZ restricted to the 1-1 functions
in Y¥ is n!/|A|. But this conclusion follows immediately from the Restricted
Form of Burnside’s Lemma because the only permutation in E7 that fixes
any 1-1 function in Y{ is the identity permutation, which fixes all n! of
them. !/

In our applications of this theorem, it is often necessary to sum the
polynomials Z(A4, — S,). We sometimes write Z(4, — S,) instead of
Y o Z(A, — S,). Riordan [R15] established the following formula, which is
analogous to (3.1.1),

Z(Ay — Se. f(x)) = exp{ S (- 1)"“f(x")/k}. (26.5)
k=1

EXERCISES

2.1 Prove that Burnside’s Lemma (2.3.3) gives the number of orbits
determined by any group represented as a permutation group. Specifically,
let A be any (abstract) group and suppose ¢: A — B is a homomorphism
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from A onto the permutation group B. Then the number N(B) of orbits of B
1s given by

N(B) = A4I"" ¥ ji(p(@)).

a€A

2.2 How many orbits of functions are determined by the power group E3™?
How mauy are determined by E# with 4 = 4,,, C,,, or D,,?

2.3 Find two nonisomorphic permutation groups A and B of smallest order
such that Z(4) = Z(B). (Polya [P8))
2.4 Prove that the set of permutations in the power group B4 is closed
under multiplication.

2.5 How many necklaces are there with five beads when three colors are
available?

2.6 If the vertices of a cube are colored using three different colors, how
many different cubes are possible?

2.7 If the faces of a cube are colored using four different colors, how many
different cubes result?

2.8 Iffive different colors are available and each line of the graph in Figure
2.3.1 assumes one of these colors, how many different colored graphs are
possible?

2.9 If G 1s any graph, how may the coefficient of Z(I'(G), 1 + x) be inter-
preted? Illustrate using the graph in Figure 2.3.1.

2.10 When the object set of the power group B* is restricted to 1-1 func-
tions, the group is denoted by B4". Find a formula for the cycle index Z(B4").
(Harary and Palmer [HPS5])

2.11 Find two isomorphic but not identical permutation groups of degree 6
and order 4 which share the same cycle index. (Redfield [R10])

2.12 The cycle index of the alternating group A, given in (2.2.6) can be
expressed in the form:

1 — 1yztdat )
z4) =T 5 F (l'I ook

()

213 Y2, Z(S,) = exp Y52, (su/k)).




Woodman, spare that tree!
Touch not a single bough!
In youth it sheltered me,
And I will protect it now.

G. P. Morris

Chapter 3| TREES

We have seen in Chapter 1 several methods for determining the number
pP ™% of labeled trees of order p. We shall now consider the more difficult
problem of finding the number of unlabeled trees, that is, the number of iso-
morphism classes of trees with a given number of points. The techniques
that we shall use can be readily adapted not only for finding generating
functions for trees with various specified properties but also for counting
treelike structures.

For example, in this chapter we shall find generating functions for rooted
trees, trees, forests, oriented trees, homeomorphically irreducible trees,
identity trees, unicyclic graphs, functional digraphs, cacti, and 2-trees.
The first few coefficients of many of these generating functions may also be
found in Sloane’s book of sequences [S4].

3.1 ROOTED TREES

It seems impossible to enumerate trees without first enumerating rooted
trees. Therefore we begin by using the Polya method of the preceding chapter

51
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to obtain the generating function for rooted trees. We then employ a “‘dis-
similarity characteristic theorem” due to Otter [O4] to relate this function
to the series that counts trees.

We will make use of the following well-known iderntity which sums the
cycle indexes of all the symmetric groups:

3 20,1 = exp Y. f0k. B.L1)

A proof of (3.1.1) is omitted; the easiest one involves comparing the
coeflicients of both sides, see Exercise 2.13.
For convenience, we take Z(S;) =1 and we use Z(S,) instead of
©_o Z(S,). Then the left side of (3.1.1) may be denoted by Z(S,, f(x)).
Now let

T(x) = i Tx? (3.1.2)

be the generating function for rooted trees. Thus T, i1s the number of rooted
trees of order p. The rooted trees of order 4 or fewer are shown in Figure
3.1.1. Hence the first four terms of T(x) are given by

T(x) =x 4+ x>+ 2x> +4x* + .-+, (3.1.3)

The following result of Polya [P8] can be used to calculate the co-
efficients of T(x).

Theorem The counting series T(x) for rooted trees satisfies

T(x) = xexp{ 5
k

=1

T(x")/k}. (3.1.4)

Proof We shall first find the generating function which enumerates rooted
trees in which the root has degree n. We observe that each of the latter trees
corresponds in a natural way to a “‘combination with repetition” of n rooted
trees. This correspondence is indicated for n = 4 in the next figure. More

Figure 3.1.1

The smallest rooted trees.



31 ROOTED TREES 53

Figure 3.1.2

Four rooted trees and the corresponding tree whose root has degree 4.

specifically, given a collection of n rooted trees, a new rooted tree is formed by
adding one new point and making it adjacent to each of the roots of the n
given rooted trees. Clearly all trees whose roots have degree n can be formed
in this manner. To find out how many there are, we consider the power
group ES~ with object set Y* where E is the identity group, X = {1,...,n},
and Y is the set of all rooted trees. Then each function in Y* corresponds to
an ordered n-tuple of rooted trees. We define the weight of each rooted tree in
Y to be the number of points in the tree. Then T(x) enumerates the elements
of Y by weight and is called the ‘““figure counting series’” for Y. Thus the
weight of each function in Y%, as defined by (2.4.4), is the total number of
points in the n rooted trees of the n-tuple to which the function corresponds.

Since S, consists of all permutations of X, the orbits of the power group
E3~ correspond precisely to rooted trees whose root has degree n. Note that
the weight of each orbit, which is the weight of any function in it, is just one
less than the total number of points in the rooted tree to which the orbit
corresponds. Therefore on applying PET with 4 = S, and T(x) as the figure
counting series, we have Z(S,, T(x)) as the function counting series, and
the coefficient of x? in Z(S,, T(x)) is the number of rooted trees of order p + 1
whose roots have degree n. Multiplication of Z(S,, T(x)) by x corrects the
weights so that the coefficient of x? in xZ(S,, T(x)) is the number of these
trees with p points. Then on summing over all possible values of n, T(x)
itself is obtained:

o

T(x)=x Y Z(S, T(x)). (3.1.5)

n=0

The proof is completed by applying the identity (3.1.1) for sums of cycle
indexes to the right side of (3.1.5). //

It follows from this theorem that T(x) is uniquely determined by the
functional equation (3.1.4) because formula (1.2.8) provides a means of
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determining the coefficients of T(x) inductively. To see this, let

Z a,x" = Z T(xM)/k. _ (3.1.6)
m=1 k=1
Therefore
a4, =m~1 Y dT, (3.1.7)
dlm

and from formula (1.2.8) it follows as in Otter [O4] that
14
1,41 =p~! Z ka T, _y4 - (3.1.8)
k=1

When (3.1.7)and (3.1.8) are combined, 7, , is expressed in terms of T3,..., T,:

b
P

T,41 = p~! Z (Zdn)n—lwr (3.1.9)
k=1 \dlk

Earlier Cayley [C2] had found the following formula for T(x) which is
easily derived from (3.1.4) and vice versa:

T(x) = x f_ol (1 — xP)~T»r, (3.1.10)
p=1

To derive (3.1.4) from (3.1.10), it is sufficient to show that

log(T(x)/x) = i T(x"/k. (3.1.11)
k=1

This is accomplished in three steps by taking logarithms in (3.1.10), substitut-
ing the identity

log(l — xP) = — > xP4k, (3.1.12)

k=1

and interchanging the order of summation.

The number of rooted trees of order p has been determined for p < 26
in Riordan [R15, p. 138] and for p < 39 by A. J. Schwenk using (3.1.4). Here
are the first few terms:

T(x) = x + x% + 2x3 + 4x* + 9x> + 20x5 + 48x’
+ 115x8 + 286x° + 719x!% + ... (3.1.13)

The coefficients of T(x) for p < 26 are found in Appendix I.
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3.2 UNROOTED TREES

Now that all 1-1 functions on n objects can be counted as in Section 2.6,
we need only the special case n = 2 to count unrooted trees. Let

H(x) = i t,xP (3.2.1)
p=1

be the generating function for trees, so that ¢, is the number of trees of order p.
The neatest possible formula that expresses the series ¢(x) for trees in terms
of the series T(x) for unrooted trees is provided by the main theorem of this
section in formula (3.2.4). In addition to the counting theorem for 1-1 func-
tions, the proof depends on a corollary of the dissimilarity characteristic
theorem introduced next.

For any graph G, let p* be the number of dissimilar points, i.e. the number
of orbits of points determined by I'(G). The group of G also determines
similarity classes of blocks. Let p¥ be the number of dissimilar points in the
ith class of blocks among the b* dissimilar blocks. Then p* and p} are
related by formula (3.2.2) of the next theorem. Otter [O4] first found this
result for trees, but like so many theorems its proof is easier for the more
general case [HN2]. Therefore we consider arbitrary blocks instead of just
lines as in a tree.

Theorem (Dissimilarity characteristic theorem for graphs) For any
graph G,

pr—1=3 (¥ - D) (3.2.2)

To illustrate the theorem, we consider the graph of order 18 in Figure
3.2.1. The points of this graph have been labeled so that similar points have
the same labels. Thus p* = 4. There are three classes of blocks, b* = 3;

Figure 3.2.1

A graph wi:: -hree dissimilar blocks.
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the first consists of the bridges, the second is the 4-cycle, and the third contains
the triangles. There are two dissimilar points in each class so that pf = p} =
p¥ =2 Thus3=p* —landpf — 1+ p¥ — 1 + p — 1 = 3also.

Proof The proof of the theorem is made by induction on number of classes
of blocks. Let G be any graph. If there is just one class of blocks, b* = 1,
then p* = p% and (3.2.2) obviously holds. Otherwise, consider any block of G
that has exactly one cutpoint and suppose this block belongs to class number
one. Delete from G the points of the members of this class except for the cut-
points. The graph G’ so obtained has b* — 1 classes of blocks and p* —
(p¥ — 1) classes of. points. On applying the induction hypothesis to G,
we have (3.2.2) for G. v

To apply this theorem to trees, let p* and g* be the number of dissimilar
points and lines, respectively, of any tree T. A line of T is called a symmetry
line if its endpoints are similar, and s is the number of symmetry lines. The
tree in Figure 3.2.2a has no symmetry lines, while that in (b) has one. The
tree in (a) has p* = 6 and each of its five classes of blocks has two dissimilar
points. Hence 5= p* — 1 =37_ (2 — 1) = 5. The tree in (b) has p* = 2,
and one class of blocks has two dissimilar points while the other correspond-
ing to the symmetry line has only one. Hence 1 =p* - 1=(2—1) +
(1 — 1) = 1. The corollary as found by Otter then takes the following form.

Corollary (Dissimilarity characteristic theorem for trees) The number s
of symmetry lines of any tree is 0 or 1 and

p* —(g* —s) =1 (3.2.3)

Proof We first observe that s = 1 if and only if the tree is bicentered and
the two central points are similar; and otherwise s = 0 (see [H1, p. 35]).
Note that g* is the number of dissimilar blocks, so b* = g*. Furthermore
p¥ = 2 for each class of blocks (lines) other than symmetry lines, for which

(o) (b)
Figure 3.2.2

Trees with and without symmetry lines.
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p* = 1by definition. Therefore the right side of (3.2.2) is ¢* — s and the proof
is completed. /]

Now we are in a position to complete our derivation of Otter’s elegant
formula for t(x).

Theorem The counting series #(x) for trees is expressed in terms of the
series T(x) for rooted trees by

tx) = T(x) — Y(Tx) — T(x?)) (3.2.4)

Proof The first step of the proof is to sum (3.2.3) over all trees with exactly p
points. The result is

Yl=3p*=3(q* — ), (3.2.5)

but } 1 =t,and ) p* is T,. Furthermore, ) (¢* — s) is the number L, of
trees with p points rooted at a line which is not a symmetry line. Therefore
t,=T,— L, soif L(x) is the counting series for trees rooted at a non-
symmetry line, then

tx) = T(x) — L(x). (3.2.6)

At this point we can apply formula (2.6.1) of our theorem on 1-1 functions
to express L(x) in terms of T(x). Note than any two different rooted trees
determine a tree rooted at a nonsymmetry line and this correspondence
illustrated in Figure 3.2.3 can be specified by joining the two roots by a
distinguished line. Thus the trees counted by L(x) can be interpreted as 2-

subsets of the graphs enumerated by T(x). Therefore we can apply (2.6.1)
with n = 2 to obtain

L(x) = Z(A, — S,, T(x)). (3.2.7)
Now Z(A, — S;) = 4(s} — s5,), and on setting s, = T(x) and s, = T(x?),
formulas (3.2.7) and (3.2.6) yield the Otter formula for #(x). /]

Just as Cayley anticipated Polya on T(x) so he did Otter on t(x). In fact it
IS a routine exercise to verify (3.2.4) from Cayley’s original formula or from

Figure 3.2.3

Two rooted trees and the corresponding line-rooted tree.
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Polya’s formula for ¢,. Both Cayley and Pdélya found involved expressions
for t, as the sum of 7, and t;, the numbers of trees with 1 and 2 central points
respectively. The verification is accomplished by forming Y ¢,x” and using
the proverb “Every time you see a double summation sign interchange them.”

The values of ¢, for p < 26 have been computed using (3.2.4) by Riordan
[R15, p. 138]. The first few terms of #(x) are given here and the rest of these are
in Appendix I:

tx) = x + x2 + x3 + 2x* + 3x% + 6x° + 11x’
+ 23x8 4+ 47x° + 106x'° + ---. (3.2.8)

A forest is a graph whose components are trees. Now that trees have been
counted, the enumeration of forests follows easily. Let the counting poly-
nomial for forests with p points be

)= 20 X (3.2.9)

where f, , is the number of forests with p points and g lines. Then the generat-
ing function for forests is

fen) = 3 v (.2.10)

To derive formulas for f,(x) and f(x, y), use 1s made of the counting series
for trees. The formula in [H4] for f(x,y) is obtained by the appropriate
application of PET and the generalization of formula (3.1.1) for any function
g(x, y) of two variables. Thus the number of forests is expressed in terms of the
number of trees by

1+ f(x,y) = exp i i (t,/n)(x*~ 1yhym. (3.2.11)

n=1k=1

Using logarithms it is easily seen that this can also be expressed as

1+ f(x,y) = ﬁ (1 — x* Iyl (3.2.12)
k=1

which resembles the form of Cayley’s solution [C2] for the number of rooted
trees. Now we give a more explicit formula [HP11] for f,(x) expressed in
terms of the numbers .

Theorem The counting polynomial for forests with p points is

folx) =3 Ip] (tk ¥ ].." - 1)x““’“’k, (3.2.13)

U) k=1 Ji
and the sum is over all partitions () of p.
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Proof Using the familiar identity for combinations with repetition (see
[R15, p. 7]). We find that the number of forests consisting of exactly j; trees.
each of which has exactly k points, is the binomial coefficient

(tk+jk—1)
Ji

Since each of these trees has k — 1 lines we have foreachg =0top — 1

Pty +ji — 1
fra =211 . ) (3.2.14)
() k=1 Jk
where the sum is over those partitions (j) = (j;,/,....,J,) of p such that
p
qg= Y (k— j. (3.2.15)
k=1

The formula (3.2.13) for f,(x) may now be obtained by summing over all
partitions of p. !/l

For example, using the series t(x) for trees and (3.2.13) with p = 6, one
easily finds

fo(x) =1 + x + 2x? + 4x> + 6x* + 6x°. (3.2.16)

On multiplying equation (3.2.13) by y? and summing over all positive
integers p, one can obtain (3.2.11) or (3.2.12) by straightforward manipulation.

3.3 TREES WITH SPECIFIED PROPERTIES

Many classes of trees can be enumerated by following the procedure in the
previous sections of this chapter. Usually the generating function for the
rooted variety is determined first by using PET. Then a ‘dissimilarity
characteristic theorem” provides the means for expressing the series for
unrooted trees in terms of that for rooted trees. In this section we shall con-
sider several problems which can be treated successfully in this manner.

The first problem is to enumerate oriented trees. An oriented tree is a
tree in which each line is assigned a unique direction. Let r(x) and R(x) be
the counting series for oriented trees and rooted oriented trees respectively.
All eight oriented trees of order 4 are shown in Figure 3.3.1, verifying that the
coefficient of x* in r{x) is 8.

The following result of [HP 14] serves to determine the number of oriented
trees.
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AA A A

The oriented trees of order 4.

Theorem The counting series r(x) and R(x) for oriented trees and rooted
oriented trees satisfy:

R(x) = x(exp{ i R(x")/k})2 (3.3.1)
k=
and
r(x) = R(x) — R*(x). (3.3.2)
Specifically, we find
r(x) = x + x2 + 3x3 + 8x* 4+ 27x% + 91x® + ---. (3.3.3)

The first 21 coefficients of r(x) and R(x) are found in [R135, p. 138].

Proof We define a planted tree to be a rooted tree in which the root has
degree 1 and we let R(x) be the counting series for planted, oriented trees.
The r-subsets of these planted trees correspond to rooted oriented trees in
which there are n arcs incident with the root (see Figure 3.3.2). On applying
PET to the symmetric group S, with R(x)/x as the figure counting series.
we obtain Z(S,, R(x)/x) as the function counting series in which the co-
efficient of x” ! is the number of rooted, oriented trees of order p where the
root is incident with n arcs. The use of R(x)/x as the figure counting series
‘here 1n effect assigns a weight of zero to the roots of the planted trees, and
hence to the roots of the rooted trees. On multiplying Z(S,, R(x)/x) by x.

Figure 3.3.2

Three planted, oriented trees and their corresponding tree.
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therefore, the proper adjustment is made. Then on summing over all non-
negative integers n, R(x) is expressed in terms of R(x) by

R(x) = xZ(S,, R(x)/x). (3.3.4)

But for every rooted tree of order p we can construct two different planted
trees of order p + 1 by adding a new arc directed either to or away from the
root. Since all planted trees can be obtained uniquely in this way,

R(x) = 2xR(x). (3.3.5)

On substituting this series for R(x) in (3.3.4) and applying the identity (3.1.1),
formula (3.3.1) of the theorem is verified.

To express r(x) in terms of R(x), we observe that oriented trees have no
symmetry lines, s = 0. Hence the dissimilarity characteristic equation for
these trees is simply

1 =p* — g*. (3.3.6)
As in the case for ordinary trees, it follows from (3.3.6) that
rHx) = R(x) — L(x), (3.3.7)

where L(x) is the enumeratort of oriented trees rooted at an arc. These trees
rooted at an arc correspond precisely to functions from the set {1, 2} into the
set of rooted, oriented trees. Given such a function f, the corresponding
tree rooted at an arc is obtained by adding the root arc directed from the
root of f(1) to the root of f(2). The enumerator of such functions for which the
figure counting series is R(x) is simply R*(x). Note that one obtains the same
result by applying PET, namely Z(E,, R(x)). Thus L(x) = R?(x)and the proof
is completed on making this substitution in (3.3.7). //

Next we shall consider homeomorphically irreducible trees, which have
no points of degree 2. Those through order 8 are shown in the next figure.
Let h(x), H(x), and H(x) be the counting series for homeomorphically
irreducible trees, rooted trees, and planted trees respectively. The co-
efficients of these series can be calculated using the relations in the next
theorem of [HP14).

t We already used L(x) in the preceding section for trees rooted at a line not a symmetry
line, and in Section 3.5, the same notation L(x) will be used in a similar way for 2-trees. We hope
the meaning will always be clear by context.
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1Y XXX % X
Y < e MK

Figure 3.3.3

The smallest homeomorphically irreducible trees.

Theorem The counting series H(x), H(x), and h(x) for homeomorphically
irreducible trees satisfy :

_ B XZ o H(xk)
() = xexp{k; - } (3.3.8)
Hx) = - : * Hix) — %(HZ(X) + H(xY) (3.3.9)

h(x) =(x% H(x) +(1 J;Zx )H’(x). (3.3.10)

h(x) = x + x* + x* 4+ x> + 2x% + 2x7 + 4x% + 5x°
+ 10x'% 4+ 14x + 26x12 + ..., (3.3.11)

Explicitly,

Proof We begin by observing that n-subsets of planted trees correspond to
planted trees in which the point adjacent to the root has degree n. This
correspondence is indicated in Figure 3.3.4 where the roots of three planted
trees are identified and a new point is introduced as the root of the new
planted tree. With H(x)/x as the figure counting series, Z(S,, H(x)/x)
enumerates these planted trees, but the new root and the identified points
have not yet been taken into account. The proper adjustment is made by
multiplying by x?. Then on summing over all n > 2 we again obtain H(x),
but must add x? to allow for the planted tree of order 2:

oc:

H(x) = x> + x* ) Z(S,, H(x)/x). (3.3.12)

n=2



3.3 TREES WITH SPECIFIED PROPERTIES 63

Figure 3.3.4

Three planted trees and the corresponding planted tree of order 11.

The identity (3.1.1) can now be applied to (3.3.12) to yield the first equation
(3.3.8) of the theorem, from which the coefficients of H(x) can be calculated.

Next we verify (3.3.9) which expresses rooted trees in terms of planted
trees. Now Z(S,, H(x)) counts planted trees in which the point adjacent to
the root has degree 3, and x(H(x) — H(x)) counts planted trees in which the
point adjacent to the root has degree 1 or greater than 3. Hence H(x) also
satisfies

H(x) = x(H(x) — H(x)) + Z(S,, H(x)). (3.3.13)

On carrying out the substitution of H(x) in Z(S,) and solving for H(x), the
formula (3.3.9) is obtained.

Finally, we require the counting series L(x) for homeomorphically
irreducible trees rooted at an unsymmetric line, so that we can apply the
dissimilarity characteristic theorem and express h(x) in terms of H(x) and
H(x). To do this we observe that every pair of different planted trees with a
total of k points corresponds to a tree of order k + 2 rooted at an unsym-
metric line. This 1-1 correspondence is specified by joining the points
adjacent to the roots of the two planted trees and deleting the roots as in
Figure 3.3.5. Formula (2.6.1) of the theorem on 1-1 functions is again used to
obtain Z(A, — S,, H(x)) as the enumerator of pairs of different planted
trees. On division by x* the weights are properly adjusted, and then it
follows from the dissimilarity characteristic equation (3.2.3) that

h(x) = H(x) — x %2Z(4, — S,, H(x)). (3.3.14)

Figure 3.3.5

Two planted trees and the corresponding line-rooted tree.
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Figure 3.3.6

Small identity trees.

On substituting H(x) in Z(A4, — S,), equation (3.3.10) is obtained and the
proof is completed. //

Next we consider identity trees, whose automorphism group is the identity
group. The identity trees of orders 7 through 9 are displayed in Figure 3.3.6.
The only one of order less than 7 is the trivial tree.

The absolute |T| of a rooted or line rooted tree T is the underlying un-
rooted tree with the same points and lines as T. It is clear that if I'(|T]) is
the identity group, then so is I'(T), but not conversely. The small rooted
identity trees are shown in Figure 3.3.7. Note that the groups of their absolutes
are not necessarily the identity.

The following theorem of [HP14] relates the series for rooted and un-
rooted identity trees.

Theorem Let u(x) and U(x) be the counting series for trees and rooted
trees whose group is the identity. Then

U(x) = x exp i (— DT LU(xM/k (3.3.15)
W&

=1

u(x) = U(x) — U(x) + U(x?)). (3.3.16)

Figure 3.3.7

The small rooted identity trees.
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Proof The verification of (3.3.15) is straightforward. From formula (2.6.1)
in Pdlya’s theorem for 1-1 functions, we see that xZ(4, — S,, U(x)) is the
counting series for rooted trees with trivial group and root degree n > 1.
Summing over all n, (2.6.5) yields the formula for U(x).

Since there are no symmetry lines in these trees, the dissimilarity charac-
teristic equation is simply 1 = p* — g* = p — g. Therefore to express u(x)
in terms of U(x) we seek generating functions which enumerate the number of
ways that identity trees can be rooted at points as well as lines. Specifically,
let U,(x) and U,(x) be the respective counting series for rooted and line-
rooted trees the group of whose absolute is the identity. It then follows that

u(x) = Uy(x) — Ujy(x). (3.3.17)

In attempting to express U(x) and U,(x) in terms of u(x), the first step
is to let V;(x) and V,(x) be the respective generating functions for rooted
trees and line-rooted trees T which have the property that I'(T) is the identity
group but I'(|T}) is not. Then we can write

U,(x) = Ulx) — Vi(x) (3.3.18)
and
U,(x) = Z(A, — S, U(x)) — V,(x). (3.3.19)
At this point, however, we observe that since
u(x) = U(x) — Z(4, — S,, u(x)) + Vo(x) — Vi(x), (3.3.20)

we need only determine the difference between Vi(x) and V,(x) in terms of
U(x). In particular, we now show that

V,(x) — Vy(x) = U(x?). (3.3.21)

"We consider all trees T whose group is not the identity and then have
two cases for the contributions of these trees to V;(x) — V5(x).

Case 1 T has no symmetry line. We investigate how many rooted trees
T' and line-rooted trees T” with identity group have T as absolute. If there
exist any such trees T’ or T”, then I'(T) has exactly one element besides the
identity, and this element must permute two branches at some point v, of T.
Each of the two similar branches at v,, considered as rooted trees, has the
identity group. If each of these branches has n + 1 points, then there are
exactly n rooted trees T” such that |T'| = T. Moreover, the line-rooted trees
T” obtained by rooting the n lines of one of these two branches also have
IT"| = T. We conclude that for all these trees the number of rooted trees
with identity group and absolute T equals the number of line-rooted trees
with identity group and absolute T. Hence their contribution to V(x) — V,(x)
1s 0.
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Case 2 T has a symmetry line. Here the order of I'(T) is at least 2.
If there exist rooted trees T” or line-rooted trees T" with identity group and
absolute 7, then I'(T) has order 2 and the nonidentity element permutes the
central points of T. Therefore if T has 2n points, there are n rooted trees T”
such that |T') = T, and n — 1 line-rooted trees T" such that |T"| = T. Thus
for each tree T with a symmetry line and a group of order 2, the number of
rooted trees with absolute T is one greater than the number of line-rooted
trees with absolute T. Thus each such tree of order p contributes 1 to the
coefficient of x? in V(x) — V,(x).

Therefore we can conclude that V(x) — V,(x) is the generating function
for trees with a symmetry line whose groups have order 2. But U(x?)
enumerates these trees and hence (3.3.21) is verified. Now the entire proof is
completed by substituting — U(x?) for V,(x) — V;(x) in (3.3.20). //

Formulas (3.3.15) and (3.3.16) of the theorem have been used to determine
the following coefficients:

u(x) = x + x7 + x8 + 3x% + 6x'% + 15x'* + 29x!% + ..., (3.3.22)

In addition to oriented, homeomorphically irreducible, and identity
trees, formulas may be found in [HP14] for numerous other species including :

1. trees with a given partition (or degree specification):

2. trees with a given diameter;

3. directed trees, in which each line is assigned one direction or both
directions;

4. signed trees, in which each line is assigned a plus or minus sign;

5. trees of strength s, in which there are at most s lines between any pair of
points;

6. trees of given weight, in which integral weights are assigned to the points
and the weight of a tree is the sum of the weights of its points.

All of these tree-counting problems are solved in a manner analogous to
that used for the three solutions discussed above. Similarly, one can enumerate
trees whose points have degree 1 or n with n > 3. In fact Pdlya [P7] solved
the latter problem for the case n = 4, thus determining the generating
function for the saturated hydrocarbons, C,H,, ., ,.

Since trees can be embedded in the plane, we can ask for the number of
plane trees of order p (see Figure 3.3.8). When a rooted tree is embedded in
the plane, a cyclic order is induced on the lines incident with the root.
It is shown in [HPT1] that the generating function P(x) for rooted plane
trees can be expressed in terms of the cycle index sum of the cyclic groups
and the series P(x) for planted, plane trees. Then it is shown that the series
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el e

Figure 3.3.8
Four different plane trees of order 7.

p(x) for plane trees is determined by P(x) and P(x). Furthermore, the coeffi-
cients of P(x) can be determined in the explicit form of the first equation of
the following theorem.

Theorem [f P(x), P(x), and p(x) are the counting series for planted, rooted,
and ordinary plane trees, then

D - 1 2” - 2 n+ 1
P = % E( _ )x , (3.3.23)
Pe) = x Y Z(C,, Blo)/x), (3.3.24)
n=0
p(x) = P(x) — (1/2x*)[P*(x) — P(x*)]. (3.3.25)

The first few terms of p(x) are
px) =x + x>+ x> + 2x* + 3x° + 6x° + 14x” + ---.  (3.3.26)

Curiously, P(x) also counts the planted plane trees in which each point
has degree 1 or 3. That is, the number of planted plane trees of order p is
also the number of planted plane trees with p — 2 points of degree 3 and
p — 1 points of degree 1. This fact is illustrated for p = 5 in the next two
figures. The dual form of this observation asserts that P(x) counts the number

Figure 3.3.9
The five, planted, plane trees of order 5.



68 3 TREES

Figure 3.3.10

The five planted, plane trees whose points have degree 1 or 3.

of ways of subdividing a convex n-gon rooted at an oriented line into triangular
faces by means of diagonals. The five pentagons corresponding to the trees
of Figure 3.3.10 are displayed in Figure 3.3.11. Brown [B3] points out that
the result has been discovered many times, and traces it back to Euler [E1].

The coefficients of P(x), usually called the Catalan numbers, also count
the number of nonassociative products of n terms. The connection of trees
with such parenthesizing schemes is beautifully developed by Comtet in
[C5, p. 64].

The list of solved tree-counting problems is extensive and therefore many
more of them are introduced in the exercises.

3.4 TREELIKE GRAPHS

The techniques of this chapter can be adapted to obtain generating
functions for many classes of graphs which either resemble trees or contain
trees as induced subgraphs. We shall consider in some detail the problems
of counting unicyclic graphs, functional digraphs, block-cutpoint-trees,
block graphs, and cacti.

We shall first count unicyclic graphs because the approach used to
enumerate them can be specialized to count functional digraphs. A unicyclic
graph is connected and has just one cycle. If G is unicyclic and its cycle has
length n, then G may be regarded as having a rooted tree, possibly the

N aQ ¢

Figure 3.3.11

The five triangulated pentagons with an oriented boundary line.
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trivial one, attached to each of the n points of its cycle. Therefore let Y be
the set of rooted trees with counting series T(x) found in equation (3.1.4).
If the power group EP~ has object set Y¥, then the orbits of functions in ¥*
correspond precisely to unicyclic graphs. Hence PET gives the next result.

Theorem The counting series U,(x) for unicyclic graphs whose cycle has
length n is given by

U,(x) = Z(D,, T(x)). (3.4.1)

See [R15, p. 150] for the coefficients of x* in U (x) with n and k < 10.

A digraph is functional if every point has outdegree 1. The concept of a
functional digraph arises in a psychological context in the study of the
structure of a group of people in which each member extends exactly one
invitation to another member. Our object now is to find a generating function
whose coefficients give the number of isomorphically distinct functional
digraphs with a given number of points [H10]. It will be seen that these
digraphs correspond to functions which are fixed-point free. Davis [D1]
has found an explicit formula for the number of types of functions on a
finite set (see also [P2]). His methods may be readily used to solve this
variation of the problem. However, in the process of deriving this generating
function, we find certain structural properties of functional digraphs which
are of independent interest. In particular, a functional digraph is construct-
ible from directed cycles and rooted trees.

If Z is a directed cycle of a functional digraph D, then by D — Z we mean
the digraph obtained from D on removing all the lines of Z. Recall that a
tree to the point u is obtained from a rooted tree with root u on orienting
each ofits lines so that it is directed toward u. Now we are ready to characterize
functional digraphs, the proof can be found in [HNC1, p. 325].

Theorem A digraph D is functional if and only if each of its weak com-
ponents consist of exactly one directed cycle Z and for each point u of Z, the
weak component R(u) of D — Z which contains u is a tree to the point u.

It follows from PET and this characterization theorem that the counting
series v(x) for functional digraphs (with n, cycles of length k) is given by

o) = ¥ TT Z(Sns Z(Co TN, (342)
k=2

where the sum is over each n, = 0 to co. On interchanging the sum and
product symbols, we obtain

w

v(x) + 1 = [] Z(S,, Z(Cy, T(x))). (3.4.3)

k=2
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Using formula (3.1.1) for summing cycle indexes of the symmetric groups,
we obtain the next formula.

Theorem The counting series v(x) for functional digraphs is given by

v(x) + 1 =exp i (1/n) i Z(C,, T(x"). (3.4.4)
k=2

n=1

By clever algebraic manipulations, Read [R3] reduced this formula to

x =2 o~ —
(x)+ 1= T(;) H (1 - T L (3.4.5)

n=1

The only difference between a function and a functional digraph is that
the latter has no loops, or fixed points. Thus v(x) enumerates (the iso-
morphism types of) functions that are fixed-point free. Only a slight modifi-
cation of (3.4.3) is required to enumerate the total number of functions:

I1 Z(S,. Z(Cy, T(x))). (3.4.6)
k=1
In this formula the coefficient of x" is the formula “fcn(n)” of Davis [D1].

Read [R3] calculated the numbers of functional digraphs and functions
displayed in Table 3.4.1.

TABLE 3.4.1

n 1 23 4 5 6 7 8 9 10 11

Functional digraphs 0
1

2 6 13 40 100 291 797 2273 6389
Functions 7

1
3 19 47 130 343 951 2615 7318 20491

It has often been observed that a connected graph with quite a few
cutpoints bears a resemblance to a tree. We now make this notion explicit
by associating with every connected graph G a tree bc(G) which reflects this
resemblance, [HP16]. The block-cutpoint-tree bc(G) is the graph whose set
of points is the union of the set of blocks and the set of cutpoints of G, with
two points adjacent if one corresponds to a block of G, and the other to a
cutpoint of G in that block. It is easy to show that if G is connected, then
bc(G) 1s, indeed, a tree.

We now define a be-tree as a bicolored tree in which every endpoint has
the same color, say blue while the other color is coral. Thus the distance



3.4 TREELIKE GRAPHS ral

between any two endpoints is even. It then follows, see [H1, p. 36] that every
be-tree is the block-cutpoint tree of a connected graph and conversely.
Therefore, to enumerate block-cutpoint trees, we need only count bc-trees.
Let

t(x, )= )

m=1,n=0

L nX™ V", (3.4.7)
where ¢, , is the number of bc-trees with m blue points and n coral points.
Similarly let T(x,y), Tg(x,y), Te(x,y) be the generating series for rooted
be-trees, be-trees rooted at a blue point, and bc-trees rooted at a coral point,
respectively.

Theorem The counting series for bc-trees satisfy:

Te(x, y) = WZ(S o, Ta(x, y)) — Telx, ) — 1), (3.4.8)
Ta(x, y) = xZ(So,, Tdx, y) + yTa(x, y), (3.4.9)
T(x,y) = Ta(x, y) + Tdx, y), (3.4.10)

tx, y) = T(x, y) — Talx, YW(Tekx, y) + yTg(x, y)). (3.4.11)

The proof may be found in [HP16]. Explicitly,

2 3 2 4 2 3
Hx,y) =x + x°y + x°(y + y°) + x"(y + y* + 2y°) (34.12)
+ X3y + 2y + 3y + 3y + -

The block graph, denoted B(G), of a given graph G has as its points the
blocks of G and two points are adjacent if the corresponding blocks have a
point in common. Norman [IN1] obtained generating functions for connected
graphs in which every block is complete. These are shown to be block graphs
in [H1, p. 30]. In light of this correspondence the formulas of the previous
theorem can be used, following [HP16] to count block graphs.

Corollary The series B(x) and B(x) that enumerate connected rooted and
unrooted block graphs satisfy

B(x) = Ty(x,1) = x + x* + 3x> + 8x* + 25x° + - -- (3.4.13)
Bx)=t(x,1) =x 4+ x>+ 2x3 + 4x* + 9x> + ---. (3.4.14)

The first four coeflicients of (3.4.14) are verified in Figure 34.1.
A cactus is a connected graph in which no line lies on more than one
cycle. These graphs were formerly called “Husimi trees”” and their definitiont

T This term received much criticism because Husimi trees are not necessarily trees.
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Figure 3.4.1
The smallest block graphs.

was given by Uhlenbeck [UF1] and Riddell [R4] following a paper by
Husimi [H16] on the cluster integrals in the theory of condensation in
statistical mechanics. To enumerate them, we requirc an appropriate dis-
similarity characteristic theorem [HN1], but here we shall only illustrate
its use by counting triangular cacti [HN1] in which every line is in a triangle.

For a given cactus H, we denote by p*, g*, and r* the number of dissimilar
points, lines, and cycles respectively, and by s the number of symmetry lines
not in a cycle. Let C be any cycle of H which has n > 3 points. Then 4 =
I'(H)|¢ is the group of H restricted to C and hence is a subgroup of D,. Now
suppose n is even and |A| = 2. Then there are two possibilities for the non-
trivial element « of 4. Either « fixes two points of C or it fixes two lines of C.
In the first case, C is called a type-I cycle and in the sccond, a type-2 cycle.
Let r¥ be the number of similarity classes in H of type-i cycles fori = 1 and 2.
Now the theorem can be stated as follows (note that for all H we have the
special Euler—Poincaré formula 1 = p — g + r).

Theorem (Dissimilarity characteristic for cacti) The classes of points,
lines and cycles for any cactus satisfy

1 =p* —(g* — 5) + (r* — r¥ + 1¥). (3.4.15)

The details of the proof may be found in [HN1]. o
For brevity, we call a triangular cactus a A-cactus. By specializing
(3.4.15) to A-cacti, we find

1=p* — g* + r*. (3.4.16)

Therefore to enumerate these, it is necessary to find the generating function
for A-cacti which are rooted at a point, at a line, and at a triangle. For
convenience, we adopt the convention that a single point is a A-cactus.
Let D(x) be the generating function for these graphs which are rooted at a
point, i.e., the coefficient of x" is the number of trees with n triangles. If the
root point has degree 2, the series is just xZ(S,, D(x)), hence

D(x) = Z(S ., xZ(S,, D(x))). (3.4.17)
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Figure 3.4.2

Small triangular cacti.

Then the series for these A-cacti which are rooted at a line is xD(x)Z(S,, D(x))
and for those rooted at a triangle xZ(S;, D(x)). Now by summing formula
(3.4.16) over all these we have an expression (3.4.19) for d(x), the series that
counts A-cacti, in terms of the series D(x) for rooted A-cacti.

Theorem The series D(x) and d(x) for rooted and unrooted triangular
cacti satisfy:

@ k

D(x) =exp ¥ ;—k(Dz(x") + D(x?), (3.4.18)
k=1

d(x) = D(x) — —;E(D3(x) — D(x?)). (3.4.19)

In particular, from (3.4.18) we find
D(x) = 1 + x + 2x* + 5x% + 13x* + 37x% + 111x°

(3.4.20)
+ 345x7 + 1105x® + - --.
From (3.4.19) it follows that
dx) =1+ x + x* + 2x> + 4x* + 8x> + 19x°
(3.4.21)

+ 48x7 + 126x% + ---,

and the first few coefficients are seen to agree with Figure 3.4.2. For a com-
plete discussion of cacti consisting only of quadrilaterals, see [HU1].

3.5 TWO-TREES

In this section some higher dimensional concepts corresponding to trees
arestudied. In order to enumerate the two-dimensional structures so obtained,
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Figure 3.5.1
The graphs of the small 2-trees.

called 2-trees, a dissimilarity characteristic theory is investigated and Poélya’s
enumeration theorems are applied. Our methods can be specialized to
count those 2-trees which are embeddable in the plane, thus providing a
new approach to the old problem of determining the number of triangulations
of a polygon.

In [HP12] we defined an n-plex as an n-dimensional simplicial complex
in which every k-simplex with k < n is contained in an n-simplex. We will
only be concerned with 2-plexes, and for convenience 0-simplexes, 1-sim-
plexes, and 2-simplexes are called points, lines, and cells respectively. The
two-dimensional trees, also called 2-trees can now be defined inductively.
The 2-plex with three points is a 2-tree and a 2-tree with p 4+ 1 points is
obtained from a 2-tree with p points by adjoining a new point w adjacent to
each of two adjacent points u and v together with the accompanying cell
{u,v, w}. The definition of a k-tree for k > 2 is similar. For purposes of
enumerating 2-trees, one need only consider their underlying graphs or
1-skeletons, which are shown in Figure 3.5.1 for p < 6.

By the number of dissimilar points p* of a 2-tree we mean as usual the
number of orbits of points; analogous definitions are made for the number
g* of dissimilar lines and r* for cells.

Theorem (Dissimilarity characteristic for 2-trees) For any 2-tree with

g* dissimilar lines, g* dissimilar cells, s, cells with two similar lines, s, cells
with all three lines similar, and s = s; + 2s,,

gt +s—2g* = 1. (3.5.1)

Now we proceed to develop the generating functions for 2-trees. Let ¢,
be the numbert of 2-trees with n cells. The counting series for 2-trees is

+ This is the same t, notation as used earlier for trees and earlier yet for labeled trees, but
we have run out of letters and hope that this will not cause too much confusion.



3.5 TWO-TREES 75

denoted by
(x) = ) t,x" (3.5.2)

n=1

In order to derive formulas for t,, we will make use of the corresponding
series for various kinds of rooted 2-trees. First let M (x) and N,(x) be the
series for 2-trees rooted at a symmetric and an unsymmetric end-line
respectively. Further, let M(x) and N(x) be the series for 2-trees rooted at
any symmetric and any unsymmetric line respectively. The following two
equations express M, (x) and N (x) in terms of M(x) and N(x):

M (x) = x(1 + M(x?*) + 2N(x?)), (3.5.3)
N(x) = xZ(A; — S,, 1 + M(x) + 2N(x)). (3.5.4)
Next we express M(x) in terms of M ;(x) and N(x):

oo}

M(x)= Y Z(S,, M(x) + N,(x2). (3.5.5)

n=1
Using the identity (3.1.1), equation (3.5.5) may be written

1 + M(x) = exp{i (1/n)[M (x") + Nl(xz")]}. (3.5.6)

n

Now note that the counting series for 2-trees rooted at an oriented line is
simply M(x) + 2N(x). From this observation we have

[e o]

M(x) + 2N(x) = Y Z(S,, My(x) + 2N (x)). (3.5.7)

n=1

Again using the identity (3.1.1), we may write (3.5.7) as

1 + M(x) + 2N(x) = exp{ i (1/n)[M (x") + 2N1(x")}}. (3.5.8)

Thus equations (3.5.6) and (3.5.8) may be used to solve for N(x) in terms
of M,(x) and N,(x). Now using all four formulas (3.5.3), (3.5.4), (3.5.6) and
(3.5.8), the coefficients of M(x) and N(x) can be calculated. For the first few
terms we have

M(x) = x + x* + 2x> + 3x* + 6x° + ---, (3.5.9)
N(x) = x2 4+ 4x3 + 18x* + 77x° + ---. (3.5.10)

The series for 2-trees rooted at a line is denoted L(x) and since L(x) =
M(x) + N(x), we have immediately

L(x) = x + 2x2 + 6x3 + 21x* + 83x> + ---. (3.5.11)
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We denote the series for 2-trees rooted at a cell (triangle) by A(x). It can
be shown that

ARX) = xZ(S5, 1 + M(x) + 2N(x)) — xN(x)(1 + M(x?) + 2N(x?). (3.5.12)

Having expressed A(x) in terms of M(x) and N(x), we substitute (3.5.9) and
(3.5.10) in equation (3.5.12) to obtain

A) = x + x% + 3x> + 10x* + 39x° + ---. (3.5.13)

Following the notation of (3.5.1), the Dissimilarity Characteristic
Theorem for 2-trees, we denote by s,(x) the counting series for 2-trees rooted
at a cell with two similar lines. Similarly, s,(x) is the series for 2-trees rooted
at a cell with all three lines similar. These two series are readily expressed
as functions of M,(x), M(x), and N(x):

s(x) = M,(x)(1 + M(x) — x(1 + M(x?)), (3.5.14)
$,(x) = x(1 + M(x*) + N(x?)). (3.5.15)
Making the appropriate substitutions, we obtain
s;(x) = x? + 2x> + 2x* + Tx° + -+, (3.5.16)
so(x) = x 4+ x* +2x7 + 6x10 4+ .-, (3.5.17)

In order to express the formula for #(x), the series for 2-trees, we use the
Dissimilarity Characteristic Theorem (3.5.1) in the same manner as was
done by Otter for the enumeration of trees.

Theorem (Enumeration Theorem for 2-trees) The counting series for
2-trees is

tx) = L(x) + s,(x) + 25,(x) — 2A(x). (3.5.18)

Substituting equations (3.5.11), (3.5.13), (3.5.16), and (3.5.17) into equation
(3.5.18) gives

tx) = x + x* + 2x> + 5x* + 12x> + -+~ (3.5.19)

Note that this theorem can be used to count 2-trees with specified
properties provided that formulas for L(x), s,(x), and A(x) are found for
2-trees with these properties.

By a triangulation of a polygon we mean a graph obtained from a regular
n-gon by adding nonintersecting chords until every Interior region is a
triangle. Obviously n — 3 chords are required and n — 2 triangles are
obtained. Generating functions for the number of different triangulations
of the n-gon, i.e., those not isomorphic as graphs, have been found by
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Brown [B2], but our purpose here is to present an entirely different approach
toward finding such a generating function. We alter the formulation of the
problem into a statement involving two-dimensional simplicial complexes
by observing that triangulations of a polygon correspond precisely with
planar 2-trees. We then proceed to enumerate the latter by the same methods
used to count 2-trees.

To illustrate the configurations being counted, we show in Figure 3.5.2
the unique triangulations of a triangle, a quadrilateral, and a pentagon, and
the three different triangulations of a hexagon. Note that these graphs are
not taken as rooted or labeled in any way. Observe also the correspondence
between these and the planar 2-trees with one, two, three, and four cells.

The enumeration of planar 2-trees can be accomplished by using almost
all of the formulas that have already been developed for 2-trees. Therefore
we alter the notation used for 2-trees only slightly by writing a bar to indicate
the generating functions for planar 2-trees.

Thus let M,(x) and N,(x) be the series for planar 2-trees rooted at a
symmetric and an unsymmetric end-line respectively. Then the following
two formulas (compare (3.5.3) and (3.5.4)) specify the relationship between
M (x) and N,(x):

M, (x) = x(1 + M(x*) + 2N,(x?)), (3.5.20)
Nl(x) = xZ(Az - Sz, 1 + Ml(x) + ZNl(x)). (3.5.21)
These two equations can be used to obtain the coefficients in the two

series M ,(x) and N,(x). However, as noted in the enumeration of plane trees,
a formula due to Euler (see Figure 3.3.11 and equation (3.3.23)) shows that

Figure 3.5.2
The triangulations of the n-gon,n = 3 to 6.
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the number of triangulations of an (n + 2)-gon which is rooted by orienting
one of its boundary edges is

— 1\ 2
f= 20n -1 _ 1 e : (3.5.22)
" m—=-Dn+ 1) nln—1
Hence it follows that
_ _ ®  22n — 1)!
Myx) + 2N,(x) = ¥ —=en= Dt (3.5.23)

Zm—Din+ Dl
Now from Euler’s formula (3.5.22) and equation (3.5.20) for M,(x), we have

o 22n — !
nmp(n— Dln — 1!

The first few terms of M (x) and N,(x) are
M(x)=x+ x>+ 2x> + 5x7 + 14x° + -- .. (3.5.25)
Ni(x) = x* + 2x> + 7x* 4+ 20x> + 66x° + 212x” + 715x® + ---. (3.5.26)

M(x)=x+ xnt1 (3.5.24)

The series for planar 2-trees rooted at a line is denoted L(x) and can be
expressed in terms of M ,(x) and N,(x):

L(x) = Z(S;,1 + M,(x) + N,(x)) + Z(S,, Ny(x)) — 1. (3.527)
Substitution of (3.5.25) and (3.5.26) in equation (3.5.27) for L(x) yields
L(x) = x 4+ 2x% + 4x3 + 12x* + 34x5 + 111x® + 360x’ (3.5.28)
+ 1226x® + - ...

From this point on, since the equations and procedures are virtually the
same for planar 2-trees as for 2-trees, we will simply list the formulas for
A(X), §I(X), 52(x)’ and f(x):

Z(x) = xZ(S3,1 + Mx(x) + 2N1(x)) - XN1(X)(1 + A—/I1(x2)

+ 2N,(x?)), (3.5.29)
§1(x) = My(x)(1 + M,(x)) — x(1 + M,(x>), (3.5.30)
§2(x) = xN,(x*) + x(1 + M,(x?)), (3.5.31)
and as before
Hx) = L(x) + 5;(x) + 25,(x) — 2A(x), (3.5.32)

which is obtained by barring equation (3.5.18), the Enumeration Theorem
for 2-trees.
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TABLE 3.5.1

PLANAR 2-TREES

n i, n £,
1 1 13 24834
2 1 14 83 898
3 1 15 285357
4 3 16 1 046 609
5 4 17 3412420
6 12 18 11944614
7 27 19 42080170
8 82 20 149 197 152
9 228 21 532883 768
10 733 22 1905930 975
11 2282 23 6 861 221 666
12 7528

Substituting the calculations (3.5.25) and (3.5.26) for M ,(x) and N,(x) in
these formulas gives the series #(x) for planar 2-trees. In an unpublished work,
R. K. Guy (to wile away his time in Singapore) used pencil, paper, and a
desk calculator to obtain the first 23 coefficients of #(x) shown in Table 3.5.1.

EXERCISES

3.1 The partition of a tree is the sequence of nonnegative integers
(a,,a,,as,...) where a,, is the number of points of degree m. Trees with a
given partition. (Harary and Prins [HP14))

3.2 The diameter of a tree is the length of a longest path. Trees with a given
diameter. (Harary and Prins [HP14])

3.3 A weighted tree is a tree to each of whose points is assigned a positive
integer called its weight. The weight of a tree is the sum of the weights of its
points. Trees with p points and weight m. (Harary and Prins [HP14])

3.4 A signed tree is one in which each line is assigned a plus or minus sign.
Signed trees. (Harary and Prins [HP14])

3.5 A tree has strength s if at least one pair of points is jointed by s lines,
but no two points are joined by more than s lines. Trees of strength < s.
(Harary and Prins [HP14))

3.6 (a) Connected, (b) unilateral, (c) strong functional digraphs.
(Harary [H10])
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3.7 Cacti in which every block is a quadrilateral.

(Harary and Uhlenbeck [HU1))
3.8 Triangulations of a polygon with n interior points. (Brown [B2])
3.9 Trees with a given number of endpoints.

3.10 The generating function U(x) for rooted identity trees satisfies

Ux) = x ﬁ 1+ xm~

n=1
3.11 Trees whose pointsare all of degree 1 or 4 (the saturated hydrocarbons).
(Polya [P7])

3.12 A rooted tree has height k if k is the distance from the root to a farthest
point. Rooted trees with given height. (Riordan [R16])

3.13 Rooted plane trees:

1 2d
> y q)(%)( . ) . (Walkup [W1])

dlq

3.14 Forests with ¢ lines and no isolated points.



Beauty is truth, truth beauty—that is all
Ye know on earth, and all ye need to know.

Keats, On a Grecian Urn

Chapter 4! GRAPHS

A solution to the fascinating problem of determining the number of
graphs of order p was apparently first published in 1927. The author of the
remarkable paper [R10] which contained this intriguing result was J. H.
Redfield.t This pioneering paper went virtually unnoticed for about thirty
years, but in the meantime the problem was tackled successfully and
independently by several mathematicians including R. L. Davis [D1],
A. M. Gleason, S. Golomb, D. Slepian, and of course, G. Polya. As early as

+ A letter dated 19 Dec. 1963 from C. Oakley to F. Harary reads in full :

Howard Redfield was a graduate of Haverford College in the Class of [899. He was a man
of very broad interests and we do not have a continuous record of his doings. Directly
after leaving college, he worked as a civil engineer. In college he took a lot of languages and
mathematics. (There was no major department in those days.) After graduating from
Haverford with a B.S. degree, he took a S.B. degree in M.I.T. and a M.A. and Ph.D. (mathe-
matics) ac Harvard. During the year :907-1908, he studied romance philology at the Univer-
sity of Paris. In 1908-1909, he was an instructor in mathematics at Worcester Polytechnic
Institute, Worcester, Massachusetts. In 1910-1911 he taught French at Swarthmore College

81
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1937 when his enumeration theorem appeared, Polya was able to apply it
to the problem of determining the generating functions that counted graphs
according to the number of points and lines present. A letter from G. Pélya
to F. Harary in 1951 contained formula (4.1.9) below with 1 + x substituted
in it and illustrated it for p = 4. But it was not until the appearance of the
paper [H4] in 1955 that the details were published.

We have already seen in Chapter 3 how Polya’s theorem can be applied
to counting problems involving trees and treelike structures. This chapter
presents further evidence of the wide applicability of his method. We shall
enumerate graphs, rooted graphs, connected graphs, bicolored graphs,
locally restricted graphs, symmetric graphs, boolean functions, and eulerian
graphs.

4.1 GRAPHS

Polya’s efficient method for counting graphs requires the construction of
a permutation group whose orbits correspond precisely to isomorphism
classes of labeled graphs with p points and g lines. On deriving an explicit
formula for the appropriate cycle index, an application of PET with figure
counting series 1 + x determines the counting polynomial which has as the
coefficient of x%, the number of (p, q) graphs.

More specifically, let

m

g,(x) = ) g, 4.1.1)

=0

and from 1912-1914 he was an assistant professor of romance languages at Princeton
University. From 1916 onward until his death in 1944, he was a practicing civil engineer in
Wayne, Pennsylvania.

I knew him from about 1938-1944. Indeed in 1940 he came to Haverford College and
gave us some lectures on “Electronic Digital Computers” (this was slightly before Eckert—-
Mauchly). Knowing him as I did in those later years, I could well understand how he would
not make a great teacher. He was completely off in the clouds at all times. He never looked
at you, he spoke softly with his eyes on the floor, he worked with his back to you and wrote
on the board. His board work, however, was impeccable. It could have been photographed
and printed by photo offset it was so perfect.

He came to Haverford to talk to our math club many times and always had something
new to say. He was so modest that you never knew whether what he was doing was his own
or somebody else’s.

This is about all I know of him except for the fact that he has a very distinguished
brother (Alfred Redfield) at Woods Hole, Massachusetts.
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where m = () and g, , is the number of (p, q) graphs. For example, a glance
at Figure 1.1.2 confirms that

ga(x) =1 4+ x + 2x* + 3x? + 2x* + x5 + x°. (4.1.2)

Note that the coefficients of these polynomials are always “‘end-symmetric”
since the number of (p, q) graphs equals the number of (p, m — g) graphs by
complementation.

Since PET enumerates orbits of functions, we shall first provide a natural
correspondence between graphs and functions. Let X = {1,..., p}, while
X denotes all 2-subsets of X. Then with Y = {0, 1}, the functions from X*
into Y represent labeled graphs of order p. Each function f corresponds to
that graph G( f) with point set X in which i and j are adjacent if and only if
f{i,j} = 1. Thus two functions f and h represent the same graph if there is a
permutation « of X such that whenever i and j are adjacent in G(f), then
oi and «j are adjacent in G(h). Therefore G(f) and G(h) are isomorphic if
and only if for some permutation « acting on X,

f{ij}y = h{ai, aj) (4.1.3)

for all {i,j} in X®. This equation suggests the following unary operation on
permutation groups which leads to the group required for the enumeration
of graphs.

Let A be a permutation group with object set X = {1,2,...,p}. The
pair group of A, denoted A'%, is the permutation group induced by 4 which
acts on X®. Specifically, each permutation « in 4 induces a permutation
«’ in A® such that for every element {i,;} in X®,

a'{i,j} = {od, aj}. (4.1.4)

Thus the degree of A® is (§) and 4 = A® unless 4 = S,. To clarify this
definition we introduce the line-group of a graph, a concept which will also
be rather useful later. Let G be a graph with point set V(G) and line set X(G).
Each permutation « in I'(G) induces a permutation « acting on X(G) in the
following way. If u and v are adjacent in G so that {u, v} is a line of G, then

o' {u, v} = {ou, av}. (4.1.5)

This collection of permutations of X(G) constitutes a group, denoted I"{(G),
called the line-group of G. For example, the line-group of the complete
graph of order p and the pair group of the symmetric group of degree p are
identical,

T(K,) = S, 4.1.6)
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Now by (4.1.3) and (4.1.4), two functions f and h represent the same
graph if and only if there is a permutation « of X such that for all z in X®

S(z) = h(o'z). (4.1.7)

But this condition is precisely the requirement that f and h are in the same
orbit of the power group ngf’. Consequently the orbits of this power group
correspond to the different unlabeled graphs of order p, that is, the isomorph-
ism classes of labeled graphs. On applying PET to count these orbits by
weight, Polya’s formula for counting graphs takes the following form.

Theorem The polynomial g (x) which enumerates graphs of order P by
number of lines is given by

g,(x) = Z(SP¥.1 + x), (4.1.8)

where

Z(sP) = ZHW st [T st Y i T srp . (4.19)
k k

r<t

Proof Define the weight function w on Y = {0, 1} by setting w(0) = 0 and
w(1) = 1. Then the weight of a function from X to Y and the weight of the
orbit to which it belongs are defined in the usual way, as in (2.4.4). Thus the
weight of an orbit of ES7" is simply the number of lines in the corresponding
graph. Then (4.1.8) follows from PET.

Now we shall derive formula (4.1.9) for Z(S‘pz)) but we illustrate first with
p = 4. In the cycle index

Z(S,) = F4(st + 6s?s, + 85,53 + 353 + 65,) (4.1.10)

each term can be represented by one of its contributing permutations as in
Table 4.4.1.
Each of the five types of permutations in S, induces a permutation in the

pair group S?). The next table shows the terms in Z(S?) induced by each
term of Z(S,).

One of these terms is now illustrated. In Figure 4.1.1, the 2-subsets are
indicated for brevity by juxtaposition: {1,2} = 12, and so on. Collecting
terms, we find that

Z(SP) = £(s$ + 95252 + 852 + 6s,5,). (4.1.11)
On substituting 1 + x in this cycle index, one has as in (4.1.2),

ZISP 1+ x)=gux) = 1 + x 4+ 2x2 + 3x> + 2x* + x5 + x5 (4.1.12)
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TABLE 4.1.1

Term of Z(S,) Permutation of S, Diagram of this permutation

ST (1(2)(3)(4) O Q

@ O

i (D(2)(34) (? ?

5153 (1)(234) Q 2
1 : i

1
s2 (12)(34) QZ
s
! 2
Sa (1234)
4 3
TABLE 4.1.2
Term of Z(S,) Induced term of Z(S{?)
st st
s2s, sis?
$183 3
53 s1s3

Sa S254
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1 2 12
> 2 Y Y
Figure 4.1.1

The permutation (1)(2)(34) and its induced permutation in SP.

We indicate the correspondence between terms of the cycle indexes of
S, and S’ for p = 4 by writing

2.2
5‘11 - S?» 5352 — 5152,

and so on. To obtain an expression for Z(S\?), we must find the missing
right-hand member of

sps ... slp > 2 (4.1.13)

Let « be a permutation in S, whose contribution to Z(S,) is | [si*. There
are two separate contributions made by o’ to the corresponding term in
Z(S'?). The first comes from pairs of elements of X = {1,...,p}, bothina
common cycle of a; the second, from pairs of elements of X, one in each of
two different cycles of a.

We now determine the first of these contributions. Let z; = (12...k) be
a cycle of length k in o Figure 4.1.2 shows the permutation in the pair group
induced by z, for k = 2 through 6. Observe that if k is odd, z, induces
(k — 1)/2 cycles of the same length,

Sp — SET D2,

On the other hand, when k is even, we find

(k—2)/2
Sk i Sk/zsk .

Thus since there are j, cycles of length k in =, the pairs of elements lying in
common cycles contribute

sik — gjelk= D12 (4.1.14)
for k odd and
St = (5550~ D2y (4.1.15)

for k even. '
To calculate the second contribution, consider two cycles z, gnd z, In a.
As usual, let [r,f] and (r, ) denote the L.c.m. and g.c.d. respectively. Then
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f1 12 23
3 2 31

N
IX)
N
ol
o

|
i

a 3 41 34 24
q 12 13

SQZ 51 23 52 24

4 3 45 34 4 35

1 12 13

6 2 61 23 62 24 Py

5 3 56 34 51 35 gsAéS
4 45 46

Figure 4.1.2

Cycles in S, and the induced permutation in S

the cycles z, and z, induce on the pairs of elements, one from each cycle,
exactly (r, t) cycles of length [r, t]. In particular when r = t = k, they con-
tribute k cycles of length k. Thus when r # t, we have

| skste — sipir, (4.1.16)

and whenr =t = k,

s - skG9), (4.1.17)

Now on multiplying the right sides of (4.1.14)+4.1.17) over all applicable
cases, the missing right-hand member of (4.1.13) is obtained and (4.1.9) is
verified. Il

Formulas (4.1.8) and (4.1.9) have been used (see Riordan [R15, p. 146])
to determine the polynomials g,(x) for p < 9. The coefficients for p < 10
are given in Appendix 1. The cycle indexes Z(S%”) with p < 10 are also in
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The six multigraphs of order 4 with three lines.

Appendix I and we shall see that they play an important role in the enumera-
tion of several kinds of graphs.

In a multigraph more than one line can join two points (see Figure 4.1.3).
Let m,(x) be the generating function for multigraphs so that the coefficient of
x? is the number of multigraphs with p peints and g lines. The following
theorem of [H4] was obtained by modifying the figure counting series for
graphs.

Theorem The generating function m,(x) for multigraphs of order p is
given by

my(x) = Z(SP, 1/(1 — x)). (4.1.18)

With p = 4, we find
ma(x) = 1 + x + 3x% + 6x> + 11x* + 18x> + 32x°®

(4.1.19)
+ 48x” + 75x% + 111x° + 160x!°....

The coefficient of x* is verified by Figure 4.1.3.

We can now describe the enumeration of locally restricted graphs
following Parthasarathy [P7] and [HP3]. Essentially this amounts to a
further refinement of the cycle index of the pair group of S,. The partition
of a graph is the sequence of degrees of its points, usually written in descending
order. A locally restricted graph is a graph with a given partition. The generat-
ing function that enumerates locally restricted graphs with p points is a
polynomial N(x,,x,,...,x,) such that each term, x{x$...x¢r satisfies

e >e 2 2e,

The coefficient of such a term is the number of graphs with partition

€1,€5,...,e,. For example, the term in N(x,,..., xs) that corresponds t0

the graph in Figure 4.1.4is x}x3x3x2x2 since its degree sequence is 4, 3, 3, 2, 2.
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Figure 4.14
A graph with degree sequence 4, 3, 3. 2, 2.

In obtaining a formula for the generating function. we use the natural
setting provided by the power group as applied to this situation. With
Y = {0, 1} as above, consider the function W from Y*® into the ring of
polynomials in the variables x; defined by

W)= T[] Cexp)/, (4.1.20)

{i,jteX(2)

Then in the graph of f, the degree of the point i is given by the exponent of
x; in W(f). It is convenient to define the linear operator # acting on W(f)
by specifying that for any monomial in the x;, 6 reorders the exponents in
nonincreasing order while stating the variables in increasing order. For
example,

4 .23 R S
B(X3x1X3X,) = XTX3X35X,.

An application of the weighted version of Burnside’s Lemma (2.3.10)
gives the following result, which was obtained by Parthasarathy in somewhat
different form.

Theorem The generating function that enumerates locally restricted

graphs is
1
N(xl,xz,...,xp)z—' Z 9( Z W(f)), 4.1.21)
p: s@ \f=yf
yeE,”
where

(r,s)
Z W(f) = H (1 + H x?/(m) H x;/(r,S))
S=yf ZriZs iez, jezs

X H (1 + ] x,.)(l . x?)(r—Z)/z

iez, i€z,
reven

x 1 (1 + [1 x%)(r_w2 ' (4.1.22)

Zy iez,
rodd
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in which the first product is over all distinct pairs of cycles r, s in « and the
others are over all cycles of the permutation in S, which corresponds to y.

Now by applying thic theorem, we have
N(xy, x5, x3)= (1/3){0(1 + x,x,)(1 + x3x3)(1 + x;X3)
+ 30(1 + x,x,x2)(1 + x;x;) + 260(1 + xix3x2)}
= (1/3){(1 + 3x,x, + 3x2x,x3 + x3x3x3)
+ 3(1 + x,x, + x2x,x3 + x}x3x3) + 2(1 + xIx3x2)}
=1+ x;x, + x3x,x3 + xIx3x3.

One must realize that this method only gives a formal solution and does not
conveniently yield exact numbers or orders of magnitude.

4.2 CONNECTED GRAPHS

As in the case of labeled graphs, we shall see that the generating functions
for graphs and connected graphs are closely related by the exponential
function. Furthermore, connected graphs with specified properties can often
be enumerated in a similar manner in terms of the total number of such

graphs.
Let g(x) be the generating function for graphs so that

g(x) = f g,x", (4.2.1)
p=1

where g, is the number of graphs of order p, and let ¢(x) be the corresponding
generating function for connected graphs,

o(x) = i c,x". (4.2.2)
p=1

The theorem of Riddell [R14] which relates these two power Series can now
be stated.

Theorem The generating functions g(x) and c(x) for graphs and connected
graphs satisfy

1+ g(x)=exp Y clx*)/k. (4.2.3)

k=1
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Proof 1t follows from PET that Z(S,, c(x)) counts graphs with exactly n
components. Hence on summing this series over n,

1 + g(x) = Z(S,,, c(x)). (4.2.4)
Then (4.2.3) follows from (4.2.4) and the identity (3.1.1). /]

Implicit in (4.2.3) is an effective method developed by Cadogan [C1] for
computing the number of connected graphs of order p. First we set

i a,x? = log(1l + g(x)). (4.2.5)

p=1
Then from (1.2.8), it follows that

1

e
pa, = pg, — 3. kag, .. (4.2.6)
k=1

[t is from this equation and the values of g, that the integers pa, are first
calculated in Table 4.2.1 for p < 9. Using them, we next see how the values
of ¢, are obtained.

TABLE 4.2.1

THE NUMBER OF CONNECTED GRAPHS

p & pa, Cp

1 1 1 1
2 2 3 1
3 4 7 2
4 11 27 6
5 34 106 21
6 156 681 112
7 1044 5972 853
8 12 346 88 963 11117
9 274 668 2349 727 261 080

Since

o o]

i a,x? = ) c(x*/k. (4.2.7)
p=1 k

=1

it follows by equating coefficients that

pa, = Y dc,. (4.2.8)

dlp
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On inverting (4.2.8) using the mé&bius function u(d), the numbers can be
expressed in terms of the a,,

cp = ,u_gl_) Ay (4.2.9)
dlp

This formula of Cadogan was used to calculate the values of ¢, in Table 4.2.1
with p < 9. Whenever any two generating functions satisfy the relation
(4.2.3) of the theorem, the coefficients are related by (4.2.6) and (4.2.9). It is
often the case that the generating functions for graphs with a specified
property and for such connected graphs satisfy (4.2.3). Hence the connected
graphs under consideration can be enumerated using (4.2.6) and (4.2.9). For
example, if w(x) is the generating function for the even graphs defined in
Chapter 1 and u(x) counts connected, even graphs, then

1 + w(x) = exp i u(x*)/k. (4.2.10)
K=1

Hence the coefficients of u(x) can be computed from those of w(x) by means
of the relations corresponding to (4.2.6) and (4.2.9). The connected, even
graphs are precisely the eulerian graphs, and we shall provide the details of
the computations involved in the last section of this chapter.

Cadogan [C1] extended his method to include lines as well as points as
an enumeration parameter. We now sketch the details of this process. Let
g,.,and c, . be the number of (p, g) graphs and connected graphs respectively.
and set

gx, ) =Y gp X"V (4.2.11)
c(x, ) = ) ¢, X"V (4.2.12)

Then it follows from the two variable version of PET that
1+ g(x,y)=exp > cx* )k (4.2.13)
k=1

For each p > 1, let b (y) be the polynomial in y defined by

)

b (y)x? = log(l + g(x, y)). (4.2.14)
| p

p=

Then it can be shown as in (4.2.6) that

p—1 _
pb(v) = pg,(») — Y. kbu(»)g,-1(y). (4.2.13)
k=1
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The coefficients of the b,(y) can be computed from the coefficients of the
g,(y) using (4.2.15). For convenience, we set

b(y) = Z b, V. (4.2.16)
We also have

@

Y b )x? = 3 el Yk, (4.2.17)

k=1

and on equating coefficients of x”y? and using mdbius inversion we have

Cra = 2 Do), (4.2.18)

ri(p.q)

The values of ¢, , in Table 4.2.2 were computed by Cadogan using (4.2.18).
Clearly this approach also can be used to determine the number of
connected (p, q) graphs with specified properties.

TABLE 4.2.2

THE NUMBER OF CONNECTED (p,q) GRAPHS

N01234567891011 2 13

1
2 2
3

11

5 5 4 2 1 1

6 13 19 22 20 14 9 5 2

11 33 67 107 132 138 126 95
23 89 236 486 814 1169 1454

00 ~J N WL W N

4.3 BICOLORED GRAPHS

We have seen in Chapter 1 that the points of a k-colored graph have
been partitioned into k sets so that adjacent points are always in different
sets. The points of each set are then considered to have the same color.
In this section we concentrate on bicolored graphs for which k = 2.

Substituting (4.1.6) into (4.1.8), we have ‘

g,(x) = Z(T(K,), 1 + x). (4.3.1)
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It is now fruitful to generalize this equation by replacing K, by an arbitrary
graph G of order p, as in [H11]. It follows from Corollary (2.5.1) of the PET,
which interprets Z(4,1 + x), that Z(I'y(G), 1 + x) enumerates I';(G)-
equivalence classes of sets of lines of G. These equivalence classes correspond
precisely to spanning subgraphs of G, two of which are in the same class
whenever there is an automorphism of G that sends one to the other. If two
subgraphs are not in the same class, they are called dissimilar. .

Theorem The number of dissimilar spanning subgraphs of G with g lines
is the coefficient of x? in Z(I',(G),1 + x). 4.3.2)

To illustrate we shall consider the (4, 5) graph G shown in Figure 4.3.1.
Routine calculation shows that

Z(I'y(G)) = %(Sf + 35155), (4.3.3)
and hence
ZT{(G), 1 +x) =1+ 2x + 4x? + 4x> + 2x* + x°. (4.3.4)

These coefficients are illustrated in the next figure. We have used dashed lines
to indicate the missing lines, to emphasize the equivalence with respect to
the group of G. Note that (4.3.4) also gives the number of 2-colorings of the
lines G (solid and dashed colors). We shall find this interpretation of
Z(I(G), 1 + x) very useful, particularly in counting bicolored graphs,
which follows next.

O——=~—0 —_———0 -———0
] | i 1
7 | Ve | = 6
Pl ] -
0L =0 e - __
1> = 7
| I I pd
A L4

O
AN
I\
} \
[o]
—-—0
|
I
\ |

Figure 4.3.1
The spanning subgraphs of a random graph.
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The complete bipartite graph K, , has m + n points of which m have one
color and n have the other color with two points adjacent if and only if they
have different colors. Since bicolored graphs with m points of one color and
n of the other correspond precisely to spanning subgraphs of K, ,,, it follows
immediately from the Theorem (4.3.2) that the polynomial b, ,(x) which
counts these bicolored graphs satisfies

bpnlx) = Z(I'((Kp ) 1+ X). (4.3.5)

For example,
byo(x) =1+ x + 3x* + 3x> + 3x* + x° + x6, (4.3.6)

and the next figure verifies these coefficients. Note that the coefficients of
these polynomials are always end-symmetric.

We now determine the cycle index of the line-group of K,, ,, following
[H7]. It is much simpler to handle first the case m # n. Suppose X is the set
of m points of one color in K, , and Y is the set of n points of the other color.
Then the ordered pairs (x, y) in the cartesian product X x Y correspond
precisely to the lines of K,,,. Thus the permutations in I'j(K,, ,) consist of
permutations of the pairs (x, y) induced by permutations of X and of Y.
This suggests the following binary operation on permutation groups. Let
A and B be permutation groups with object sets X and Y respectively. The
cartesian product of A and B, denoted A x B, is a permutation group with
object set X x Y. Its permutations consist of all ordered pairs («, f) of
permutations « in A and § in B. The image of each element (x,y) of X x Y
determined by (a, p) is

(@, B)(x, y) = (ax, By). (4.3.7)

TS XSZE

— <

~ T

> = Z

Figure 4.3.2

The bicolored graphs with three points of one color and two of the other color.
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Therefore for m # n,
IFi(Kmw) = S X Sy, (4.3.8)

and we have the theorem of [H7] which counts these bicolored graphs by
substituting (4.3.8) into (4.3.5).

Theorem The polynomial b,, ,(x) that enumerates bicolored graphs with
m # nis given by -

by n(x) = Z(S,, X S,, 1 + x) 4.3.9)
where

Z(Sm % S,) =

Y T s (4.3.10)

m!n! (@) ri=1

Actually, we have already calculated the cycle index of S,, x S, within
the formula (4.1.9) for Z(Sﬁf’). In particular, (4.1.16) gives precisely the term
under the sum and product signs in (4.3.10).

To illustrate the theorem, we shall use formulas (4.3.9) and (4.3.10) to
derive bs ,(x) already given in (4.3.6). First we shall find from (4.3.10) the
cycle index of the cartesian product S5 x S,. There are twelve permutations
in this group, but the cycle structure of any one of them, say (o, f), depends
only on the cycle structures of « and . The cycle structures of these individual
permutations are obtained from formula (2.2.5) which expresses Z(S,) in
terms of partitions of n. There are only three partitions of 3 and two of 2;
so we have just six different kinds of pairs of permutations to consider.
For example, if the permutation « in S; contributes the monomial s,s, to
Z(S;) and f1n S, is the transposition, then it follows from (4.3.10) that («, f)
contributes s3 to Z(S; x S,). Since there are three permutations with the
same cycle structure as a, their total contribution to Z(S; x S,) when paired
with B is 3s3. Table 4.3.1 contains the contributions for all pairsin S, x S;.

TABLE 4.3.1

THE TERMS OF Z(S; x S,)

Permutation o B (o, B)
Cycle index term 53 52 s?
$152 s 5383
S3 S% s§
51 $2 53
$152 S2 $3

S3 Sy Se
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Hence the cycle index formula 1s
Z(Sy x S,) = £5(s% + 35753 + 253 + 4s3 + 2s4). (43.11)

On substituting 1 + x* for s, in (4.3.11); the polynomial b ,(x) of (4.3.6)
is obtained.

We now turn to the enumeration of bicolored graphs for the more
subtle case m = n. The corresponding counting polynomial is denoted by
b,(x) instead of b, ,(x). For example, it is not hard to verify that

by(x) = 1 + x + 2x% + 4x> + 5x* + 5x° + 4x® + 2x7 + x® + x°. (4.3.12)

Figure 4.3.3 verifies that the coefficient of x* and hence that of x>, is 5.
Note well that we do not obtain additional isomorphism classes of these
bigraphs by interchanging the colors.

As before we must find a formula for the cycle index of the line-group of
K, .. For this purpose it is convenient to define additional operations on
permutation groups.

Let 4 and B be permutation groups with object sets X = {x,,..., X}
and Y = {yy,...,y.}. The composition of A with B is denoted by A[B] and
has X x Y as its object set. It was defined by Pdlya [P8] and others and is
sometimes called the “wreath product.” For each permutation « in A and
each sequence f,,..., B; of d permutations in B, there is a permutation in
A[B], denoted [a; f;,...,B,], such that for every ordered pair (x;,y;) in
X x Y,

[a;ﬂh'"’ﬁd](xi’yj) = (axi’ﬂiyj)' (4.3.13)

The reason for calling this group the composition of 4 and B is that its
cycle index is the composition of Z(A) with Z(B) in the manner illustrated
by the following example. Take A = C; and B = S,. Using different letters
for the variables in Z(A4) and Z(B), we have

Z(A) = s} +2s3),  Z(B) =%t + 1)
Z(A[B]) = H[He] + )] + 2[5 + te))).

The sense in which the cycle index of the composition of two groups is the
composition of their cycle indexes should now be apparent. Polya proved

R NEN

Figure 4.3.3
The five (6 ,4) bicolored graphs with three points of each color.
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that Z(A[B]) is that polynomial obtained from Z(A) by replacing each
variable s, by Z(B; s;, Szx, S3x» - - -)- Thus Z(B) has been substituted into the
cycle index of A to obtain the cycle index of their composition. We often
denote this substitution by

Z(A[B]) = Z(4)[Z(B)]. (4.3.14)

Furthermore, for any two permutation groups 4 and B and for any power
series f(x), we have

Z(A[B], f(x)) = Z(A4, Z(B, f(x))). (4.3.15)

The most typical example of the composition of two permutation groups
is obtained from the graph that consists of m disjoint copies of K,,. Its group
is identically S_[S,]. As noted in (2.1.1), a graph G and its complement G
have the same group. Hence to recognize the group of K, ,, we use the fact
that its complement consists of two copies of K, and get

'K, = S,2[S.). (4.3.16)

Since I' (K, ,) is induced by I'(K,, ,) we can now use (4.3.16) to determine
Z(I'y(K, ,))- The permutations in I'(K,, ,) that fix the two n-sets of different
colors correspond to the terms in Z(S,[S,]) obtained by substituting Z(S,)
for s, in Z(S,). Their contribution to Z(I',(K,,)) is precisely Z(S, x S,).
The permutations in I'(K,,) which interchange the two n-sets contribute
Z(S,; 52,54, S, - - -) to Z(I'(K,, ,))- Thus they consist of cycles of even length
which always permute a point of one color to a point of the other color.
Their contribution to Z(I',(K,, ,)) is shown in [H7] to be

r<t

Z Hk H Sik Hsk(“‘) +[k/21jk H s(’ r)m: (4.3.17)
Ji! k oda

This formula can be verified by considering cycles of points with alternat-
ing colors and by observing how these cycles permute all the lines which
join points of different colors.

We have now found that

Z(T (K, ) = HZ(S, x S,) + Z)), (4.3.18)

and can write a formula for this cycle index using (4.3.10) and (4.3.17).
However, there is another useful operation on permutation groups [H9.
a special case of which provides a group identical to T';(K,, ). Let 4 and B
be permutation groups with object sets X = {x;,X,,...,xs and Y =
{¥1>V2..-., .} as above, but now we insist that e > 1. The exponentiation
[B]* of A with B is that permutation group with object set Y* whose per-
mutations are constructed as follows. Each permutation « in A and each
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sequence f,...., B, of permutations in B determine just one permutation
(2P By in [B}*, which takes the function f into the function f*
defined for all x; € X by

fHx) = Biflaxy). (4.3.19)

[t can easily be shown that the distinct selections of «, f§,,..., 8, lead to
distinct permutations of Y* and that these permutations form a group.
Furthermore, when we take A = S, and B = §,,, the functions Y* correspond
precisely to the lines of K, , and in fact

I'(K,,) = [S.]> (4.3.20)

Then the counting theorem of [H7] takes the following form.

Theorem The polynomial b,(x) that enumerates bicolored graphs with
n points of each color is given by

bax) = Z([S,)%% 1 + x) (4.3.21)
where
Z([S, )59 = HZ(S, x S,) + Z)). (4.3.22)

As mentioned above, this theorem counts bigraphs with n points of each
color in which the colors are interchangeable. The simpler case, with fixed
colors, was already handled in (4.3.9) by taking m = n, even though the
theorem says not to.

We now illustrate the theorem by providing the formulas required to
determine b;(x). The cycle index of S; x S5 is obtained by applying (4.3.10)
to get

Z(S3 x S3) = els] + 6s3s3 + 853 + 95,57 + 12s535¢).  (4.3.23)
From formula (4.3.17) it follows that
7y = Ysis3 + 35,55 + 2535) (4.3.24)
Combining these we have

Z([851%%) = (s2 + 125353 + 853 + 95,53 + 18s,5F + 24s35¢). (4.3.25)

Now on substituting 1 + x* for s, in this expression, formula (4.3.12) for
b,(x) is obtained.

A bicolorable graph is one which can be bicolored. We only indicate how
such graphs have been counted. As observed in [HP15], the number of
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connected bicolored graphs of order p equals the number of connected
bicolorable graphs of order p. Having enumerated bicolored graphs, we can
count the connected ones using the method of (4.2.3), thus determining the
number of connected bicolorable graphs as well.

4.4 ROOTED GRAPHS

Rooted labeled graphs were counted effortlessly within the proof of
(1.2.1). The enumeration of rooted (unlabeled) graphs is a bit less obvious
[H4]. It involves the formation of a pair group slightly altered from that of
the symmetric group. This modification generalizes readily to graphs rooted
at an arbitrary induced subgraph [HP1], which may be a graph, digraph, or
multigraph.

There is just one theorem in this section, namely, a formula for counting
graphs G of order p rooted at a specified induced subgraph H, where G has
g lines in addition to those of H. As illustrative corollaries, we will give
formulas for rooted graphs, line-rooted graphs, triangle-rooted graphs,
graphs rooted at an oriented line, and graphs rooted at a cyclic triple. For
example, all the (6, 5) graphs rooted at a triangle H = K5 are displayed in
the next figure where dashed lines are used for the triangle. Thus by the
above convention, p = 6 and g = 2 since there are two additional lines.

For any set S of points of the graph G, the induced subgraph {S) is the
maximal subgraph of G with point set S. Thus {S) contains all lines of G
joining two points in S. We seek to determine the number of graphs G of
order p rooted at an induced subgraph H of order n < p. This means that
no line of G joins two nonadjacent points of H.

We shall denote the permutation group required for the application of
PET via (2.5.1) by I'(H)- S, _,, defined as follows: We set G = HU K, _,
and observe that the product I'(H)S,,_,, is the subgroup of I'(G) which fixes
H. We require the restriction of the pair group (I'(H)S,-,)® to those un-
ordered pairs {u, v} of points of G not both in H. The resulting permutation
group is designated by I'(H)- S, _,.

If the contribution of a permutation to Z(S,) is [ [s{*, then the correspond-
ing contribution to Z(S%”) is denoted by (] [s{*)®. Now that the necessary
symbols are defined, the general result [HP1] can be stated.

Theorem The counting polynomial h,(x) that enumerates graphs of order
p rooted at an induced subgraph H of order n < p is

hx) = Z(I'(H)> S,_,, 1 + x) (4.4.1)
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where
n

1 e
IT(H)i(p — n)! (C,Z,;, r,Dx

Z(I'(H) - Sp_") = S{:::ijr(a)jz(ﬂ)(Hsik(l}))(Z) (4.4.2)

and the sum is over all pairs with « in I'(H) and f in S,-n

Proof The permutations in I'(H)~ §,_, are induced by the pairs («, ) of
permutations withain I'(H)and fin S, _,. The contribution to Z(['(H) - S, _,)
of any pair can be considered as a product of two terms. In the first term we
just observe that (a, ff) induces a permutation on the lines between H and
K,_, exactly as in the cartesian product (4.3.10). The second term is
([]si<#)® which describes the structure of the permutation f induces on
the pairs of points in K ,_,. /]

We can now squeeze some corollaries out of the theorem by choosing
special kinds of subgroups for H. For our first application, we consider
graphs of order p rooted at a point. Thus H = K, so I'(H) = §,, and clearly
[(H)>S,_, =(S5,S,-,)*. Substituting into (4.4.1), we get the generating
function G ,(x) for rooted graphs

G (x) = Z((S:S,- )P, 1 + x), (4.4.3)

which is, of course, the same result as in [H4].
For only three points, we quickly have

G3(x) = Z((S;S,)'P, 1 + x) = 31 + x> + (1 + x)(1 + x?)]
=14+ 2x + 2x? + x°>.

To illustrate with p = 4, we observe that

Z(S,S;3) = (1/3N(st + 3s?s, + 2s,53), (4.4.4)
and making use of Table 4.1.2 yields
Z((S{S3)®) = (1/31(s% + 3s2s2 + 2s3). (4.4.5)
On substituting 1 + x in this cycle index, the result is
Gux) = 1 + 2x + 4x% + 6x> + 4x* + 2x° + xS, (4.4.6)

which is easily verified by inspection of the graphs of order 4 in Figure 1.1.2.
In general one can make use of the cycle index formulas in Appendix III,
as far as it goes, to obtain Z((SS,-,)?).

In our next illustration we take H = K, so that h,(x) counts graphs
rooted at a line:

hy(x) = Z(Sy0Sp_z, 1 + ). (4.4.7)
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The identity
Z(S; 0 Sp—Z) = (6/651)Z(S§:2)) (4.4.8)

can be quickly verified. Hence we can use the cycle index formulas in
Appendix III to obtain for p = S:

Z(S,08;3) = £5(s3 + 4sis3 + 253 + 35,53 + 25;356). (4.4.9)
On substituting 1 + x we find

hs(x) =1 4+ 2x + 6x* + 12x3 + 16x* + 16x° + 12x°
+ 6x7 + 2x% + x°. (4.4.10)

The counting polynomial for graphs rooted at a triangle is also easily
obtained. We give the details for such graphs with six points. Since ['(H) = S5,
we use formula (4.4.2) to obtain

Z(S3083) = #(s}? + 3s7s5 + 655 + 35853 + 9s2s3
+ 6535¢ + 25357 + 65;5,535¢). (4.4.11)
From formula (4.4.1) we have
he(x) =1 + 2x + 6x? + 15x® + 21x* + 38x> + 44x°
+ 38x7 + 21x® + 15x° + 6x'% + 2x'! + x!2,

The graphs enumerated by the coefficient of x? in this polynomial are
shown in Figure 4.4.1, in which the lines of the root triangle are drawn using
dashes.

Our theorem is also effective if H is a digraph. For example, if H is an
oriented line, I'(H) = E, and so

hyx) = Z(Ey°S,_5. 1 + x). (4.4.12)

o “of Nof 4 o “o*

Figure 4.4.1
The (6,5) graphs rooted at a triangle.
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An expression for this cycle index is obtained from (4.4.2). For each per-
mutation § in S,_,, let | [s{ be the contribution to Z(S,_,). Then

Z(E; - Sp~2) =

(p (T Tsi)® (4.4.13)

and the sumisoverall finS,_,. To 1llustrate (4.4.13) with p = 5, recall that
Z(S¥) = Z(S3),

Z(E; ° S3) = (1/3)((s3)%s7 + 3(s152)%sy5, + 2(s5)%s3).  (44.14)
Then from (4.4.12)
hg(x) = 1 + 3x + 9x? + 20x> + 27x* + 27x5

+ 20x® + 9x7 + 3x8 + x°. (4.4.15)

One can readily construct the graphs enumerated by these coefficients.
Finally we compute the counting polynomial for graphs with six points
which are rooted at a cyclic triple. In this case

T(H) = ¥s; + 2s;). (4.4.16)
From (4.4.2) we obtain

Z(T(H)o S3) = {5(s{® + 3s1s3 + 25353 + 65,5,5355 + 6s3), (4.4.17)
and from (4.4.1) it follows that
he(x) = 1 + 2x + 6x* + 18x> + 34x* + 52x° + 62x°
+ 52x7 + 34x® + 18x° + 6x!0 + 2x!! 4+ x!'2.  (4.4.18)
The corresponding graphs with g = 2 are shown in Figure 4.4.2.

Of course many other graphs can be chosen for the root-subgraph H.
In particular, whenever the graph or digraph H has the identity group E,,
the formula (4.2.2) reduces to

Z(E,oS,_,) = )|Z(Hs”‘) ([]si) (4.4.19)

where just as in (4.4.13), the sum is over all fin S,

QMA“

Figure 4.4.2
The (6,5) graphs rooted at a cyclic triple.
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4.5 SUPERGRAPHS AND COLORED GRAPHS

Bicolored graphs were counted in Section 4.3 and graphs rooted at an
induced subgraph were handled in the preceding section. Our present object
is to extend both of these studies by counting graphs rooted at a subgraph
which is not necessarily induced and then applying this to the enumeration
of m-colored graphs. The results involve a kind of a neat combination of a
rather pedestrian approach of [H5] with the elegant methodology of
Robinson [R17].

If H is a subgraph of G, then G is a supergraph of H. Instead of the tedious
phrase “the graphs G rooted at a subgraph H which is not necessarily
induced,” we prefer to say “the supergraphs of H,” which provides a more
effective mnemonic device.

We begin by obtaining a formula for the number of dissimilar p-point
supergraphs of a graph H also of order p. We will see in the next equation
that this involves the cycle index of the line-group of the complement of H.
It follows from the method of the preceding section for enumerating graphs
rooted at an induced subgraph H of order n, that the permutation group
required for handling the supergraphs of H can be obtained by enlarging the
object set of I'(H) - S,_, to include the lines of H. In particular, if H is a
graph of order p, then the polynomial r,(x) that enumerates supergraphs
rooted at H is given by

r(x) = Z(T;(H), 1 + x). 4.5.1)

An interesting special case [H5] of (4.5.1) has H as the cycle C, of order p.
This serves to count the total number of dissimilar hamiltonian cycles
appearing in all the (hamiltonian) graphs of order p. The line-group I';(C,)
can be expressed in terms of wreath products (compositions). For example
when p = 2n + 1, we have

I'(Cypt1) = Dypiri[En-1l, (4.5.2)

from which Z(I';,(C,,,,)) can be computed using formulas (2.2.11) and
(4.3.14). When p is even, one can compute Z(I',(C,,)) by multiplying each
term of Z(D,,[E,_,]) by the appropriate term of Z(D,).

Toillustrate, when p = 5, formula (4.5.2) becomes I';(Cs) = Ds[E,] = Ds.
and by (2.2.11)

Z(Ds) = $5(s3 + 4s5 + 5s,53). (4.5.3)
Then on applying (4.5.1), we have

rs(x) =1 4+ x + 2x% + 2x3 4+ x* + x°. (4.5.4)
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This polynomial is verified by the graphs of Figure 4.5.1 in which the root
C, is the cycle with dashed lines.

Now we turn to a general method for enumerating supergraphs. Let H
be any subgraph of order n of the complete graph K,. Then the product
[(H)S,_, 1s the group consisting of all permutations in I(K,) = §, that fix
H; that is, they permute the points of H among themselves. The group
required for counting supergraphs of H is the restriction of the pair group
(T(H)S,-,)*® to the pairs of points which are not adjacent in H. We denote
this restriction by I';(H, K ). Note that if H has p points, then I'|(H, K,) =
[ (H). Furthermore if H is connected, then I';(H, K ) is just the line group of
the complement of H in K.

Up to now, we have a theorem [HS] which determines the number of
supergraphs of a given graph in principle, but no effective method for
reckoning the required cycle index. Such an algorithm was provided by
Robinson [R17]. As soon as this procedure is developed, we will have demon-
strated the next theorem. Therefore it is particularly convenient at this
juncture to present first the proof and then the theorem, contrary to the
wise admonition of G. E. Uhlenbeck. In order to calculate the cycle index of
I'\(H, K,), we define the point-line group of a graph G, denoted [6.1(G), to
be that permutation group induced by I'(G) which permutes both points
and lines of G. When writing the cycle index of this group we shall distinguish
the cycles of objects being permuted by using two sets of variables, s, for
points and ¢, for lines. For example, if G is the (4, 5) graph K, — x, then

Z(To (Ky — X)) = st} + 2ss,t,t2 + s3t,12) (4.5.5)
From (2.2.14) it follows that the cycle index of I'(H)S,_, is given by
Z(U(H)S,_,) = ZT(H)Z(S, _ ). (4.5.6)

Similarly Z(I'y (H))Z(S,-,) is the cycle index of the group induced by
I'(H)S, -, which acts on the points of K ,and the lines of H. Each permutation

Figure 4.5.1
The eight graphs of order 5 rooted at a spanning cycle.



106 4 GRAPHS

« in I'(H)S, -, contributes a monomial (Hs{"‘)(Ht k) to Z(Ty,1(H)Z(S, -
The correspondmg contribution of a to Z(S,) is denoted as usual by
(I'Tsi)®. Thus, and note carefully this trick of Robmson o contributes the
product (] [sf)®] s * to the cycle index of I'y(H, K ) because multiplying
by [ Isi ™ has the effect of eliminating the terms of (Hs,{")(z’ which arise from
pairs of points that are adjacent in H. Therefore we define the linear operator
p (standing for Robinson) for point-line cycle indexes by specifying it for
monomials as follows:

p((TIst)(TTee)) = (T Tst) @] Is ™ (4.5.7)

Now the counting of supergraphs takes the form:

Theorem The counting polynomial r (x) that counts supergraphs of order
p of any graph H of order n < p is

r(x) = Z(T,(H, K, 1+ x), (4.5.8)
where
Z(I'(H,K,)) = p(Z(T'y ;(HNZ(S,-,)). (4.5.9)

Note that if H is a graph of order p as in (4.5.1), then (4.5.9) becomes
Z(T\(H)) = pZ(T o, ,(H)). (4.5.10)

Thus the operator p enables us to obtain the line cycle index for any graph
from the point-line cycle index of its complement.

We illustrate with H = Cg, the cycle of order 6 and take p = 6. The
point-line cycle index of any cycle graph C,, is readily computed from (2.2.11),
the formula for Z(s,). When p = 6 we have

Z(Ty 1(Cq)) = 5518 + s33 + 25313 + 254t + 353533 + 3s3tit3). (4.5.11)
On applying p to (4.5.11) we find
Z(T(Cg)) = F5(s15s78 + 575855, % + 253572 + 2535856 "
+ 3535855 % + 3535857255 2)
= 15(s] + 45353 + 253 + 25356 + 35,5%). (4.5.12)
From (4.5.8) and (4.5.12), it follows routinely that
re(x) = 1+ 2x + 6x? + 12x3 + 16x* + 16x° + 12x° + 6x’
+ 2x® + x°. ‘ (4.5.13)

Of course this polynomial could also be obtained as for (4.5.2-4). The
coefficient of x? is verified in Figure 4.5.2.
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Figure 4.5.2
All six (6,8) graphs rooted at a spanning cycle.

We now turn to m-colored graphs and follow Robinson’s treatment
[R17] by applying Theorem (4.5.8). By definition, the points of an m-colored
graph have been partitioned into m sets so that adjacent points are always
in different sets. The points of each set are given the same color. For example,
the 3-colored graphs in Figure 4.5.3 have two points of each color and the
points joined by dashed lines have the same color.

As in Section 4.3 we determine the number of m-colored graphs for a
specified m-part partition (j) of p:

p
m= Y j (4.5.14)
k=1

with Z‘; _ lkjk = p as usual. Let b,((/), x) be the polynomial that enumerates
m-colored graphs of order p with (j) as color partition. For example, with
p = 6 and partition 2 + 2 + 2, i.e, j, = 3, bg((), x) counts 3-colored graphs
of order 6 which have two points of each color. We will show that for this
partition of 6,

be((j),x) =1+ x + 4x% + 9x3 + 18x* + 24x3 + 30x°
+ 24x7 + 18x% + 9x% + 4x'0 + X! 4+ X2 (4.5.15)

Figure 4.5.3 verifies the coefficient of x* in this equation.

Figure 4.5.3
All nine (6,3) 3-colored graphs with two points of each color.



108 4 GRAPHS

We define the complete m-partite graph K(j) for any m-part partition ()
of p as the complement of the union of m complete graphs:

K(j) = kki)lijk. (4.5.16)

As before, the m-colored graphs we wish to count are the spanning subgraphs
of K(j). Therefore it follows from (4.3.2) that

by((j), x) = Z(T'((K()) T + x), (4.5.17)

and we must find a method for determining the cycle index of I',(K(})).
But the spanning subgraphs of the complete m-partite graph K(j) are precisely
the supergraphs of K(j). This suggests the idea of expressing the cycle index
of I';(K(j)) in terms of the operator p and Z(I'y ,(K(j)) by taking H = K(j)
in (4.5.10). Thus it is sufficient to find a means for calculating the cycle index
of I'y 1(K(})), and this we now do.

We denote by nG the graph which consists of n disjoint copies of the
connected graph G. It follows [H1, p. 166] from the definition of the wreath
product that

I'(nG) = S,[T(G)). (4.5.18)
Therefore from (4.3.14) the cycle index of this group is

Z([(nG)) = Z(S,) [ Z((G))]. (4.5.19)
Equation (4.5.19) is readily extended to obtain
Z(L,1(nG)) = Z(S)[Z(T,1(G))]- (4.5.20)

Using the same example as in (4.5.15) by taking G = K, and n = 3, formula
(4.5.20) becomes

Z(I'y,13K,)) = Z(83)[Z(To, 1 (K))]. (4.5.21)

Now Z(Iy (K ,)) = ¥s?t; + s,t,), and if we substitute this expression with
all subscripts multiplied by k for each s, in Z(S;), we obtain

_ 1643 1 4. 43 1..2.2,3 13,3
Z(Iy,1(3K,)) = 75s7t] + 16515217 + 165153281 + 285217
+ Ls3sit t, + ds3s,t it + Esatit,
+ §5,841,t, + L3ty + Lsgts. (4.5.22)

In the general case of K(j), whose components are complete graphs, the
group can be expressed [H1, p. 166] as the product

T(K(j) = [] S,,[T(K,)]. (4.5.23)
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From (4.5.20) it follows that
Z(To(K()j)) = ﬂZ i) [To.1 (K] (4.5.24)

For convenience we denote "o ((K,) by Si"-* and observe that the point-line
cycle index is easily obtained from Z(S{”). As noted above, K(j) = 3K,
when p = 6andj, = 3. Thus (4.5.22) provides the cycle index of the point-line
group of the complement of the complete 3-partite graph of order 6 with
two points of each color.

Now we can summarize Robinson’s method [R17] for counting m-colored
graphs.

Theorem The counting polynomial b (()), x) for m-colored graphs of order
p with partition (j) is

by(()), x) = Z(T'1(K()), 1 + x) (4.5.25)

where
Z(T (KO = p([ T Z(S;)[2Z(52))). (4.5.26)

In the example, we have already found Z(S;)[Z(S%?)] in (4.5.22). From
the definition of p we have for j, = 3,

Z(TC(K(j) = 7951757 + 76515351 ° + 16515351 * + agsisssy
+ 1535857 15y 1 + Lsys,sasy tsy b 4 gsishsytsy !
+ 35 spsasy tsy b+ Lsisy U+ Esysisy (4.5.27)
On simplifying this expression we have
2K = asi? + dostsd + oS+ sl + B2 488 4 2 (4529)

Finally we make the substitution s, = 1 + x* in the right side of (4.5.28)
to obtain (4.5.15). Using this theorem Robinson has computed the number of
3-colored graphs for p < 9 and all possible partitions.

Although the enumeration of bicolorable graphs is feasible as mentioned
in Section 4.3, we must emphasize that the counting of m-colorable graphs
with m > 3 remains unsolved, see Chapter 10.

4.6 BOOLEAN FUNCTIONS

A boolean function of n variables may be regarded as a mapping from the
set of all n-sequences of zeros and ones into {0, 1}. In disguise, it is therefore



110 4 GRAPHS

a subset of points of the n-cube Q,. Our object is to count the number of
types of boolean functions with equivalence determined by the group of
0,

We have seen that the cycle index of the line-group of G serves to count
spanning subgraphs. In this section we study the uses of the cycle index of
the point-group of G and find that it is useful in counting dissimilar sets of
points. The most interesting application of this technique enables us to
enumerate the types of boolean functions.

By way of preliminaries for the counting of boolean functions, we interpret
equation (2.5.1) for Z(4,1 + x) in the case that A4 is the group I'(G) of a
given graph G.

(4.6.1) Theorem The coefficient of x" in Z(I'(G), 1 + x) is the number of
dissimilar sets of r points, with equivalence determined by the automorphism
group of G.

To illustrate, consider the graph G of Figure 4.3.1. The cycle index of its
group is given by

Z(T(G)) = [3(sT + s,))° = Hst + 2535, + 53) (4.6.2)
so that
Z(I(G), 1 + x) = 1 + 2x + 3x* + 2x* + x*. (4.6.3)

The middle term of this polynomial is verified by Figure 4.6.1 in which the
two points in the subset are solid.

Polya [P9] found that the early work of Jevons [J1] and Clifford [C4]
on counting types of boolean functions led to numerical results which were
not entirely correct. The problem was to find the number of —“different”
propositions composed of n statements, each of which has two truth values
0 or 1. Using the familiar symbols V (or) and A (and) for disjunction and
conjunction, the proposition P, V (P, A P,) is composed of P,. P,. and P;.
Now with 1 and 0 representing the two truth values, one sees that composed
propositions correspond in a natural way to boolean functions. For example.
P, V (P, A Ps) corresponds to the function f which sends (0.0.0). (0.0. 1).
and (0, 1, 0) to 0 and all other triples to 1. But we wish to consider two com-
posed propositions to be equivalent not only when their corresponding

I e O

Figure 4.6.1

The dissimilar sets of two points in a random graph.
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boolean functions are identical, but also whenever one can be obtained from
the other by permuting the statement or changing any statements to their
negation. Thus it is seen that P, V (P, A P;) is considered equivalent to
(P; V not P,) A (P; V P,) by using the distributive law for disjunction over
conjunction.

Polya recognized that the problem at hand was to determine the number
of ways in which the 2" points of the n-cube Q,, can be colored using two differ-
ent colors. This follows from the fact that the group of Q, is identical to the
group that permutes the n statements arbitrarily while also changing state-
ments to their negation. We can express this group using the exponentiation
operation [H9] so that

[(Q,) = [S,)° (4.6.4)

The exponent group S, indicates that the n propositions P, can be permuted
at will, while the base group S, allows for the possibility of negating each
variable after this permutation. On applying (4.6.1) with this permutation
group, the main result of this section can be stated. The cycle index of this
group was first presented by Slepian [S3] in a rather involved appearance
which did not recognize the exponentiation group as such.

(4.6.5) Theorem The number N(n,r) of different boolean functions of n
variables which have exactly r nonzero values is the coefficient of x" in
Z([S,)%, 1 + x).

To illustrate, we display in Figure 4.6.2 the six ways of coloring the
points of Q; with four points of each color, thus verifying the coefficient of
x® in Z([S,]%,1 + x). Note that the necklaces of Figure 2.4.2 correspond
precisely to boolean functions of two variables, because in a four-bead
necklace, the action takes place on the 2-cube.

Using the fact that I'(Q,) and the wreath product S,[S,] are abstractly
isomorphic. Polya calculated the cycle indexes Z(I'(Q,)) for n < 4. On
applying the theorem above, he found the entries in Table 4.6.1. Because
of the close connection between boolean algebras and switching circuits,
Slepian [S3] was motivated to calculate the total number of boolean function

Figure 4.6.2

The cubes with four points of each color.
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TABLE 4.6.1

THE NUMBER OF BOOLEAN FUNCTIONS

N o 1t 2 3 4 5 6 1 8 Totul

1 1 1 1 3
2 1 1 2 1 6
3 1 1 3 3 6 3 1 1 1 22
4 1 1 4 6 19 27 50 56 74 402

for n = 5and 6. Harrison and High [HH1] also devised a rather complicated
method for determining Z([B]%") and used it for computing some classes of
Post functions. The most compact formulas for Z([B]*) were found by
Robinson and Palmer as reported in [P3]. We now sketch some of the
details of the latter approach in order to supply a reasonable means for
obtaining the cycle index in Theorem (4.6.5).

First we define a product, denoted by x for monomials, compare
(4.1.16), by

[Ist = TIste = TTstir. (4.6.6)
r.t
Asshown in [H7], if this product is extended linearly, the cycle index Z(4 x B)
of the cartesian product can be expressed as
Z(A x B) = Z(A) x Z(B). 4.6.7)

For each positive integer r, a new operator J, is defined for monomials by

J,( I s{;") =[] sk (4.6.8)
k=1 v=1
where
(r.,v)
me=(2 m). (4.6.9)
wlv kjv/(r,v)

Clearly J, 1s the identity operator. Using mObius inversion on (4.6.9), we
can write

g:%zmw% ¥ @Jw{ (4.6.10)

w|y klw/(r,w)
The J, are then extended linearly. The preceding five formulas can be used

to express Z([B]*) in terms of Z(4) and Z(B) for any permutation groups
A and B. The manner in which this is accomplished will be clear when we
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illustrate with A = S; and B = §,, so that we are dealing with the group
of Q5. The hardest part is to calculate the operators J,. First we substitute
the operator J, for each variable s, in Z(S;) to obtain

Z(S5;J 1. J5 J3) =I5 + 30 J, + 2J,). (4.6.11)

Next, the terms of (4.6.11) act on Z(S,) as follows:
JIZ(S,)) = J1(Z(Sy)) x J(Z(S,)) x J1(Z(S,))

J1JA(Z(S3)) = J(Z(S3)) x JH(Z(S,)) (4.6.12)
It follows from the definitions that
JUZ(S3)) = Z(S5) = st + 52) (4.6.13)
and
JAZ(S3)) = HJ(s7) + J(s2)) = Hsisy + s,) (4.6.14)
and
J3(Z(S,)) = %(J3(5%) + Ji(sy)) = %(5'%5% + $,5¢)- (4.6.15)

From (4.6.12) and the definition (4.6.7) of the cartesian product x for
polynomials, we find
JIZ(S,) =

(s34 7sY), T JH(Z(Sy) = —(s*s2 + st + 253).  (4.6.16)

=
R —

Lastly, on substituting the polynomials of (4.6.15) and (4.6.16) for the cor-
responding terms in (4.6.11), we obtain Z([S,]%?) in a form reminiscent of the
equations in Poélya [P9]:

Z(S,1%) = é_{(sff + 7s3) 4 3(5‘1'55 + 5%+ 252 .+

23 22 2

(s153 + 5,56)

} 4.6.17)

Thus as shown in [P3], the cycle index Z([B]*) of any exponentiation
group can be expressed as the image of Z(B) under the operator
Z(A;J,,J,,..). In this way, all enumeration problems in which the con-
figuration group can be viewed as an exponentiation group can be solved in
principle.

4.7 EULERIAN GRAPHS

Even graphs (with every point of even degree) and eulerian graphs
(connected even graphs) were counted in Section 1.4 in the labeled case. The



114 4 GRAPHS

more subtle problem for unlabeled graphs was solved when Robinson
[R18] viewed this challenge from just the proper perspective. To count
eulerian graphs with p points, he first counted the even ones and then applied
the usual technique for expressing the number of connected configurations
in terms of the total number.

This section consists mainly of the proof of Robinson’s formula for the
number of even graphs of order p. The formula bears a noticeable resemblance
to that for counting graphs, using the cycle index (4.1.9) of the pair group of
the symmetric group, for it is based on that resulit.

Theorem The number w, of even graphs of order p is
1 p! :
W, = — Y =2 (4.7.1)
P p!%‘;nkkjk]k!

where sgn is the usual sign function in
Jx
2

+ Z (k = Dok + Jak+1) + Sgn( Z J2k+ 1)- (4.7.2)
k=0

k=0

r<i

e(j)= 2 (no)jj+ ) k
k=1

Proof Following Robinson, we apply the variant (2.3.9) of Burnside’s
Lemma in which there is a restriction to the appropriate subset of the objects.
We have seen that the orbits of the power group E3#" correspond to graphs
of order p. On restricting this group to the set F of functions that represent
even graphs, we can apply (2.3.9) to express w, in terms of the functions in F
fixed by the permutations in this power group. In other words for each
permutation « in S, we seek the number of functions fin F such that

fij} = flod, o} (4.7.3)

Thus to prove the theorem, we must show that if the cycles of « determine th(;
partition (j) of p, then the number of functions in F satisfying (4.7.3) is 2°V
where e(j) 1s given by (4.7.2).

Before launching into the details of this proof, we try to clarify the
treatment by displaying in Figure 4.7.1 an even graph which corresponds to
a function f in F satisfying (4.7.3) for a specific permutation o of degree 13.
namely

o = (1234)(56)(789)(10)(11)(12)(13).

By only a slight abuse of language, we say that this graph is fixed by x.
Both solid and dashed lines appear in order to see the action of o on the lines
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Figure 4.7.1
An even graph fixed by o« = (123 4)(56)(7 8 9)(10)(11)(12)(13).

more vividly. The sense in which some lines are solid and others are dashed
will hopefully become clear as the proof unfolds.

First we find the contribution to 2¢9’ made by « when the cycles of a
are considered individually. If z, = (123 -- - k) is any odd cycle of «, then we
know that z, induces (k — 1)/2 cycles of 2-subsets of its points. Each point
of z, is incident with exactly two lines of each of these cycles, for example,
see Figure 4.7.2a. Hence each of these (k — 1)/2 cycles may be either included
or excluded in an even graph fixed by o. Therefore the contribution to e(j)
for all odd cycles considered individually is Zi: Jk — 1)/2; compare
(4.1.14). Similarly if k is even, the contribution to e(}) is P,k = 1)/2;
compare (4.1.15). Note that the cycle of 2-subsets of length k/2 is excluded
because each point of z, is incident with only one of the 2-subsets of this
cycle. For example, in Figure 4.7.2b, this cycle is shown with dashed lines
and it contributes an odd degree (one) to the points in the figure.

As in counting graphs we next consider pairs of cycles z, and z, of  and
the 2-subsets which have one point in each of these cycles. In determining

{a) (b)
Figure 4.7.2

Graphs fixed by odd and even cycles.
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the cycle index of the pair group, we saw that these cycles z, and z, induce
(r, 1) cycles of length [r, t] on such 2-subsets; compare (4.1.16). Thus each
point of z, is in [r, t]/r of the 2-subsets of one such cycle of length [r, ¢]. Note
that if ¢ is even and r is odd, each point of z, is in an even number of such
2-subsets. With this in mind, we now consider all pairs of cycles z, and z,
with r or t even. Let U be any collection of cycles of 2-subsets with one point
in each of these two different cycles z,, z,. Then each point of an odd cycle
is in an even number of 2-subsets in the cycles of U. Each point of an even
cycle z, may be in either an even or an odd number of these 2-subsets.
Therefore we see that the cycles of U can determine an even graph by either
including or excluding the cycle of length k/2 induced by z,, as necessary.

Adding the two cases r # t and r = t, we see that the total number of
cycles in U is

Y (¢ 0jj + ¥ 2k(]2k),

r<t k=1 2
where at least one of r and ¢ is even. Hence this is the contribution to e(})
from pairs of objects between two cycles of «, at least one of which is even.
Note that in Figure 4.7.1 it is necessary to include the dashed lines of the
cycle (1234) as well as the dashed line of the cycle (56), in order to get an
even graph.

We have not yet handled the 2-subsets with one point in each of two
different odd cycles. We select one special odd cycle, say z, and let W be a
collection of cycles of 2-subsets obtained by choosing for each odd cycle
z, # z one of the cycles of 2-subsets whose points are in z and z,. Thus W
will have (ZkszZH 1) — 1 cycles. We can now determine an even graph for
each selection of those cycles of 2-subsets not in W. This is accomplished
by either including or excluding each cycle in W as necessary to make each
point of the odd cycles other than z lie in an even number of 2-subsets.
Then, since Euler proved that the number of points of odd degree in any
graph must be even, the points of z as well will be in an even number of
2-subsets. The number of such cycles not in W when r and ¢ are both odd is

Y g+ Y 2k +1)
k=0

r<t

J2k+1
— -1
5 ) (m )

where m is the number of odd cycles unless that number is 0 in which case
m = 1. In Figure 4.7.1 we have illustrated this with z = (10), and here W
consists of the cycles of dashed lines emanating from the point 10. After
joining point 11 with points 7, 8, 9, 12, and 13, it was necessary In this case
to include all the lines of W to obtain an even graph.

Combining all these observations and adding the various contributions,
(4.7.2) is verified, and even graphs are counted. /!
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Figure 4.7.3
The eight eulerian graphs of order 6.

Robinson used these formulas to calculate the number w, of even graphs
forp < 8:

w(x) = x + x% + 2x> 4+ 3x* + Tx5 + 16x® + 54x7 + 283x8 +--.. (4.74)

The seven even graphs of order 5 are shown in Figure 1.4.3, where labeled
even graphs were counted, verifying the coefficient of x°. The generating
function u(x) for eulerian graphs can be obtained in the usual way by again
applying (4.2.3), which counts connected graphs in terms of all graphs. The
first few terms of u(x) are

u(x) = x + x> + x* 4+ 4x> 4+ 8x°® + 37x7 + 184x3 + .- -. 4.7.5)

The coefficient of x® is verified in Figure 4.7.3.

EXERCISES

4.1 Find the polynomial which counts the ways in which the lines of

(a) the (5,9) graph and (b) K3 ; can be colored with three colors. (Hint:
See (4.3.2).) '

4.2 Find the cycle indexes Z(S,[C5]), Z(C;[S,]), and Z(S;[D,]).

4.3 Find the cycle index for the graph with four components, (a) each a
triangle, (b) two triangles and two isolated points.

4.4 Pure two-dimensional simplicial complexes, which consist of a finite set
X together with a collection of 3-subsets of X. (Harary [H4))

4.5 Multigraphs of strength s, in which at most s lines join any pair of
points.
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4.6 Signed graphs, in which the lines may be positive or negative.

(Harary [H3))
4.7 Balanced signed graphs, in which no cycle has an odd number of negative
lines. Harary and Palmer [HP10])

4.8 Point-symmetric graphs, whose groups are transitive, of order p, a prime.
(Turner [T1])



Lord Ronald jumped on his horse and rode off madly
in all directions.

Stephen Leacock

Chapter 5| DIGRAPHS

In this chapter, the four sections count digraphs, tournaments, orienta-
tions of a given graph, and “mixed graphs” in which both arcs and undirected
lines can appear. In addition to enumerating all digraphs, we handle relations
and connected digraphs. The counting of tournaments yields that of strong
tournaments as a corollary. Our formula for the number of mixed graphs
contains as special cases, which easily can be stated explicitly, the counting
of graphs, digraphs, oriented graphs, complete digraphs, and tournaments.

A word about enumeration methods is in order. Digraphs are counted
by modifying only slightly Pélya’s method for enumerating graphs. This is
accomplished by developing a new unary operation on a permutation group,
called the reduced ordered pair group, whose purpose is to act on ordered
pairs of distinct objects involved in the original permutation group.

The cycle index of the reduced ordered pair group of S » 1s used to count
digraphs. This cycle index is then modified to enable us to count tournaments,
by restricting the associated power group. Applying this idea to the reduced
ordered pair group of an arbitrary graph and using two sets of variables in

119
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the resulting cycle index, we can then count its orientations. These methods
culminate in a general theorem for counting mixed graphs, which makes use
of the same cycle index as for digraphs, again with two sets of variables and
special purpose figure counting series.

5.1 DIGRAPHS

This section parallels the derivation of the graph-counting polynomial
g,(x) and the associated cycle index of the pair group of S,. While there are
only 11 graphs of order 4, there are 218 digraphs of order 4. The formidable
task of drawing all 218 digraphs has been performed, and the diagrams may
be found in Appendix 2 of [H1, p. 226].

Let d (x) be the counting polynomial for digraphs of order p so that, for
example -

ds(x) = 1 + x + 4x? + 4x> + 4x* + x° + x°. (5.1.1)

These coefficients are verified by Figure 1.1.5.

We now show, following [H11], how PET can be used to determine d (x).

Let X = {1,2,...,p}, and let X'*! denote all ordered pairs of different
elements of X. With Y = {0, 1}, the functions from X! into Y represent
labeled digraphs of order p. Each function f corresponds to that digraph
D(f) with point set X in which there is an arc from the point i to the point j
if and only if f(i,j) = 1. Thus two functions f and g represent the same
digraph if there is a permutation « of X such that if i is adjacent to j in D(f)
then ai is adjacent to «j in D(g). Therefore D(f) and D(g) are isomorphic if
and only if

1, )) = gloi, &) (5.1.2)
for all (i, j) in X1,
This equation suggests the next unary operation on permutation groups.
If A 1s a permutation group with object set X, the reduced ordered pair group
of A, denoted A, has X'?! as its object set and is induced by A. That is, for
each o in A, there is a permutation o' in A™! such that for every pair (i, ) In
X'?) the image under o' is given by

o'(i, j) = (o, arj). (5.1.3)

We can now state the formula for the number of digraphs.

Theorem The counting polynomial d,(x) for digraphs of order p is given by

d(x) = Z(SP, 1 + x) (5.1.4)

p
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where

p

[2] H ;(k 1)1k+2k(’k)n Z(rt)mz (5.1'5)

p P'an“‘]k k= r<i

Proof The equation (5.1.4) is in the form of Corollary (2.5.1) of the PET.
We show that the reduced ordered pair group of S, is the correct configura-
tion group. Two functions f and g from X™! into {0, 1} represent the same
digraph if and only if there is a permutation o in S, such that

fz) = glo'z) (5.1.6)

for every z in X'?. Consequently, the orbits of the power group ES¥' cor-
respond to the different digraphs.

The figure counting series is 1 + x because, as for graphs, the arc (i, j)
is either absent or present. Thus by the usual definitions (2.4.4) of the weights
of functions and orbits, the weight of an orbit of Egtpl' 1s the number of arcs
in the corresponding digraph, proving (5.1.4).

Our object now is to derive formula (5.1.5) for Z(St2Y), but first we illustrate
with p = 4 in order to clarify the derivation of the more general cycle index.
Each of the five permutations in S, induces a permutation in the reduced
ordered pair group S¥!. Table 5.1.1 shows the terms in S induced by each
term of Z(S,).

One of these terms is now illustrated. In Figure 5.1.1 the ordered pairs are
indicated for conciseness by juxtaposition: (1, 2) = 12, and so on.
Collecting terms, we find that

Z(SPY) = Fsi? + 6s7s3 + 85% + 35§ + 652), (5.1.7)
SO
ZSP 1 4+ x) =dy(x) = 1 + x + 5x% + 13x3 + 27x* + 38x5 + 48x®

+ 38x7 + 27x8 + 13x% + 5x10 4+ x!1 4 12
(5.1.8)

TABLE 5.1.1

Term of Z(S,) Induced term of Z(S)

st s1?
515, SfS§
5153 53
s3 s$

Sa 53
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Q Q Q 149 a1 24 42 34
i 2 12 O O O O O
4O3 21 3 31 23 32 a3

Figure 5.1.1
The permutation (1)(2)(3 4) and its induced permutation in S{).

We indicate the correspondence between terms of the cycle indexes of
[2] — . .
S, and S for p = 4 by writing
s} —=si%, s2s, > 5253
and so on. To obtain an expression for Z(St*), we need to find the missing
right hand member of

S.lils-él...s-i’l’ —y ? (519)

Just as in the derivation of Z(S'?), when we consider more than one
cycle in the same permutation « of S, there are two separate contributions
to the corresponding term of Z(St)). The first comes from pairs of elements
of X, both in a common cycle of a; the second from pairs of elements, one
in each of two different cycles of a.

To determine the first of these contributions, consider a cycle z, of length
k in a. There are k(k — 1) pairs in X'?! of elements permuted by z,. These
pairs are permuted in cycles of length k by «’. Hence o permutes them in
k — 1 cycles of length k each. Thus if there are j, cycles of length k, the pairs
of elements lying in common cycles contribute

ik — sk~ Dk, (5.1.10)

Now consider any two cycles of a, say z, and z, of length r and ¢ respectively.
There are 2rt pairs (i, j) in X%, with i permuted by z, and j permuted by
z,. These pairs are permuted in cycles of length [r, t] by «’. Hence o’ permutes
them in 2(r, t) cycles of length [r, t] each. Thus the contribution of pairs of
cycles of length r with cycles of different length 7 # r is

jr ot 2(r.0)jrj ’
SIS = S (5.1.11)

Finally the contribution of pairs of cycles of the same length k is

sjx — sZHE, (5.1.12)

Now the right side of (5.1.9) and hence also of equation (5.1.5) can be
filled in by multiplying the right sides of (5.1.10), (5.1.11), and (5.1.12) over
all applicable indexes. /]
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Figure 5.1.2

The relations on two points.

The formulas in this theorem were used to compute the number d,, of
digraphs of order p < 8 in Appendix I and in Table 5.1.1. The results agree
with those of Oberschelp [O1], who used the same formulas.

No loops are permitted in digraphs since they are defined as irreflexive
relations. To count relations on p points in which loops can occur, we need
to extend the object set of SI*! to include all ordered pairs in X x X. The
permutation group obtained is called the ordered pair group of S, and is
denoted by S;. Its cycle index is obtained on modifying formula (5.1.5) for
Z(S)) by multiplying each term in the sum by [ [sf<. Then the polynomial
r,(x) which counts relations is given by

ro(x) = Z(Si, 1 + x). (5.1.13)
From this equation, we find that for p = 2
ry(x) = 1 4 2x + 4x* + 2x> + x*, (5.1.14)

and these coefficients are verified in Figure 5.1.2.

A digraph is called connected if on ignoring all orientations on its arcs,
the resulting multigraph is connected. Such digraphs are called “weakly
connected” in [HNC1]. Connected digraphs are counted in terms of all
digraphs by the identical method (4.2.3) used for connected graphs. We
conclude by observing that if g, in formula (4.2.6) is replaced by the number
d, of digraphs of order p, then equation (4.2.9) which involves parameters
a, can be used to compute the number of connected digraphs. The results of
this computation for p < 8 are in Table 5.1.2.
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TABLE 5.1.2

CONNECTED DIGRAPHS

p dp pa, Cp

1 1 1 1
2 3 5 2
3 16 40 13
4 218 801 199
5 9 608 46 821 9 364
6 1540944 9185102 1530843
7 882033 440 6163297995 880471 142
8 1793 359 192 848 14 339 791 693 249 1792 473955306

5.2 TOURNAMENTS

Labeled tournaments (Figure 1.1.6) are equal in number to labeled
graphs; this is emphatically not so for unlabeled tournaments. All tourna-
ments with p = 2, 3, and 4 points are shown in Figure 5.2.1. The first tourna-
ment with three points is called a transitive triple; the second a cyclic triple.
For a concise, comprehensive treatment of topics on tournaments, the book
[M2] of Moon is an excellent source.

The counting of tournaments is due to Davis [D1]; see also Moon
M2, p. 84].

Theorem The number T(p) of tournaments of order p is

1 p! .
TP) = =2 752" (5.2.1
pt G TTk ! :
(O o e e O]
Figure 5.2.1

The smallest tournaments.
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where the asterisk on ) calls attention to the unconventional summing only
over those partitions (j) with j, = 0 whenever k is even, and where

p p
) =3| & el ~ 3 ). (5:22)
mun=1 k=1
Proof We first verify (5.2.1). As in the proof of Theorem (5.1.4), the orbits
of the power group E3¥’ correspond to digraphs of order p. On restricting
this group to the set F of functions f which represent tournaments, namely
those f for which f(i,j) # f(J, i), the version (2.3.9) of Burnside’s Lemma
can be applied. As a result, T(p) can be expressed in terms of the number of
functions in F fixed by the permutations in the same power group. Thus for
each permutation « in §,, we seek the number of functions f in F such that

S J) = flod, o), (5.2.3)

for all (i, j) in X'?). The functions which satisfy (5.2.3) are precisely those fixed
by the permutation in this power group induced by «. By a slight abuse of
language, we say that they are “fixed by a.”” Therefore if the cycles of «
determine the partition () of p, we need to show that the number of functions
in F fixed by a is 2/,

Again let o' be the permutation in SI*! induced by «. We define the
converse of any given cycle 2z’ in the disjoint cycle decomposition of «’ as
that cycle of o' which permutes all ordered pairs (i, j) such that (j, i) is permuted
by z'. A cycle 2’ of o' is called self-converse if (i, j) is permuted by z/ whenever
(j, i) 1s.

To determine the contribution to #(j) made by « when the cycles of «
are considered individually, let f represent a tournament fixed by x so that
(5.2.3) holds. Therefore f is constant on the cycles of «'.

We now justify the asterisk on the summation sign in (5.2.1). If
z, = (123--- k) is any even cycle of « then o’ has a self-converse cycle z/,
namely the one which acts on both (1,(k/2) + 1) and ((k/2) + 1, 1). But if
S 1s constant on this self-converse cycle z/, f is not a tournament. Thus there
are no tournaments fixed by « if e has any even cycles, and (5.2.1) is established.

To complete the proof of the theorem, it remains to demonstrate (5.2.2).
If z, is an odd cycle, it induces k — 1 cycles of pairs in X', These k — 1
cycles consist of (k — 1)/2 pairs of converse cycles. Recall that any tourna-
ment f fixed by « is constant on the cycles of o’. Therefore the elements of
exactly one cycle of each of these (k — 1)/2 pairs must be included in a tourna-
ment fixed by «. Then the contribution to #(j) due to all the odd cycles of
is ) ji(k — 1)/2 summed over odd k.

Now we consider two cycles z,, and z, of « and the pairs in X'?! which
have one point in each. In determining the cycle index Z(S?)), we saw that
two such cycles induce 2(m, n) cycles of objects (ordered pairs) in X2, These
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latter cycles consist of (m, n) pairs of converse cycles. The objects in just one
of each of these pairs of converse cycles must be included in a tournament
fixed by a. Therefore the contribution to #(j) of all such pairs z,, and z, with
M # niS Y menjmim n). The contribution of pairs of cycles of the same
length is ) k(4). On adding these three contributions we have formula (5.2.2)
fort(j).  JI

The values of T(p) with p < 12 taken from [M2, p. 87] are displayed in
Table 5.2.1.

TABLE 5.2.1

THE NUMBER OF TOURNAMENTS

p T(p)
1 1
2 1
3 2
4 4
5 12
6 56
7 456
8 6 880
9 191 536
10 9733056
11 903 753 248
12 154 108 311 168

A digraph is strongly connected or strong if every pair of points are mutually
reachable by directed paths. It is well known [HNCI, p. 306] that a tourna-
ment is strong if and only if it is hamiltonian, that is, it contains a spanning
directed cycle. The strong tournaments with p = 5 points are now shown,
using the clever device of Moon [M2, p. 92] that whenever an arc is missing
it is oriented according to gravity from the higher point to the lower one.

The number of strong tournaments is easily expressed in terms of the
total number of tournaments by means of generating functions; Moon
[M2, p. 88]. The proof requires a few definitions. A strong component of a
digraph D is a maximal strong subgraph. The condensation D* of D has the
strong components of D as its points, with its arcs induced from those of D.
Asnoted in [HNCI1, p. 298], the condensation of any tournament is a transitive
tournament, that is, a complete order.
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)
D W

Figure 5.2.2

The strong tournaments of order 5.

Theorem Let T(x) and S(x) be the ordinary generating functions for
tournaments and strong tournaments respectively. Then

T(x)

S = I T

(5.2.4)
Proof To obtain S(x), let T,(x) be the ordinary generating function for
tournaments with exactly n strong components. Then by the above observa-
tions, T,(x) = S*(x) and T(x) = Y T,(x), proving (5.2.4). /]

5.3 ORIENTATIONS OF A GRAPH

An orientation of a graph G is an assignment of an arrow to every line of
G, i.e, an ordering of its point pair. An oriented graph is a digraph in which
no pair of points are joined by a symmetric pair of arcs. Thus every orienta-
tion of a graph is an oriented graph. Every graph G has an invariant o(G),
the number of different orientations of G. One quickly verifies that o(C;3) = 2,
o(C,) = o(Cs) = 4, and o(C¢) = 9.

1

Figure 5.3.1
The orientations of the cycle of order 4.
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Our purpose here is to develop an enumeration method [HP2] for
determining the number o(G) for a given graph G. To do this we need only
generalize some of the observations made in the previous section. There we
found the number T(p) of tournaments of order p, which is simply o(K ),
the number of orientations of the complete graph.

As in the case of K, a formula for o(G) can be obtained by applying
Burnside’s Lemma. The expression obtained can be simplified by using a
special cycle index in two variables. Suppose I'(G) acts on X = {1,2,...,p}
as usual. It is convenient to define the digraph D(G) of a graph G. The points
of D(G) are those of G and the set U of arcs of D(G) are all ordered pairs (i, j)
such that pointsiand jare adjacent in G. Thus any orientation of G is obtained
by choosing just one from each pair of symmetric arcs in D(G).

The reduced ordered pair group I'(G)?! acts on all ordered pairs (i, j)
withiand jin X and i # j, whether or not i and j are adjacent in G. We thus
require the restricted permutation group I'(G)*)]U which acts only on the
arcs in U, and denote its cycle index by Z(I'(G)?1|U). To distinguish between
the kinds of cycles involved here, it is convenient to use the variables ¢, for
the self-converse cycles and s, for the pairs of converse cycles. Thus by
definition the polynomial Z(I'(G)**}U ; s,, t,) displays this distinction. Note
that as in the case of tournaments, the variables ¢, arise only from even
cycles of length k in the automorphisms of G. The next result follows from
the Restricted Form (2.3.9) of Burnside’s Lemma.

Theorem The number of orientations of a graph G is

o(G) = Z(N(G)2|U ;/2,0). (5.3.1)

Note that the radical \/5 disappears on substitution because converse
cycles occur in pairs. Furthermore, the rather unusual figure counting series
consisting entirely of 0 serves the purpose of making quite certain that no
symmetric pair of arcs can occur.

Because of the intractibility of the cycle index involved in (5.3.1), we can
calculate the number o(G) in principle only for an arbitrary graph G. However.
an exact formula can be obtained when G = C,, the cycle of order p. Since
I'(C,) =T (C,) = D,, the dihedral group, we can modify formula (2.2.11)
for Z(D,) to obtain Z(I'(C,)*|U ; s,). Since the variables 1, are contributed
only by reflections, we have

1 Llep—1y if p 1s odd
Z(I(C (2] . _ 2pjd 292 2 ] ] 532)
(L(C)HNU 5 80, 1) 2p%<p(d)sd i {%(3127 + s§7%13) if pis even. (
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Hence we can write

I s . {0 if p is odd
= __ 5.3.
oC)) 2p %, P+ 2P 42 if p is even. (5.3.3)

Our approach can also be modified to count oriented graphs [H6], but
this result will arise as a special case of the enumeration of mixed graphs
which is given in the next section.

5.4 MIXED GRAPHS

A mixed graph can contain both ordinary and oriented lines. For example,
the graph in Figure 5.4.1 is a mixed graph with two ordinary and three
oriented lines. An ordinary graph may be regarded as a mixed graph with
no oriented lines, and an oriented graph as a mixed graph with no ordinary
lines. Further, any digraph may be considered as a mixed graph by changing
each symmetric pair of lines to an ordinary line.

Our object is to derive a formula which enumerates mixed graphs on p
points with respect to both the number of ordinary and oriented lines [HP7].
Let m,,, be the number of mixed graphs with p points having g oriented lines
and r ordinary lines. Then the polynomial m (x, y) which enumerates mixed
graphs with p points according to both the number of ordinary and oriented
lines is defined by

my(x, y) = D m,,x9, (5.4.1)
q,r

where g + r < (8). From Figure 5.4.2, we see that for p = 3 the formula is

my(x,y) =1+ x + 3x> + 2x> + y + 2xy + 3x%y + y? + xy* + y>. (5.4.2)

For the derivation of the formula for m(x, y), we use a slight modification
of Pélya’s Theorem in which two kinds of figure counting series are employed
together with the special cycle index in two variables of the previous section.
In the notation of Section 5.3, there is the identity

[(K,)2|U = s (5.4.3)

P

Figure 5.4.1
A mixed graph of order 4.
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Figure 5.4.2
The 16 mixed graphs of order 3.

Thus Z(ST; s, 1) is the cycle index of the reduced ordered pair group S
in which the variables s, are used for pairs of converse cycles and i, for self-
converse cycles. We will see that on replacing each s, in this expression by
(1 +2x* + yY? and each t, by 1 + y*2, the polynomial m(x, y) is obtained.

Theorem The counting polynomial for mixed graphs of order pis given by
myx,y) = Z(SP; (1 + 2x + y)2, 1 + yl/?), (5.4.4)

where

1 p! .
ZSH s, 1) = = = [ stk Wi

odd (5.4.5)
_ . jk 2 , s .r.w
X T (726 [T st T spoapio-.
keven k r<w

As an example we give some of the details for p = 3. First we have the
cycle index formula

Z(S¥ 5, 1) = (1/3(s} + 3s3t, + 253), (5.4.6)

Substituting the figure counting series (1 + 2x + )2 and 1 + y!/2,
we obtain

my(x, y) = (1 + 2x + y)* + 3(1 + y)(1 + 2x* + y?)

+ 2(1 + 2x3 + %) (5.4.7)
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which agrees pleasantly with (5.4.2) and the mixed graphs shown in Figure
54.2.

Equation (5.4.5) needs no comment except to notice that it is obtained
from (5.1.5) by modifying it in accordance with the part of the proof of (5.2.1)
where it is shown that each even cycle of a permutation in S, induces one
self-converse cycle.

Here is a brief sketch of the proof of (5.4.4). As usual the power group
ES¥' acts on the functions in Y*"*', Since each such function f represents a
digraph with say g oriented lines and r symmetric pairs of arcs, f can also be
regarded as a mixed graph with g oriented lines and r ordinary lines. Ob-
viously, any two functions in Y*'*' are in the same orbit of the power group if
and only if their mixed graphs are isomorphic. Finally, the functions are
assigned weights in the usual fashion and the weighted version (2.3.10) of
Burnside’s Lemma is applied to obtain (5.4.4).

The idea of 1 + 2x + y is that the term 1 stands for nonadjacency of the
point pair, while 2x indicates the two possible orientations, and y an un-
directed line. The radical in (1 + 2x + y)'/? vanishes in m,(x, y) because
every variable s, occurs only with even powers since converse cycles neces-
sarily appear in pairs. Similarly, the 1 + y stands as usual for no line or an
ordinary line, as oriented lines simply are taboo for self-converse cycles.
The radical in 1 + y'/? also vanishes in m(x, y) because, as shown in the
only term of (5.4.5) containing ¢,, k is even. This in turn holds since every
self-converse cycle has even length. //

The counting polynomials g,(x) and d (x) for graphs and digraphs have
already been derived, and the polynomial o,(x) for oriented graphs was
found in [H6]. Observe that each of these polynomials is easily obtained
from m(x, y), which is thus a simultaneous generalization of three previous
enumeration formulas:

dx) = m(x, 30, 0 x) =m0, gy =m0,y (548)
For p = 3, we find from (5.4.7) that :
ds(x) = my(x,x?) = 1 + x + 4x? + 4x> + 4x* + x° + x°,

03(x) = my(x,0) = 1 + x + 3x2 + 2x3,
g3(0) =my(0,y) =L +y + y* + > (54.9)
These are quickly verified by Figure 5.4.2.

A complete digraph has either an oriented line or a symmetric pair of
lines joining every pair of points. The digraph in Figure 5.4.3, is a complete
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Figure 5.4.3
A complete digraph of order 5.

directed graph on five points with three symmetric pairs of arcs and seven
oriented lines.

Let c,,, be the number of complete digraphs with p points having exactly
g oriented lines and r symmetric pairs. Then the polynomial c¢,(x, y) which
enumerates complete digraphs with p points according to both the number

of oriented lines and symmetric pairs is defined by
cy(x, y) = Zcpqrqur (5.4.10)

where g + r = (5).

From Figure 5.4.4, we see that for p = 3 the formula is c;(x, y) = 2x> +
3x%y + xy* + y .

The enumeration formula for c,(x, y) is easily obtained by modifying the
formula for mixed graphs. The integer 1 in each of the two figure counting
series (1 + 2x + y)"/2 and 1 + y'/? represents the possibility of having no
line joining a pair of points. Since in a complete digraph there is always
either an oriented line or a symmetric pair joining a pair of points, the
appropriate figure counting series are (2x + y)'/? and y!/%.

N A ANA
VAN

> 0> 0>

Figure 5.4.4
The complete digraphs of order 3.
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Corollary The enumeration polynomial for complete digraphs on p points
is given by

c,x,y) = Z(SH1; (2x + y)H2, plidy, (5.4.11)

An immediate consequence of this corollary is that the number of
tournaments on p points is

T(p) = ¢,(1,0). (5.4.12)

Using (5.4.12) and (5.4.5), it is a matter of routine manipulation to obtain
(5.2.1) and (5.2.2) explicitly.

The total number ¢, of complete digraphs, regardless of the number of
oriented lines or symmetric pairs, is

¢, = c(1, 1) (5.4.13)

For example, Figure 5.4.4, shows that ¢c; = 7.
Using the formula (5.4.5), we obtain the following expression for c,,.

Theorem The number of complete digraphs of order p is
1 p! .
c, = — ———._—30(1), (5414)

rop! (Z,) [ TK!

where

k=1 r<s

P k —1 k
alj) = ¥ ([ 5 ]jk+k(’2))+ Y5y (5419)

The first five values of ¢, are:

~l| W
I
[\]
wn| D
oo
N

EXERCISES

5.1 The number of complete digraphs of order p equals the number of
oriented graphs of order p.
5.2 Digraphs whose points all have outdegree 2. (C. P. Lawes)

5.3 Point-symmetric digraphs of order p, a prime. (Hint: use the method
of Turner [T1] for graphs.)
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5.4 The number of tournaments of order p > 5 which admit exactly one
hamiltonian cycle 1s

SR ann £ (R % Rl (]

where m = mintk — 1,p — k — 3). (Douglas [D2])

5.5 Write an explicit formula for the cycle index Z(S2), and use it to get the
counting polynomial for relations of order 4.



A good notation has a subtlety and suggestiveness

which at times make it seem almost like a live teacher.

Bertrand Russell

Chapter 6| POWER GROUP
ENUMERATION

If c(x) is a counting series which enumerates the elements of a set Y and 4
is a permutation group with object set X, then we saw in Chapter 2 that
Polya’s theorem provides a method for expressing the series C(X), which
enumerates the weighted orbits in Y* of the power group E4, in terms of
Z(A) and c(x). There is a large class of problems for which it is essential to
be able to enumerate orbits in Y* of the power group B4 when B is not the
identity group. A method for accomplishing this generalization of Polya’s
theorem was first found by deBruijn [B5]. In this chapter we shall discuss a
more natural alternative method [HP4] which simplifies the computation
by eliminating superfluous differential operators and displaying explicitly
the permutation group which acts on the functions, namely the power group.
For this reason, we prefer to refer to deBruijn’s result as the Power Group
Enumeration Theorem. The applications include the enumeration of self-
complementary graphs and digraphs, graphs with colored lines, finite
automata, and self-converse digraphs.

135



136 6 POWER GROUP ENUMERATION

6.1 POWER GROUP ENUMERATION THEOREM

Consider the power group B* with object set Y* where X = {x,,..., x,,}
and Y = {y,,..., y,}- We begin by determining a formula for the number of
orbits of B4. To this end, we first write, using only the definition of the cycle
index, ’

1 o ,
rREE L (6.1.1)

Z(B*) =

For each permutation y = («; ) in B4, the formulas for j,(y) in terms of the
Ji{o) and j,(p) are given by the next two equations. We first show that

m Ji(@)
jites By = 11 (Z SJ'S(B)) , (6.1.2)
" k=1 \slk
where (3, 5i(B)Y*® = 1 whenever j(x) = 0.

For t > 1, we then use mdbius inversion to obtain

Jles By = (1/0) ) ult/s)jy(@; B°). (6.1.3)

st

To justify (6.1.2) and (6.1.3), consider any permutation y = («; f) in the
power group B%. Let z, be a cycle of length k in the disjoint cycle decomposi-
tion of a. Let S be the set of k elements of X which are permuted by z,.
Then (z, ; f) is a permutation which acts on Y5. Define ci(B) as the number of
functions in Y5 which are fixed by the permutation (z, ; B). Then clearly

il B) =TT (el Y, (6.1.4)
k=1

where (¢, (f)Y<® = 1 whenever j () = 0.

A function f which is fixed by (z,; f) must assume all of its functional
values in the set of elements permuted by a single cycle z, of length s in the
disjoint cycle decomposition of . Suppose for such a function that f(x) = y
for some x in z, and y in z,. Then (z,; B)’f(x) = B*f(zix) = f(z}x). But since f
is fixed by (z,; f) 1t is also fixed by (z,; B)*. Therefore (z,; f)f(x) = f(x).
and so y = f(z}x). Similarly for all i, we have y = f(z¥x). Now f(z,x) = B~ 'y
and so the equations involving x and y also hold for z,x and 8~ 'y. We now
focus on the cycle z; containing element y and consider the part (z,;z,) of
(z; P). Since a further application of function f must be compatible with the
cycle lengths k and s, it is easy to see that s|k. Since element y in z, is arbitrary,
there are exactly s such functions for each cycle z;. Thus ¢ () = Zslk sidB)
and on substituting it in (6.1.4), we obtain (6.1.2).
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Now note that if the contribution of a permutation x to Z(A)is [ [/, s{<*,
then that of &' is

m
iy
[T sk, (6.1.5)
k=1

Since (o ; B)¥ = (a*; f%), we have from (6.1.5),

Jr5 B = ) (ko B) (6.1.6)
where the sum is over all k such that k = (k, t), i.e., all divisors k of t. Thus
Jr(@s B = 3 kjilos B) (6.1.7)

k|t

and mobius inversion yields (6.1.3). The use of (6.1.2), (6.1.5), and (6.1.3)
gives j(a; B) in terms of the j, () and j ().

The next theorem is used so often that it will be convenient to refer to it
by its initials, PGET. It enables us to determine the number of orbits of the
power group B, given Z(A4) and Z(B). The proof can be made by applying
Burnside’s Lemma (2.3.3) to formula (6.1.2) or as in [HP4] by using Z(B*)
together with Pdélya’s Theorem (2.4.6). But we do not include the details
here since it is the constant form of the result and is generalized in the power

series form of the PGET which is developed below.

Theorem (Power Group Enumeration Theorem, constant form) The
number of orbits of functions in Y* determined by the power group B* is

N(B*) = |BI7" Y Z(A;¢y(B) ..., culB) (6.1.8)
BeB
where
alB) =D sidp). (6.1.9)
slk

We wish to emphasize that the constant form of the PGET amounts to an
application of Burnside’s Lemma to the power group.

Toillustrate, we apply (6.1.8) with 4 = D,, the dihedral group of degree 4,
and B = §,. The result may be interpreted in numerous ways, but perhaps
the necklace context provides the most insight. The number of necklaces
containing exactly four beads in which the available beads are of two inter-

changeable colors is given by the result of this substitution. From (2.4.13)
we have

Z(D,) = st + 353 + 2s2s, + 2s,).
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[ T ][]

Figure 6.1.1

The four-bead necklaces with two interchangeable colors.

If Bin S, is the identity permutation, then from (6.1.9), ¢,(f) = 2 for all k.

If B is the transposition, then ¢,(f) is 0 or 2 according as k is odd or even.
From the PGET (6.1.8) we have

N(SP4) = 1{Z(D,;2,2,2,2) + Z(D,:0,2,0,2)}. (6.1.10)

We find at once that Z(D,;2,2,2,2) = 6 and Z(D,;0,2,0,2) = 2 and
therefore from (6.1.10) the number of orbits of S2¢ is 4. That is, there is one
necklace in which all four beads with interchangeable colors have the same
color; there is one in which exactly three beads have the same color and there
are two in which exactly two beads have the same color; see Figure 6.1.1.
The number of such classes of necklaces with n beads and m colors is simply
the number of orbits of S2-,

6.2 SELF-COMPLEMENTARY GRAPHS

We shall now illustrate the constant form of the Power Group Enumera-
tion Theorem by using it to determine the number of self-complementary
graphs with p points. The complement of a graph G, denoted G, has the same
points as G, and two points are adjacent in G if and only if they are not
adjacent in G. Then G is self-complementary if G and G are isomorphic.
Recall from [HI, p. 24] that every self-complementary graph G has p =0
or 1 (mod 4) points since the number of lines in G must be 4(5), an integer.
Aside from the trivial graph, the three smallest self-complementary graphs
include the 4-point path and the 5-point cycle.

Read [R6] showed how to compute the number of self-complementary
graphs by first applying deBruijn’s theorem [B5] to count graphs modulo
complementation. For this purpose we consider two graphs as equivalent
up to complementation if they are isomorphic or one 1s isomorphic to the
complement of the other. We now express this equivalence in terms of a
power group.

Let the pair group S act on X', the collection of all 2-subsets of
X =1{1,2,...,p}. and let S, have object set Y = {0, 1}. Each function f
from X to Y represents a graph G whose point set is X and in which the
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points i and j are adjacent whenever f({i,j}) = 1. Thus the elements 0, 1 of Y
are used to indicate the absence or presence of a line respectively. Consider the
power group B* with 4 = $%¥ and B = S,. Clearly the graphs of two func-
tions are equivalent up to complementation if and only if the two functions
are in the same orbit of this power group B*. For if a permutation («; (0)(1))
in this group sends function fto g, then fand g represent isomorphic graphs.
And if (o; (01)) sends fto g, then these two functions represent complementary
graphs. Hence, the number a, of graphs up to complementation with p
points is the number of orbits of this power group. Therefore we can apply
the constant form of the PGET with A = % and B = S,. Consider the
two permutations (0)(1) and (01) of S,. If = (0)(1), then j,(f) = 2 and
j{B) = 0 fors > 1;hence ¢(f) = 2 for all k. For § = (01), we have j,(8) = |
and j(B) = 0 fors # 2; hence we have ¢,(f) = 2 when kisevenand ¢, (f) = 0
when k is odd. Thus from formula (6.1.9), the number of graphs with p
points up to complementation is
a, =3{Z(8%;2,2,...) + Z(5%;0,2,0,2,...)}. (6.2.1)
Read then observed that 2a, is the number of graphs with p points
provided that a graph is counted twice if self-complementary and just once
if not. It follows that the number g, of self-complementary graphs satisfies

g,=2a,— g, (6.2.2)
where g, as in (4.2.1) is the number of graphs with p points. From Pdlya’s
result (4.1.8) we know that g, = Z(S\”;2,2,...). Substituting in (6.2.2) we
find the formula for g, given in the next theorem.

Theorem The number g, of self-complementary graphs with p points is
g, = 2(52;0,2,0,2,...). (6.2.3)

Because p = 0 or 1 (mod4) for g, > 0, these are the only values of p in
Table 6.1.1 taken from [R6].

TABLE 6.1.1

THE NUMBER OF SELF-COMPLEMENTARY GRAPHS

p 4 5 8 9 12 13 16 17
g, 1 2 10 36 720 5600 703 760 11 220000
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Formula (6.2.3) is specialized for these two cases as follows

!
8an = %UZ)T—I%}(—!Z“”’, (6.2.4)
and
Ban+1 = ‘I’Z ——n-!. 26T R (6.2.5)
" n! G 11k
where the sums are over all partitions (j) of n and
€)=2 Y ki~ D+ 4 Y i (62.6)
= <r<t<n

The complement D of a digraph D has the same points as D and u is
adjacent to v in D if and only if u is not adjacent to v in D. The number d, of
self-complementary digraphs may be found by the same approach as above.

Theorem The number ?l,, of self-complementary digraphs with p points is

d, = Z(S21; 0,2,0,...). (6.2.7)

On considering the number d,, of digraphs on an even number of points
we find, following Read, the curious fact that

aZn = §4n' (628)

However no one has yet found a natural 1-1 correspondence between these
self-complementary graphs and digraphs. Thus d,, ds and dg can be found by
using Table 6.1.1 for p = 8, 12, 16. These and other small values are displayed
in Table 6.1.2.

TABLE 6.1.2

THE NUMBER OF SELF-COMPLEMENTARY DIGRAPHS

p 2 3 4 5 6 7 8
» 1 4 10 136 720 44224 703 760

Formula (6.2.7) is specialized for the odd case as follows

- 1 n!

4, = =3 = i+ 2zi (6.2.9)
e r”%l_lkjk.]k!

where the sum is again over all partitions () of n.
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6.3 FUNCTIONS WITH WEIGHTS

There are many enumeration problems in which integral weights are
assigned to the functions so that each function in an orbit of the power group
has the same weight. We seek to express the answer as the generating func-
tion

C(x) = Cy + Cyx + Cyx* + -+ (6.3.1)

in which C; is the number of orbits of weight i.

Now consider the power group B acting on Y* where A4, X, and B are
finite, but Y may be countably infinite (to allow for all nonnegative integers
as weights). Let w be a function from Y into the set {0, 1,2,...}. As usual w

is called a weight function and for each f in Y* we define the weight of f,
denoted w( f), by

w(f) = 3, w(f(x)) (6.3.2)
xeX

Since X is required to be finite, the sum in (6.3.2) is defined. If for every orbit
of B4, all functions in that orbit have the same weight, then we can define
the weight of an orbit to be the weight of any function in it. Furthermore,
if for each i = 0, 1,2,..., the number of elements in Y which have weight i
is finite, then we can ask for the number of orbits of any specified weight.
Thus we regard two functions as the “same” if and only if they are in the same
orbit. Let C, be the number of different functions of weight k determined by
the power group. Then the determination of the series C(x) of (6.3.1) provides
the number of orbits of given weight.

We now seek to determine conditions that will ensure that functions in
the same orbit of B4 have the same weight. To this end, let Y; = w™ (i) be the
set of all elements in Y with weight i. We have seen that each Y; must be finite
in order that there be a finite number of functions of any specified weight.
By B(Y)) is meant that subset of Y consisting of all objects f(y), fe B, ye Y..
Now the condition required may be stated as follows.

Lemma All functions in the same orbit of the power group B* have equal
weight if and only if B(Y;) = Y;foreachi = 0,1,2,....

Proof For the sufficiency, suppose f and g are in the same orbit of B“.
Then for some (a; ) in B*, we have («; f)f = g so that ff(xx) = g(x) for
all x in X. Note that B(Y;) = Y, implies w(ff (xx)) = w( f(xx)). Therefore

wig) = Y wiBf(ax)) = 3, w(f(x)) = w(f).

xeX xeX
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For the necessity, suppose there is an element y in Y and a permutation f
in B such that w(y) # w(By). Let f and g in Y* be defined by f(x) = y and
g(x) = By forall xin X. Then fand g are in the same orbit of B4, but w(f) #

wig) /]

From now on we assume that the condition of this lemma is satisfied,
namely that for all i, B(Y;) = Y. Then each permutation f§ in B may be written
as a product

B =118 (6.3.3)

where for each yin Y, B(y) = f{y)if ye Y,.

To obtain the generating function C(x), we now need only modify the
variables ¢,(f) which appear in the statement (6.1.8) of the PGET. Let y =
(; B) be any permutation in the power group B“. Suppose z, is any cycle of
length k in the disjoint cycle decomposition of a. Again let S be the set of
elements of X which are permuted by z,. For each i = 0,1,2,..., define
c¥(B) as the number of functions fin Y which are fixed by the permutation
(z,; B) and which have

Y w(f(x)) = i. (6.3.4)

xeS

For convenience let us write the generating function

c(B.x) = ). ci(B)x'. (6.3.5)

Note that ¢, (8, 1) = ¢,(f) as defined in (6.1.9). Then the desired generating
function C(x) is given by
C(x) = |BI™1 Y. Z(A;¢y(B, %), c2(B, ). . - ., ¢ B, X)). (6.3.6)
peB

But using the same approach as made in the derivation of (6.1.2) for
Jq(ee; ), we have

cy(B.x) = 3 ji(B)x’ (6.3.7)
2By x) = 3 (1(B) + 22(B)x* (6.3.8)
c3(B.x) = X (j1(B) + 3j5(Bx™, (6.3.9)

and in general

alBx) =¥ (Z sjs(ﬁo)x“. (63.10)

slk
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Collecting these observations, we have the following result.

Theorem (Power Group Enumeration Theorem, power series form) The
series C(x) which enumerates by weight different functions as determined by
the power group B* is

C(x) = |B™" Y Z(A;5¢,(B, x), c3(B, x), ... .., el B X)) (6.3.11)

feB

where

cdBx) =3 (Z sjs(Bi) | x“. (63.12)

i \slk

Analogous to the remark after the statement of the constant form of the
PGET, this power series form consists essentially of an application of
Polya’s Theorem to the cycle index of the power group.

Pélya’s Theorem is immediately obtained from this theorem by taking B
as the identity group on Y. Then with § the identity permutation on Y,
J1(B) = |Y] for each i and j(B) =0 for all s # 1. Thus ), 5j(B) = |Y]
for each i, and ¢,(f, x) = Y, |Y|Ix* for each k = 1 to m. Therefore writing
c(x¥) for c,(B, x), we have

C(x) = Z(A; c(x), c(x?), . . ., c(x™)). (6.3.13)

The difference between the expression for C(x) in the power series form of the
PGET and that involving partial derivatives given in deBruijn’s statement
of the same result is merely formal, as shown in [HP4]. It is just a matter of a
change in notation and routine algebraic manipulations (Exercise 6.15).

To illustrate, we return to the necklace problem discussed in Section 6.1.
Let D, act on X = {1,2, 3,4} and suppose Y = {1, 2, 3} with w(1) = 0 and
w(2) = w(3) = 1. The group B shall consist of the permutations (1)(2)(3)
and (1)(23). Then the power series form of the PGET may be applied to obtain
the series C(x) and we can interpret the coefficient of x* in this series as the
number of four-beaded necklaces which have 4 — k beads of color 1 and &
beads of the interchangeable colors 2 and 3.

In applying the theorem, first consider § = (1)(2)(3); then (B, x) =
1 + 2x* for each k. When B = (1)(23) then ¢(8,x) = 1 if k is odd, and
cdB, x) = 1 + 2x*if k is even. Using formula (6.3.11) in the theorem, we have

C(x) = H{Z(D,,1 + x) + Z(D,; 1,1 + 2x%,1, 1 + 2x4)}.
Substitution into Z(D,) yields
C(x) = 1 + x + 4x* + 3x3 + 4x*.



144 6 POWER GROUP ENUMERATION

| DZ | I:]s | DZ
2 2 2 2 2 3
Figure 6.3.1

Necklaces with one fixed color and two interchangeable colors.

We now verify in Figure 6.3.1 that the coefficient of x> in the preceding
equation is 3 by writing numbers 2, 3 near the points for the interchangeable
colors and 1 for the fixed color.

Note that the coefficient of x* in the last equation is the number of four-
beaded necklaces with two interchangeable colors. We have already verified
in Figure 6.1.1 that this number is 4.

The PGET is readily modified to handle problems in which the weight
function assumes values in any commutative ring which contains the
rationals, although there does not appear to be an abundance of intuitively
interesting problems at this level of generality.

6.4 GRAPHS WITH COLORED LINES

Read [R7] gives the generating function for the enumeration of graphs
with p points whose lines are colored with m interchangeable colors. The
power series form of the PGET provides a simple approach to the problem
of determining this function.

Let A be the pair group S with object set X®. Let Y = {0, 1,....m}
and consider the symmetric group S, ; acting on Y. For B we take the sub-
group of S, , ; which fixes the element 0 of Y so that Z(B) = s,Z(S,,). Next we
define a weight function w from Y into the set {0, 1} with w(y) = 0 if and only
if y = 0. Then each function f from X‘® to Y represents a graph with f~ (i)
lines of ““color i” for i = 1 to m. Further, the weight W( f), as defined in (6.3.2)
is the number of lines in the graph represented by f. It follows that the generat-
ing function N7(x) which we seek is obtained by applying (6.3.11) to this
power group B4

To illustrate, we show some of the details for m = 3. In accordance with
the notation above, we have Y, = {0} and Y, = {1,2,3}. For each #in B
we must compute ¢,(f3, x) as given by formula (6.3.10). Recall that for i = 0, 1.
the coefficient of X" in ¢\(f, x) is Y, 9(B). There are three cases, one for
each type of permutation.
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Casei [ = (0)(1)(2)(3).
We have f, = (0)and B, = (1)(2)(3). Therefore j,(,) = 1 and j,(3,) = 3.
So ¢, (f. x) = 1 + 3x* for all k.

Caseii [ = (0)(12)(3)
Since B, = (0) and fB; = (12)(3), we have j,(ff;) = 1, j,(f,) = 1, and

Jj2(B1) = 1. Therefore Zs|k sidB1) 1s j(By) or (j(B,) + 2j,(f3,)) according
as k is odd or even. Hence ¢, (8, x)is 1 + x* or 1 + 3x* according as k is odd
or even.

Case iii [ = (0)(123)

Since f, = (0) and 8, = (123) we have j,(8,) = | and j;(f8,) = 1. There-
fore Zslk sjid(B,) is 0 or 3j;(B,) according as 3 4 k or 3|k. Hence ¢, (f3, x) is 1
or 1 + 3x* according as 3 }t k or 3|k.

If B=1(0)(13)(2) or f = (0)(23)(1), then, of course, ¢, (B, x) is given by
Case i1. From (6.3.11) we now have
Nf,(x) = %(Z(S(pz); 1+ 3x, 1+ 3x%,...)

+3Z(S%5 1 + x, 1+ 3x5 1+ X3, ...)

+ 2Z(S§,2); 1,1,1 4+ 3x3,...)).
Therefore, for p = 3,
Ni(x) =1+ x + 2x? + 3x°>.

In Figure 6.4.1 we illustrate this equation by showing all the 3-point
graphs in which the lines are assigned three interchangeable colors a, b, c.

1

+ X + 2,\'2 + 3X3
o o)
\ /\ A
o a o a
o o Oo—0

a a
ANEA

b
Aﬁ

c

Figure 6.4.1

Graphs with lines of interchangeable colors.
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6.5 FINITE AUTOMATA

Harrison [H15] first solved the problem of finding the number of different
automata. With the aid of the PGET, the problem of counting automata
with specified initial and final states can also be handled routinely, as in
[HP9]. To set the stage, we enumerate ordered pairs of functions with respect
to the product of two power groups. Finite automata are then concisely
defined as certain ordered pairs of functions. We review the enumeration of
automata in the natural setting of the power group, and then extend this
result to provide for initial and terminal states.

To develop the enumeration theorem for ordered pairs of functions,
let B, and B, be permutation groups.Let 4, = C; x D;and 4, = C, x D,
be two products of groups where for i = 1, 2 the degrees of C; and D; are c;
and d, respectively. Using formula (4.3.10) to get the cycle index of the carte-
sian product of two groups, equation (6.1.2) for the number of objects fixed
by a given permutation in the power group, and Burnside’s Lemma (2.3.3),
we can obtain the next theorem.

Theorem The number of orbits determined by any subgroup F of
(BS=P) x (BS*P) is

2 ¢ d; Jptri)ig(é:)(p.q)
N(F):lFrlz*n{n [z sjsw,-)J } 651

i=1 ({p=1qg=1 Ls|{p.r]

where the asterisk indicates the sum is taken over all permutations (((7,, 6;);

B ((72-65); B2))in F. ’

There are a number of ways in which finite automata can be defined, but
the formulation most convenient for our purposes may be expressed In
terms of ordered pairs of functions. Let X, Y, and S be three sets with cardinal-
ities k, m, and n respectively. The elements of S will be called states; the sets
X and Y, the input and output alphabets, respectively. An automaton is an
ordered pair of functions (f;,f,) with f;:S x X -» S and f;:S x X - Y.
The map f 1s called the input function and f, is the output function. In con-
ventional terminology, f, tells the next state and f, the output symbol when
the automaton is in any given state and is presented with some input symbol.

Three types of equivalence for automata are described by Harrison
[H15]. but we will treat just one of these types here; namely isomorphism:
the others may be handled similarly. Let S,, S,,. and S, be the symmetric
groups with object sets X, Y, and S respectively. Thus there are n states. k
input letters, and m output letters. Two automata (f;,f;) and (g,.g,) are
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called isomorphic if there are permutations « in S,,, f in S;. and y in S,, such
that forall sinSand xin X

fils, x) = a7 g (as, fx) (6.5.2)

and

fa(s, x) = 77 g,las, B). (6.5.3)

Thus equation (6.5.2) allows for changing the names of the states, while
(6.5.3) admits permuting the input symbols. Figure 6.5.1 shows two automata
which represent the same input function under the equivalence relation of
isomorphism defined above. The symbols 0 and 1 are used for the input
alphabet. Both the two state labels and the two input letters have been inter-
changed.

In order to have an appropriate graph theoretic setting, we require the
next concept. In a net, both loops and multiple directed lines are permitted;
see [HNCI1, p. 5]. If the outdegree of every point is k, and each of the k lines
from a point s given a different label from the input alphabet X, then such a
net represents the input function of an automaton. We also label the points
of the net as the states of the automaton at hand.

To further clarify the definition of isomorphic automata given above,
consider equation (6.5.2) which defines equivalence for input functions f;
and g, . In the labeled net of f|, there is a directed line with input x from each
state s to the state f(s, x). Similarly, in the net of g, there is a directed line
with input label fx from each state as to the state g,(«s, fx). Thus the permu-
tation ((, B); a~ ') in the power group S37*5* sends the input function g, to
f1 and simply changes the names of the states along with the appropriate
changes in the input labels on the directed lines.

For the enumeration of automata, we must take

C1 = C2 = Sn, Dl = Dz = Sk, Bl = Sn, and B2 = Sm.

Then we apply the constant form of the PGET with F the subgroup of
(S5+%5k) x (§5-*Sx) which consists of all permutations of the form (((«, B);
271 ((«, B); 7). Since the order of F is nlk!m!, the formula is as follows.

0] i
0] 1

Figure 6.5.1

Two isomorphic automata.
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Corollary The number a(n, k, m) of automata with »n states, k input symbols,
and m output symbols is

a(n,k,m) = (1/ntk'm") Y I, B, 0)l(, B, y), (6.5.4)

where the sum is over all permutations in F and

topn = 11 11 5 st

=1 \sllp.q]

Jp(@jg(B)(p, @)
) (6.5.5)

Obviously (6.5.4) can be modified further by using the formula for the
number of permutations in a symmetric group with a given partition.

As an illustration we give some of the details for finding a(2, 2, 1), the
number of automata with two states, two input symbols, and just one output
symbol. Since there is only one output function, formula (6.5.4) is somewhat
simplified :

) Jp(@)ig(BXp.q)

a2,2,1) =1 [[ I1 ( Y, @)

g=1 \sllp,q]
=42*+22+22+29)=71. (6.5.6)

In an automaton one usually distinguishes one of the states, calling it the
initial state or source. Further, one may distinguish several other states

/\ 0 0
S‘ .o. 52 85‘ 52 g
\-/ 1 1
0
Sy i 52 Y
0 Sy
1 52 1
0
1 0O
0 0] 1 0
$1 52 5, 52
1 1
0
5
52 !

1

Figure 6.5.2

The seven automata of equation (6.5.6).
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called terminal states. Thus to enumerate these automata, we must enumerate
appropriately rooted nets. More specifically, we enumerate nets with one
initial state and ¢ terminal states. The method involves application of the
power group to the original enumeration of rooted graphs given in [H4].

The operations on permutation groups of forming the power group,
product and sum provide the means for an explicit description of the permu-
tation group which accomplishes the enumeration. Let H be the permutation
group

H = {(E; S,y S)(ES=-159 %Sk} x {S(ESn-c- 15050y

acting on $5*% x YS*X,

Let a(n, k, m, t) be the number of automata with n states, including one
initial state and ¢ terminal states, k input symbols, and m output symbols.
Let F be the subgroup of H which consists of all permutations of the previ-
ously encountered form (((a, B); "), (o, B);7)). Then the order of F is
(n—1t— 1'tk!m!. As before, the number of such automata is given by
formula (6.5.1).

Corollary The number of automata with one initial state and ¢ terminal
states is

aln, k,m, t) = [1/(n — t — D1etk!m )Y e, B, o)l( B,y)  (6.5.7)

where the sum is over all permutations in H of the form (((a, B): « ™), (o, B);
7)), and I(a, B, 7) is given by (6.5.5).

Fora simple example, we take the case in which the number m of output
symbols and the number ¢ of terminal states are both 1, and the number of
input symbols is 2. Then we have

n-2 2
a(n, 2,1, 1) = [1/(n — 2)!2]3. ] H( 2 S

p=14g=1\s|lp.q]

Jp(2)jq(B)p.q)
) (6.5.8)

It is now easy to calculate that for n = 2, a(2,2, 1, 1) = 10. (See Table
6.5.1 and Figure 6.5.3.) In Table 6.5.1 the values of a(n, 2, 1, t) are shown for

TABLE 6.5.1

THE NUMBERS a(n, 2, 1, 1)

2 10

3 378 198

4 16 576 16 576 5614

5 819420 1226 900 819420 206 495
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0
1 i
0 o
= :
1 0
0 0 1 0
s, ) s, S2
1 i
o : 0
0 ' o
3 S, | S S, \
0 0
£) 5
0 0
0 0
0 0
s, 52
A 1 5y i

Figure 6.5.3
The ten automata verifying the value of a(2, 2, 1, I).

small nand t = 1 ton — 1. The identical entries occur because a(n, 2,1,t) =
ain,2,1,n —t — 1) for t = 1 to n — 2. We note that the enumeration given
by the Corollary (6.5.7) entails ¢ terminal states different from the initial
state. To admit the situation where the initial state is itself one of the terminal
states, one replaces each occurrence of t in (6.5.7) by t — 1. It is just as easy to
count automata with any number r of initial states and ¢ terminal states,
as well as any specified number of states which are both initial and terminal.

6.6 SELF-CONVERSE DIGRAPHS

Our object is to derive a formula for the counting polynomial d'(x) which
has as the coefficient of x7, the number of self-converse digraphs with p
points and ¢ lines [HPS5]. Such a digraph D has the property that its converse
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digraph D' obtained from D by reversing the orientation of all lines is iso-
morphic to D. The derivation uses Polya’s Theorem as applied to the restric-
tion of the power group wherein the permutations act only on 1-1 functions,
for reasons explained below. By inspection, we find that the counting poly-
nomial d5(x) which enumerates the self-converse digraphs with three points is

dy(x) =1 4+ x + 2x% + 2x> + 2x* + x> + x5 (6.6.1)

Recall that the complement D of a digraph D has the same set of points as
D, and in it u is adjacent to v if and only if u is not adjacent to vin D. It is
easy to see that (D) = D’ i.e., the converse and the complement of a digraph
commute. This remark accounts for the end-symmetry of the coefficients of
d(x)asin (6.6.1) for p = 3.

Two digraphs D, and D, with the same set of points are equivalent up to
conversion if either D, =~ D, or D| = D,. (Note the analogy to equivalence
of graphs up to complementation.) Our objective now is to find a formula for
c,(x), the counting polynomial which enumerates digraphs with p points
up to conversion. To do this, we must find, as in the case for graphs, the
appropriate permutation group to which PET may be applied.

Let S, act on {1, 2} and consider the power group S5* acting on X'"%,
the functions from {1, 2} into X. Observe the natural correspondence between
the elements of X'?! (which are ordered pairs of distinct elements in X)and the
1-1 functions in X'*-¥). Each ordered pair (i, j) in X!?! corresponds to the 1-1
function in X'*-?! which sends 1 to i and 2 to j. Thus we may consider the
restricted power group S5* where the restriction is to 1-1 functions as acting
on the elements of X'?1. More specifically, the permutations of S5** consist
of those ordered pairs (a; §) of permutations « in S,, f in S, such that for any
(i,j) in X',

o B, ) i a=(1)Q2)
(; G )) = { | (6.6.2)
(Bj, Bi) if o =(12).
o o o——=—o0 O /\n A

Figure 6.6.1

The ten self-converse digraphs on three points.
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Now let E, be the identity group acting on the set ¥ = {0, 1}. Consider
the power group B consisting of E, raised to the group 52" acting on Y*"*
the functions from X into Y. Each such function f represents a digraph
whose points are the elements of X = {1,2,..., p}, where i is adjacent to j
whenever f(i, j) = 1. Thus the elements 0 and 1 of Y indicate the absence or
presence of arcs.

Let f, and f, be two of these functions, and let their digraphs be D,
and D, respectively. Then D} =~ D, or D, = D, ifand only if there is a permu-
tation y in Bsuch that yf; = f,. This follows from the fact thatfory = ((«; f);
€) the digraph of yf, is isomorphic to D, or D', according as a is (1)(2) or (12).

Thus equivalence of digraphs up to conversion corresponds to the
equivalence of functions in Y*'’ determined by the power group B.

Now by applying PET, which we can do because the base group is E,,
we obtain the next result, which is required for counting self-converse
digraphs.

Theorem The counting polynomial ¢, (x) which enumerates digraphs up
to conversion is

c,(x) = Z(S5, 1 + x). (6.6.3)

There are formulas which can be used to express the cycle index of any
restricted power group B**, where the restriction is to the 1-1 functions
which are present. But in the special case 4 = S, and B = §,, a more
explicit formula can be given. For each permutation « in S, the partition of «
is denoted as previously by (j) = (j;,j,,.-.,Jj,)» where j, is the number of
disjoint cycles of length k in «. Then the contribution to Z(S;') of (12); «) is

p j PR
I(a) = l_[ S{%::;k(?‘) . I_I SE%:I’:%("J)JH:

k=1 1<r<t<p
k=[r.1] (6.6.4)
(k—1)/2]j k—2)j k)2 j 1 - n(k))J
. H S[2k ) 21 H S;( )Jkszh) Jksfc n( ))Jk,
k odd k even

where n(k) = 1if k/2 is an odd integer and 0 otherwise.
Hence the cycle index of $3*" can be expressed as

Z(Sﬁz') = (1/2pY)| p'Z(S) + Y I@)}. (6.6.5)

xeSp

Now we make the simple observation for self-converse digraphs which
corresponds to that made by Read for self-complementary graphs. Namely,
the polynomial 2c,(x) counts each digraph twice if it is self-converse and
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once if not. Hence the polynomial 2¢,(x) — d,(x) counts each self-converse
digraph just once. Thus we have

di(x) = 2¢,(x) — d,(x). (6.6.6)

This together with formulas (5.1.4) and (6.6.3) gives the next result.

Theorem The counting polynomial d/(x) for self-converse digraphs is

d(x) = 2Z(S57, 1+ x) — Z(S, 1 + x). (6.6.7)
To use formula (6.6.7) for d',(x) let
F($3) = (1/pY) Y. I(w).

acS,

Even though this last expression does not refer to a permutation group,
we still define the substitution of 1 + x in it to mean the polynomial obtained
by replacing each variable s, in F(S;) by 1 + x* Combining (6.6.7) and
formula (6.6.5) for Z(S5*"), we obtain

di(x) = F(S3*,1 + x). (6.6.8)

To illustrate, we develop the polynomial d(x) for the self-converse
digraphs on three points. The cycle index of the symmetric group S is

Z(S3) = L(s? + 3s,5% + 255). (6.6.9)
From this and formula (6.6.4) for I(x), we have
F(S5%) = L(s3 + 3sis3 + 2s¢). (6.6.10)
Formula (6.6.8) gives for p = 3,

%) = 21+ x2)° + 31 + x)2(1 + x*)? + 2(1 + x9)
=14 x4+ 2x% +2x> 4+ 2x* + x° + x°. (6.6.11)
and for p = 4,
diy(x) = (1 + x»)°® + 6(1 + x)*(1 + x?)° + 8(1 + x)?
+ 3(1 + x)*1 + x2)* + 6(1 + x*)?)
=1+ x + 3x? + 5x + 9x* + 10x° + 12x°
+ 10x7 4+ 9x® + 5x° + 3x!% + x'! + x!2 (6.6.12)
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4 1N N

Figure 6.6.2

Five self-converse digraphs.

These coefficients may be checked in detail by examining the diagrams
of the four point digraphs in [HP6] or in the Appendix of [H1]. In Figure
6.6.2 we show the five self-converse digraphs with four points and three lines.

A slight modification of formula (6.6.7) results in the polynomial r(x)
that enumerates self-converse digraphs in which loops are permitted.
On permitting the addition of loops to digraphs, we obtain, of course, just
relations. It is easy to see how the power group S;? can be used to count
relations up to conversion. Recall that the ordered pair group S acts on all
ordered pairs (where the elements need not be distinct) as induced by the
symmetric group S,. As shown in (5.1.13), the polynomial r(x) which counts
relations is

r(x) = Z(S2, 1 + x). (6.6.13)
Then r\(x) is given by
r(x) = 2Z(S3,1 + x) — Z(S%, 1 + x). (6.6.14)

To use equation (6.6.14), it is convenient to introduce the following
notation for each permutation « in §,

a) = I(«) i six. (6.6.15)
k=1
Then the cycle index of the power group $52 can be expressed :
Z(S3) = 21' plZ(S}?) + a; J(@)]. (6.6.16)
Now let ”
H(S3) = — Z J(x (6.6.17)
p!.cs,

Then the formula for r (x) can be written
r(x) = H(Siz, 1 + x). (6.6.18)

Let d, be the total number of self-converse digraphs with p points.
Then, referring to (6.6.7). we see that d;, = d,(1). In order to express a formula
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C—O > >0 CCCO

Figure 6.6.3

The self-converse relation on two points.

for d’, in relatively manageable form, we introduce the following notation.
Foreachain S, let

L k—1 i
elo) = Z [(2, k){T]k + k(jz)} + ”(k)jkj,

+ Y 2 ), (6.6.19)

1<r<t<p

Since the replacement in (6.6.8) and (6.6.4) of each s, in F(S3*") by 2 gives
d(1), we have

d) = (1/ph Y 2, (6.6.20)
€S,

A similar formula is easily obtained for the total number r, of self-
converse relations with p points. The total for p = 1 to 6 are in Table 6.6.1.
The eight self-converse relations on two points are drawn in Figure 6.6.3.

TABLE 6.6.1

THE NUMBER OF SELF-CONVERSE DIGRAPHS
AND RELATIONS ON p POINTS

p 1 2 3 4 5 6
d, 1 3 10 70 708 15248
o 2 8 44 436 7176 222 368

EXERCISES

6.1 (a) How many orbits of functions from a set of m elements to a set of n

elements are determined by the power groups E£= E3= and SEm?

(b) How many onto functions are determined by these power groups?

(Hint: Use binomial coefficients or Stirling numbers of the second kind.)
(Palmer [P2])
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6.2 Find formulas for Z(5%%), Z(C5?), Z(S5*"), and Z(C$*"). (Read [R6))
63 g,= Zq (=1yg,, (Frucht and Harary [FH1])
6.4 Find the series C(x, y) such that the coefficient of x"y* is the number of

six-beaded necklaces which have r beads of two interchangeable colors,
s beads of two other interchangeable colors and 6 — r — s red beads.

6.5 Find the series N(x, y) which has as the coefficient of x"y* the number of
graphs with four points and r lines of two interchangeable colors and s lines
of three other interchangeable colors.

6.6 In how many ways can the faces of a cube be colored with three colors,
two of which are interchangeable?

6.7 In how many ways can the faces of the cube be colored with two inter-
changeable colors?

6.8 Find a formula for Z(S5).
6.9 Self-complementary eulerian graphs. (Robinson [R18])

6.10 Self-converse oriented graphs, and self-complementary oriented
graphs. (Sridharan [S5])

6.11 The number of self-complementary tournaments of order 2n is

(2n)!

2n)' S 2t T H QK2 [T 20

r<t

where the asterisk indicates the summation is over all partitions () of 2n
with j, # 0 only when k is even but 4 } k. Self-complementary tournaments
of odd order.

6.12  Vacuously transitive relations, and digraphs in which there are no
transitive triples. (Sharp [S2])

6.13 Digraphs whose converse and complement are isomorphic.
(Palmer [P6])

6.14 A signed graph is self-negational if it is isomorphic to the signed graph
obtained by changing positive lines to negative and vice versa. Self-negational
signed graphs. (Read [R7))

6.15 In order to state deBruijn’s polynomial form [B5] of the PGET it is
convenient to assume that B = []i_, B, with B, acting on Y,. In many
applications B has this form. Let

1
Z(B) = — Jk(ﬂ)
B) =5y 2 110%
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Then the polynomial C(x) which counts orbits of the power group B* is
obtained by first setting

[m/k] )
b, = exp {k Y zksx"‘s}

s=1

in Z(B). Then

P P
Clx) = [Z(A,éz,...,g—)Z(B)]zﬁo.

m



If it tastes good already, it will taste even better with
paprika on if.
Old Hungarian saying

If an important decision is to be made, they discuss
the question when they are drunk, and the following
day the master of the house where the discussion was
beld submits their decision for reconsideration when
they are sober. If they still approve it, it is adopted;
if not, it is abandoned. Conversely, any decision they
make when they are sober, is reconsidered afterwards
when they are drunk.

Herodotus on the Persians

Chapter 7| SUPERPOSITION

There are several natural ways to define the union of a collection of
graphs. In each case we shall call the union a “‘superposition.” Three of
these are illustrated in Figure 7.0.1. The problem of determining the number
of “different” superpositions which can be obtained by superposing a given
set of graphs has been solved for several interesting special cases. Redfield
[R10] was the first to obtain such a solution. His enumeration theorem, when

or or

C
T Oem o o e = O &
n
S -

Figure 7.0.1

Three different superpositions.

158
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combined with his **decomposition theorem,” also lends itself to the enumera-
tion of graphs and digraphs. The object of this chapter is to present Redfield’s
enumeration methods while recasting them in contemporary notation and
terminology (see [HPS], [P4], [F2]).

7.1 REDFIELD’S ENUMERATION THEOREM

The operations cap n and cup U on cycle indexes were used by Redfield
to express the results in both his “enumeration theorem™ and his “decompo-
sition theorem.” They were exploited by Read to derive his “‘superposition
theorem” [R1], and were interpreted by Foulkes [F1] as scalar products of
certain group characters. These two operations can be introduced in a very
general setting.

The ring of rational polynomials in the variables s,;s,, ..., s, is denoted
by R. The operation cap is first defined for a sequence si'siz - - - si¢, sitsiz - .-
si4,...of m > 2 monomials in R by

d m—1
(sysZ sy (sish - si)ym-- = (H ki"ik!) (7.1.1)
k=1
ifi, = j, = ---forall k,and is 0 otherwise (b° = 1even when b = 0).

By linearity, the cap operation may then be extended to arbitrary poly-
nomials in these variables.

The second operation, cup, is defined for monomials in terms of cap:
(Sis s U (sfisg st o
= [(ss7 - -s@) O (sPsf sl me o Ist st (7.1.2)

This operation is also extended linearly so that it also is defined for cup
products of m polynomials.

Thus the result of applying the cap operation is a number whereas the
cup leads to a polynomial. In practice, these operations are applied only
to the cycle indexes of m permutation groups of the same degree. To illustrate,
we give the details for a case where m = 2 with the cyclic and dihedral groups
of degree 4:

Z(C,) = L(s* + 52 + 2s,) (7.1.3)

Z(D,) = s(st + 2525, + 35} + 2s,) (7.1.4)

Z(Cy) N Z(Dy) = 35((s1 N s?) + 3(s3 1 s3) (7.1.5)
+ 4(s, N sy)] = 3524 + 24 + 16) =2

Z(C) U Z(D,) = &5 (24s* + 2452 + 16s,). (7.1.6)

Thus Z(C,) » Z(D,) is just the coefficient sum of Z(C,) u Z(D,).
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Let W be the collection of m x n matrices in which the elements of each
row are the n objects in a set S. Thus there are (n!)" matrices in W. Two
matrices in W are said to be column equivalent if one can be obtained from the
other by a permutation of the columns, and it is easy to see that there are
(n!)"~! corresponding equivalence classes. Next, another equivalence
relation is defined for the column-equivalence classes. Let C, and C, be two
such classes and let B,,..., B,, be permutation groups with object set S.
Then C, and C, are called equivalent with respect to (B, ..., B,) if there is a
sequence f,, ..., f,, of permutations with B, in B; for each i and a matrix
[w;;] in C, such that [f;w;;] is in C,. That is, §; permutes the elements in
the ith row of some matrix in C, and the result is a matrix in C,. Redfield’s
enumeration theorem expresses the number of these classes in terms of the
cycle indexes of the groups B; and the cap operation.

Redfield’s Enumeration Theorem The number N[B,,..., B,] of classes

of m x n matrices equivalent with respect to the permutation groups
(Byy..-,B,)1s

N[B,,...,B,] = Z(B)) n--- n Z(B,). (1.1.7)

This result can be verified by first constructing a permutation group that
has as its orbits the classes of matrices to be counted. Then (7.1.7) follows
from Burnside’s Lemma (2.3.3) applied to this group.

We now show how the theorem can be used to calculate the number of
superpositions of a set of graphs. Let G,, ..., G,, be m graphs each of which
has the same set of n points and in which, for each i = 1 to m, the lines of G;
are labeled with the integer i (or belong to color class i). A superposition
of these graphs has the same set of points and any two of them, say u and v
are adjacent with line label i whenever u and v are adjacent in G;. Thus the
lines in a superposition are labeled but the points are not. To illustrate we
display in Figure 7.1.1 all the superpositions composed of two cycles of
order 5. We use solid and dashed lines to indicate the two colors.

Redfield [R10] and Read [R1] observed that the number of different
superpositions is simply the number of classes of m x n matrices which are

Figure 7.1.1

The superpositions of two cycles.
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equivalent with respect to (I'(G,),...,I'(G,)). Thus we can determine the
number of superpositions, provided we know the cycle indexes Z(G,) of the
groups I'(G)) of the graphs involved. This writing of Z(G) in place of Z(I'(G))
is a convenient abuse of notation.

Corollary The number of different superpositions of m graphs G; with the
same set of unlabeled points is

Z(G) n - 0 Z(G,). (7.1.8)

For example, to determine the number of superpositions of two cycles of
order n we can calculate Z(D,) n Z(D,), since the group of a cycle is D,.
With n = 5 we know from (2.2.11) that

Z(Ds) = 15(s5 + 4s5 + 55,52). (7.1.9)

From the definition of the cap operation it follows that

Z(Ds) N Z(Ds) = 1oo(s; 0 8] + 1655 N ss + 255,52 N 5,52)

35(120 + 80 + 200) = 4, (7.1.10)

and this is verified by the superpositions of Figure 7.1.1.

Redfield’s Enumeration Theorem can be used to determine the number
of superpositions when the constituents are directed graphs or both graphs
and digraphs. Indeed, Redfield illustrated his theorem by superposing
cycles and directed cycles separately and together. Figure 7.1.2 shows the
two superpositions of a directed and an undirected cycle of order 4, thus
verifying equation (7.1.5).

Finally, suppose G is a graph with n points and just one line. Then the
number of superpositions of m copies of G is equal to the number of multi-
graphs with n points and in which each line has a different color. Since
Z(G) = Z(S,)Z(S, - »), the number of these is the n-product of length m:

Z(S)Z(S,-2) N - 1 Z(SR)Z(S, - ).

Figure 7.1.2

Two superpositions of a directed and an undirected cycle.
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-

Figure 7.1.3

The superpositions of three lines on three points.

With m = n = 3, the value of this product is 5. The corresponding super-
positions are shown in Figure 7.1.3 with solid, dashed and dotted lines to
distinguish the copies of G.

REDFIELD’S DECOMPOSITION THEOREM

The decomposition theorem for u-products is not used directly for
enumeration purposes but it can be exploited in determining the cycle
index of the pair group S{?’ and the reduced ordered pair group St?. Further-
more, it suggests a means of finding a formula for the cycle index sum of the
groups of all graphs. The latter formula plays an important role in the
enumeration of blocks as derived by Robinson [R19].

To state the theorem we first associate in a natural fashion a permutation
group with each of the N[B,,...,B,] classes of matrices enumerated in
(7.1.7). Suppose [w;;] isan m x nmatrix in the kth class. Then the permutation
group A, associated with this class consists of all permutations y such that y
is an element of each group B;, and [w;;] and [yw;;] are in the same class,
ie., are column equivalent. When Redfield’s Decomposition Theorem
is applied to graphs, the classes of matrices correspond to superpositions.
Hence each superposition has associated with it a permutation group.
Indeed, this group consists of all the permutations of the points of the super-
position that preserve adjacency in each of the constituent graphs. For
example, the groups of the superpositions in Figure 7.1.2 are the cyclic
group C, and the wreath product S,[E,].

Redfield’s Decomposition Theorem Let B,,..., B, be m permutation
groups of degree n and let N be the number of classes of m x n matrices
equivalent with respect to (B,,..., B,). Then the N permutation groups
H,,..., Hy associated with these classes satisfy
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Thus Z(C,) v Z(D,) equals the cycle index sum Z(C,) + Z(S,[E,]) of the
superpositions in Figure 7.1.2.

Proof To prove the theorem we make use of a simple group-theoretic
identity, called Redfield’s Lemma, which will enjoy wide applicability.
Let A be a group with the permutation representation 4’ on object set Y.
For each o in 4, we denote by «’ the image of « in A’ for this representation.
Let ¢ be a function from A4 into some polynomial ring over the rationals
which is constant on the conjugate classes of A4; as usual, ¢ is then called
a class function for A. It is then also a class function for A'. Suppose A" has N
orbits. Let y,, ..., yy be elements of Y, one from each of the N orbits and for
each k = 1 to N let '

A, = {ae Ala'y, = yi}. (7.2.2)

Then we have the following generalization of Burnside’s Lemma :

Redfield’'s Lemma

' ZAh o )plat) = Z 1471y (o). (7.2.3)
ae acAy

The verification of (7.2.3) is similar to that of Burnside’s Lemma (2.3.10)
and is therefore omitted. Note that if we chose @(a) = 1 for all «, then (7.2.3)
is precisely the formula in Burnside’s Lemma.

For A we take all m-tuples « = (8,, ..., B,,) with f, in B, for each i = 1
to m. Multiplication in A is defined componentwise, and «’ permutes column-
equivalence classes as follows. The class to which [w;;] belongs is sent by o'
to that of [;w;;]. Finally ¢(«) = 0 unless each component §; determines the
same partition (j) of n in which case () = [ J;_, si. The proof of (7.2.1) can
now be completed by applying Redfield’s Lemma (7.2.3). //

The decomposition of U-products is not necessarily unique, but there are
several cases important for our purposes in which it is unique (see Redfield
[R10] and especially Foulkes [F1] for a complete discussion). We are now
concerned with the cycle indexes of cyclic groups. Let « be a permutation of n
objects which has order r, and let Z(x) denote the cycle index of the cyclic
group generated by «. Then we have

Za)=r""t z H St s, (7.2.4)

and if « consists only of a single cycle of length r, Redfield’s formula for Z(«)
1s easily verified :

Z(@) = r 'Y o)), (7.2.5)

d|r
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where ¢ is the Euler ¢-function. The following result is a consequence of the
decomposition theorem and is found in Redfield [R10] in quite a different
form.

Corollary If B is a permutation group of degree n and « is any permutation
of n symbols which has order r, then
ZB)u Z(@) = Y i, Z("), (7.2.6)

kir

where the i, are uniquely determined nonnegative integers.

It follows from the Decomposition Theorem (7.2.1) that Z(B) u Z(x)
is a sum of cycle indexes of groups which are subgroups of both B and the
cyclic group generated by a. The coeflicients i, are unique because the cycle
indexes Z(x*) are independent. Furthermore, this corollary can be used to
calculate the cycle index of the derived group of two permutation groups
introduced next.

Let 4 and B have the same object set X = {1,...,n}, which 1s also the
object set of the symmetric group S,, and let B be a subgroup of 4. The
derived group of A and B is denoted by A/B and has as its object set the right
cosets of A modulo B. For each permutation « in A4, there is a permutation
o' in A/B such that for any right coset B of A4, the image of B under «’ is
afiB. That is

«(BB) = afB. (1.2.7)

Thus the permutations in A/B consist of all those permutations of the cosets
which are induced by A4 under left multiplication. Hence 4/B is a homo-
morphic image of 4 and the degree of A/B is |A4]|/|B|. The cycle index Z(S,/B)
can be obtained from the next corollary.

Corollary If S,/B is a derived group, then the permutation o in S,/B has i,
cycles of length k for each k|r, where the i, are the coefficients of the Z(a*) in the
decomposition of Z(B) U Z(«).

Thus the contribution of «’ to Z(S,/B) is [ ], si To illustrate, we follow
Redfield and find Z(S5/(S,S)) using this corollary.
From formulas (2.2.4) and (2.2.5) we have

Z(Ss) = (1/5)(s} + 10s3s, 4+ 20s2s5 + 155,53 + 305,54
+ 205,53 + 24ss) (7.2.8)
Z(S,)Z(S3) = 15(s7 + 4s3s, + 25255 + 35,52 + 25,53). (7.2.9)
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Now suppose « is a permutation in S5 with cycle structure s,s;, so that
jo(at) = ji(a) = 1 and the order of a 1s 6. Since the divisors of 6 are 1, 2, 3, and
6, formula (7.2.6) implies that

Z(S)Z(S3) U Z(@) = i, Z() + 1,Z(a) + i,2(23) + igZ(a®). (7.2.10)

On the other hand, since we have from (7.2.4)

Z(a) = £(s] + 25,55 + 2s?s3 + sis,), (7.2.11)
we find that
Z(S))Z(S5) v Z(x) = 357 + 35,55 + 1s%sy + %sis,. (7.2.12)
Combining (7.2.10) and (7.2.12) yields
IZ i Z(*) = 357 + 35555 + §sisy + Esds,. (7.2.13)
k6

The term s,s; appears in the left side of (7.2.13) only in i, Z(«). Hence the
coefficient of s,s; in the left side of (7.2.13) is i,/3. Since its coefficient in
the right side of (7.2.13) is §, we have i; = 1. Subtracting Z(«) from both sides
of (7.2.13) gives

i, Z(a®) + i, Z(®) + igZ(a®) = 353 + Lsds,. (7.2.14)

The term sis, appears in the left side of (7.2.14) only in i,Z(«?) and since it
does not appear at all on the right side, we must have i, = 0. Now s3}s,
has coefficient i;/2 on the left side of (7.2.14) and 7 on the right, so iy = 1.
Subtracting Z(«?) from both sides of (7.2.14) leaves

iGZ(as) = S? s

and hence ig = 1. Thus the cycle structure of o in S5/(S,S3) is given by 5,5356.
Therefore the 20 permutations with structure s,s; in S5 contribute
(20/5"s,535¢ to Z(S5/(S,S;)). Next we observe that a® has structure s?s,
and since («?) = (&), the 20 permutations with structure ss; contribute
(20/5")s,s3 to the cycle index of the derived group. Similarly, since a3 has
structure s3s,, we have the term (10/5!)ss3. We can continue in this manner
to determine the contributions to the derived group of other permutations
in S5 by selecting other elements which generate maximal cyclic subgroups.
On completing the process we have

Z(S5/(S,S5)) = (1/5D(s2° + 10s*s3 + 155252 + 205,53
+ 205,555 + 305,52 + 24s2). (7.2.15)

Redfield (see [R10, pp. 451-453]) used this procedure in order to calculate
Z(S,/(S;S,_)) forn < 7.
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Next we show that Redfield’s Lemma (7.2.3) may be used to obtain
Robinson’s formula [R19] for the cycle index sum of the groups of all graphs.
We will see in the next chapter that formula (7.2.18), to be derived now, is of
crucial importance in the counting of blocks. As usual S, is the symmetric
group acting on X = {1,..., p} and so the pair group S has object set X2,
the collection of 2-subsets of X. We denote by S4"-* the group induced by S,
which acts on the union X U X?. For p > 2, both of these groups are
abstractly isomorphic to S,. In the formula for the cycle index of S("?
we use two sets of variables, s, and t,, to distinguish between cycles of 1-
subsets and of 2-subsets respectively (s for single and ¢ for two). This distinc-
tion is indicated by writing Z(S""?; 5, 1,) for the cycle index of S!+#). There-
fore if o in S, induces o' in $'), then the contribution of « to Z(84?)) can be
written

r r
( H S}J(k(a))( H tik(a ))
k=1 k=1

where r = (§).

Let E, be the identity permutation group acting on Y = {0, 1}. The class
function ¢ for S, is defined by

o) = [ [sf. (7.2.16)

We apply Redfield’s Lemma (7.2.3) to the representation E3# of S,. Then the
right side of formula (7.2.2) is Y Z(G), where the sum is over all (noniso-
morphic) graphs with p points.

For each permutation of the form ('; (0)(1)) in E3%’, we also have

Ji@ 5 (0)(1)) = i 2Jua), (7.2.17)
k=1

Therefore the left side of (7.2.3) is
r . , 4 .
(1/phH Z H Dik(@’) n s,
aeSp k=1 k=1
But this last expression is simply Z(S!":?); s, 2), and we have the result of
Robinson [R19].

Theorem The cycle index sum for all graphs with p points is

Y Z(G) = Z(S1?; 5, 2). (7.2.18)
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A variation of (7.2.18) is obtained when each ¢, in Z(S'}*?) is replaced by
1 + t,. We then have the cycle index sum of the point-line groups I, ,(G)
for all graphs with p points:

Y Z(T4(G) = Z(ST-2)s 8, 1+ 1) (7.2.19)
7.3 GRAPHS AND DIGRAPHS

We shall indicate in this section how graphs and digraphs may be regarded
as “‘superpositions’” and therefore may be enumerated by Redfield’s Enumer-
ation Theorem. First we observe that (7.1.7) can be used to count certain 1-1
functions. Recall from Section 6.6 that B4" denotes the restriction of the
power group B to 1-1 functions.

Corollary If A and B are permutation groups of degree n, then the number
of orbits determined by the restricted power group B*™ is Z(A4) n Z(B).

The proof follows from (7.1.7) with m = 2, because each 2 x n column-
equivalence class of matrices is a 1-1 function from one object set to the
other. Such column-equivalence classes are equivalent with respect to A and
B if and only if the corresponding 1-1 functions are in the same orbit of B*".

I

We now seek the number g, of graphs with p points and ¢ lines. To this
end let the pair group S have object set X® with X = {1,...,p} as usual.
Also let Y = Y, U Y, be a set of r = () integers with Y¥; = {1,...,4} and
Y, ={q+ 1,...,r}. If group S, has object set ¥, and group S, _, has object
set Y, we can form the product §,S,_,, which has cycle index Z(S,)Z(S, ).
Now with 4 = §» and B = §,S,_,, it can be seen that the orbits of the
restricted power group constitute the isomorphism classes of graphs with p
points and g lines. Each 1-1 function f: X — Y represents a graph with
point set X, in which i and j are adjacent if f{i, j} is an element of Y,. Clearly
these functions are in the same orbit of B*" if and only if they represent iso-
morphic graphs. Hence, as Redfield observed, graphs may be enumerated
using N-products.

Theorem The number of(p, q) graphs is
8pq = Z(8P) N Z(S)Z(S, -, (7.3.1)

where r = (3).
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Redfield was able to compute the numbers of graphs with p < 7 having
no isolated points using a formula similar to (7.3.1). In the terminology of
Whitehead and Russell [WR1] he referred to these graphs as “symmetrical
aliorelative dyadic relations on fields of p elements.” He had no explicit
formula, such as (4.1.9) for Z(S'?), but since the pair group can be realized
as a derived group, he was able to employ the corollaries of his Decomposi-
tion Theorem to obtain the appropriate cycle index formula for Z(S(?).
Specifically, we find the following identity for the pair group as a derived
group:

S@ = 5 /(S,S,_)). (7.3.2)

Although we omit its proof, note that the degree of each side is (5) and see
formula (7.2.15) for Z(S5/(S,S3)). Thus the Decomposition Theorem was a
basic part of Redfield’s enumeration techniques. We note briefly the cor-
responding formulas for directed graphs. Since

S = S NE,S,,), (7.3.3)

the cycle index Z(S'?) of the reduced ordered pair group can be found using
the two corollaries of the Decomposition Theorem. Then the number d,,
of digraphs with p points and g lines is

d,, = Z(SP) N Z(S)Z(S, ), (7.3.4)
where r = p(p — 1).

7.4 A GENERALIZATION OF REDFIELD’S
ENUMERATION THEOREM

In this section we shall construct a more general permutation group than
that required in the proof of Redfield’s Enumeration Theorem, and give an
explicit formula for the number of orbits in it. This result enables us to
enumerate superposed graphs composed of interchangeable copies of the
same graph (see Palmer and Robinson [PR2] and [PR3]), and it also provides
a new approach to the enumeration of multigraphs [P4].

Let A and B be permutation groups with object sets X = {1,...,m}
and Y = {1,...,n} respectively, and let W be the collection of m x n
matrices in which the elements of each row are the n objects in Y. The matrix
group [A; B] of A and B acts on the column-equivalence classes of W as
follows. For each permutation « in 4 and each sequence f,, f3,,..., Pm
of m permutations with f; in B, there is a permutation, denoted [«; f,, f,.
.., B in [A4; B] such that the column-equivalence class to which the matrix
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[w;;] belongs is sent by [o; ;. B5..... 8] to the class to which [Bw,, ]
belongs. That is, « first determines a permutation of the rows and then each
f; permutes the entries in the i’th row. For example, let 4 =S, and
B = S,[E,] so that [S,;S,[E,]] permutes 2 x 4 matrices. With a = (12),

B, = (1)(2)(3)(4) and B, = (12)(34) it follows that [a; B,, §,] sends the class
of the matrix

(1234

31 4 2
to that of )
31 4 2

21 4 3

From the definition it follows that with 4 = E,,, the identity group,
the number N[E, ; B] of orbits of the matrix group is the cap-product of m
copies of Z(B). Therefore if B is the group of a graph G of order n, N[E,,:
I'(G)] is the number of superpositions of m copies of G. On the other hand,
N[S,,; T'(G)] is the number of superpositions in which the copies of G are
interchangeable. To illustrate, we consider the path P, of order 4. All eight
superposed graphs composed of two copies of P, are shown in Figure 7.4.1.
Solid and dashed lines are used to distinguish the copies. Interchanging the
solid and dashed lines permutes the last two graphs in the figure and leaves
each of the first six fixed. Thus the figure confirms that N{E, ;I'(P,)] = 8 and
NI[S,;I'(P,)] = 7; this latter number is calculated in (7.4.13) below.

In order to state the theorem which gives the formula for the number
N[A; B] of orbits of the matrix group [4; B], we require several definitions.
As usual R is the ring of polynomials in the variables s,,s,,...,s,. For
each positive integer r, we define a function J,: R — R. It is convenient first
to define a sequence of functions d,,d,, ... which depend on the integers r
and k > 1. For each i, let

4 = {sk,/k if ijr and (r/i, k) = 1 (14.1)

0 otherwise.

Figure 7.4.1
The superpositions of two paths of order 4.
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Using S; as usual to denote the symmetric group on j objects we define J (sf)
by

J(s) = jIKZ(S;;dy ,dy, . .., d)). (74.2)

Observe that for any prime p, the previous formula (7.4.2) for J (s}) can
be written

0 if plk but p tj
) GRS ((j/p) ! PP, if plk and p|j
Jsh) =< PRI (7.4.3)
Li/p} ]
2 (GRS TG — ety ifp kK.
t=0
For monomials si'sj? - - - s/», we then define J, by
J(siisp sty = [T Jdsh). (7.4.4)
k=1
Now J, 1s extended linearly to R. In particular
JAZ(B) =B Y J,( I s;;m) (74.5)
peB k=1
and
J(Z(B)) = Z(B). (7.4.6)
Next we define a product for the collection {J,} of functions. We set
JyJZ - Jy(Z(B)) = JP(Z(B) © - - - L Ji(Z(B)) (7.4.7)

where it is understood that before evaluating the right side of (7.4.7), each
J(Z(B)) is replaced by the cup-product of length i,

JAZ(B) © --- v J(Z(B)).

Theorem The number of orbits N[A4; B] determined by the matrix group
[A;B]1is

N{A4;B) = (Z(A:J,, 5, ..., J)Z(B)] -1 (7.4.8)

We now apply the theorem to obtain the number N{S,;I'(P,)] of super-
posed graphs composed of two interchangeable copies of P,.
The cycle indexes of I'(P,) and S, are

Z(T(Py)) = 3(st + s3) (7.4.9)
and

Z(S35J1,J5) = U1 + J). (7.4.10)
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From (7.4.6) we have J (Z(I'(Py))) = Z(I'(P,)). And from (7.4.3) we
obtain

JH(Z(T(P,)) = 3(s + 6535, + 352 + 2s,). (7.4.11)
[t is easily seen that
Z(Sy;J1, o) (5(sT + 53)) = 3{4(24s7 + 8sD)
+ (st + 6s1s, + 352 + 2s,)). (7.4.12)
Evaluating this expression with s, = 1 for all k gives

N[S,;T(Py)] =17, (7.4.13)
which is verified in Figure 7.4.1.

TABLE 7.4.1

SUPERPOSITIONS OF CYCLES

n N[E,;D,] N[S;;D,] N[Es; D,] N[Ss;D,]
3 1 1 1 1
4 2 2 5 3
5 4 4 24 9
6 12 10 391 89

The number of superpositions of two and three cycles of order <6 are
given in Table 7.4.1. Note that there are two superpositions of two cycles of
order 6 which are equivalent when the constituent cycles are interchangeable.

The number m,, of multigraphs with p points and g lines can also be
calculated using the matrix group. Let G be the disjoint union K, U K, _,.
Then the superpositions of g interchangeable copies of G correspond pre-

cisely to these multigraphs. Since I'(G) = S,S,_, we can express the formula -
from [P4] as follows.

Theorem The number m, , of multigraphs with p points and g lines is
given by

mp»q = I:Z(Sq > Jl L] Jq)(Z(SZ)Z(Sp—Z))]sk= 1- (7414)

Some of the details in finding m; , are now sketched. First of all we have
the product Z(S,)Z(S;) in (7.2.9) and Z(S,;J,,J,,J5,J,) is obtained from
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(4.1.10). From equations (7.4.1) through (7.4.5) we have the following calcula-
tions:

J(Z(S,)Z(S3)) = £5(s] + 10s3s, + 155,55 + 25153 + 25,55 + 65,5,)
J3(Z(S5)Z(S3)) = 5(s3 + 20s3s5 + 4s3s, + 85,55 + 35,53) (7.4.15)
JA(Z(5,)Z(S3)) = 15(s7 + 10s3s, + 155,53 + 30s;5, + 25355 + 25,53).

From the definition (7.4.7) of products, we find

[JT(Z(Sz)Z(Ss))]sk=1 = 107
(617 2(Z(S)Z(S3))]5, =1 = 162 |
[8J1J3(Z(52)Z(53))]sk= 1 =40 (7.4.16)

[3J§(Z(S2)Z(S3))]Sk =1 = 69
[6J4(Z(S2)Z(S3))]sk= 1= 30.

Therefore ms 4, = 55(107 + 162 + 40 + 69 + 30) = 17. The great advan-
tages of this method are that only the cycle index formulas of the symmetric
groups are required and m,, , is computed directly.

7.5 GENERAL GRAPHS

A general graph is permitted to have both multiple lines and multiple
loops. By definition each loop at a point contributes 2 to the degree of that
point. In this section we shall show how Read [R1] was able to enumerate
general graphs with specified degree sequence by finding a 1-1 correspon-
dence between these graphs and certain superpositions.

First, we require a formula for the number of bicolored multigraphs, that
is multigraphs whose points are partitioned into two sets, one consisting of
red points, the other of blue points, and every line of the graph joins a red
point with a blue one. The two bicolored graphs with two red points of
degree 3 and three blue points of degree 2 are shown in Figure 7.5.1. The
following theorem provides a formula for the number of bicolored graphs
with specified degrees.

Figure 7.5.1
Two bicolored graphs.
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Theorem The number of bicolored graphs which have for each positive
integer k exactly r, red points of degree k and b, blue points of degree & is

Z{[1 S,k[Sk]) A 2(1‘[ S,,k[Sk]). (7.5.1)

For example, it is easily shown that Z(S;[S,]) » Z(S,[S;]) = 2 which
agrees with Figure 7.5.1.

Proof Let G, be a graph that has for each k, r, components which are com-
plete graphs on k points. Similarly, G, has for each k, b, components which
are complete graphs on k points. Note that the number of lines in the bi-
colored graphs to be counted is ¢ = Y, kr, = Y, kb,. Therefore G, and G,
have the same number of points, namely gq. If the components of G, are
interpreted as red points and the components of G, as blue points, then each
superposition of G, and G, is seen to correspond to a bichromatic graph.
This correspondence is clearly 1-1 and therefore the number of bicolored
graphs i1s Z(G,) n Z(G,). Furthermore I'(G;) and I'(G,) can be expressed
as a direct product of wreath products, as in (7.5.1). //

Next we seek the number of general graphs that have for each %, d,
points of degree k. The number of lines in these graphs is, therefore, g = 1) kd,.
Suppose the points of such a graph are colored red and then a blue point is
inserted on each line. A bicolored graph is then obtained in which all g
blue points have degree 2. This correspondence indicated between general
graphs and bicolored graphs is, of course, one-to-one and thus we have the
next result.

Corollary The number of general graphs which have for each k, d, points
of degree k is

Z(H sdk[sk]) A Z(S,[S,)). (7.5.2)
k

For example, the number of general graphs with two points of degree 3
1s Z(S,[S;5]) » Z(S5[S,]) = 2. The two general graphs enumerated can be
obtained by suppressing the points of degree 2 in Figure 7.5.1.

Regular general graphs and cubic general graphs are obtained at once as
special cases.

Corollary The number of general graphs on n points which are regular
of degree k is

Z(Su[Sk]) N Z(S2[S2)). (7.5.3)
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Corollary The number of general cubic graphs on 2n points is
Z(S34[S3]) N Z(S3,[S>))- (7.5.4)

In the formulas just above we have been concerned with enumerating
unlabeled graphs. The superposition theory has been exploited with great
success by Read [R1] to enumerate various types of labeled graphs. For
example, it follows quickly from (7.5.4) that the number of general cubic
graphs with 2n labeled points is

Z(E24[S3]) N Z(S5,[S2)). (7.5.5)

Our next goal, then, is to find formulas for labeled cubic graphs with no
loops and no multiple lines. The result will be expressions remarkably
similar to (7.5.4). We shall provide, first, general results from which the cubic
case follows immediately.

As in (2.6.1), we denote the difference Z(4,) — Z(S,) by Z(4, — S,).
We shall also make use of the notation provided in Chapter 4 for the cycle
index of the wreath product. In particular, if P, and P, are polynomials
in the variables s;,s,,..., then P,[P,] denotes that polynomial obtained
by replacing each variable s, in P; by the polynomial which results when one
multiplies all the subscripts of the variables in P, by k. Thus expressions
such as Z(S,)[Z(A, — S,)] and Z(S;,)[Z(A4, — S,)] are defined.

The next three theorems are obtained by applying PET with suitable
group and figure counting series, and by expressing the appropriate co-
efficient as a n-product ; see Read [R1] for the details. These three results
and their respective corollaries count the three kinds of labeled graphs with
given partition and labeled cubic graphs: (1) multigraphs, (2) general graphs
with no multiple lines, and (3) graphs.

Theorem The number of labeled multigraphs with d, points of degree k
and hence g = 1) kd, lines is

Z(H Edk[S,J) N Z(S)[Z(A, — S,)). (7.5.6)
k

We now apply this theorem to cubic graphs with 2n points to get the
next formula.

Corollary The number of labeled, cubic multigraphs with 2n points is

Z(E24[S5]) n Z(S3,)[Z(A4; = S,))- (7.5.7)

On excluding multiple lines but not loops we have the next result.
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Theorem The number of labeled, general graphs without multiple lines
and with d, points of degree k and g lines is

Z(H Edk[Sk]) N Z(A, — S)IZ(S,)). (7.5.8)
k
When this is applied to cubic graphs, we arrive at the next formula.

Corollary The number of labeled, general, cubic graphs with 2n points
and no multiple lines is

Z(E,[S3)) N Z(As, — §3,)[Z(S))). (7.5.9)

Finally, both loops and multiple lines are excluded.

Theorem The number of lébeled graphs with d, points of degree k£ and g
lines is

Z(H E,,k[sk]) N Z(A, — S)[Z(A, — S,). (7.5.10)
k

Corollary The number of labeled, cubic graphs with 2n points and hence 3n
lines is

Z(E,,[S5)) n Z(A43, — S3,)[Z(4; — §))). (7.5.11)
To evaluate the expressions (7.5.7), (7.5.9), and (7.5.11) requires a con-

siderable amount of computation, but Read was able to obtain some general
results for these in [R1]. For example, in the case of (7.5.11) he found:

Corollary The number of labeled, cubic graphs with 2n points is

(2n)! (—1Y(6k — 2j)16/ ok (—1)j!
7.5.12
6" %(3k—j)!(2k—j)!j!(n—-k)' Z(J__z 1 ( )
and the number of these is asymptotic to
(6n)!e™?
SoomAaT 7.5.13
288"(3n)! (7.5.13)

An extensive discussion of the problem of evaluating cap-products and of
methods using S-functions is given by Read [R8]. Further asymptotic results
are developed in Chapter 9.
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EXERCISES

7.1 How many superpositions can be obtained from three directed cycles
of order 6?

7.2 Find two permutation groups 4 and B such that the decomposition
of Z(A) v Z(B) as a sum of cycle indexes is not unique. (Redfield [R10])
7.3 Express Z(A;J,,...,J,)Z(B) as a sum of N[A4; B] cycle indexes.
(Palmer and Robinson [PR3])
7.4 How many orbits of 1-1 functions are determined by the restricted
power groups EE=* ES=* and SE=*7
7.5 The pair group S and the derived group S,/(S,S,- ) are identical.
7.6 Calculate Z(S4/(S,S,)) using (7.2.6).

7.7 How many superposed graphs can be formed from three interchange-
able copies of a directed cycle of order 6?

7.8 Calculate the number of (a) general cubic graphs (b) labeled cubic
graphs of order 4, 6, and 8.

7.9 Draw the 12 superpositions of two cycles of order 6 and the 10 with
interchangeable cycles.

7.10 The coefficient of x™ in Z(S,/B, 1/(1 — x)) is N[S,,; B]. Hence the
generating function for superpositions with interchangeable colors of any
graph G of order p is Z(S,/T'(G), 1/(1 — x)).



Not merely a chip of the old block, but the old block
itself.
Edmund Burke

Chapter 8| BLOCKS

The theoretical physicist, G. E. Uhlenbeck, in the Gibbs Lecture entitled
“Unsolved problems in statistical mechanics,” given at a meeting of the
American Mathematical Society in 1950, cited the enumeration of blocks
as one of these problems. Subsequently Riddell [R14], and Ford and Uhlen-
beck [FU1] counted labeled blocks (Section 1.3), but it was Robinson [R19]
who succeeded in solving the unlabeled problem.

Since we have already enumerated connected graphs in Chapter 4, it is
sufficient for counting blocks to find the number of connected graphs that
do have at least one cutpoint. Ordinary generating functions do not carry
enough information about the structure of graphs, and so the appropriate
basic technique involves sums of cycle indexes of groups of graphs (Section
7.2.). This approach was implicit in Redfield’s Decomposition Theorem
[R10] and was fully developed in Robinson’s solution to this problem.
Robinson’s method can also be used to enumerate graphs with given blocks,
connected graphs with no endpoints, acyclic digraphs, and other kinds of
graphs. The material in this chapter is essentially due to Robinson.

177
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8.1 A GENERALIZATION OF REDFIELD’S LEMMA

To prove the Composition Theorem of Section 8.3, we need a slight
generalization of Redfield’s Lemma (7.2.3). Let A be a permutation group
with object set X and let R be any commutative ring which contains the
rationals. Let ¢ be any function from the cartesian product 4 x X into R
which satisfies the following condition for « and fin 4 and x in X :

If ax = By = x, then ¢, x) = @(Bfaf™1, y). (8.1.1)

The orbit of x determined by A is denoted by X and A(x) = {¢ € A|ax = x}.
Then the new lemma takes the following form.

Lemma For any function ¢ satisfying (8.1.1), the following identity holds:

A7 3 Y ol x) =Y JAX)|™Y Y. ol x). (8.1.2)
aed x=ax X aeA(x)

The proof is made as in (7.2.3) by interchanging the sums on the left side of

(8.1.2). Condition (8.1.1) allows us then to sum over the orbits of 4 in X,

instead of all the elements of X. //

Note that (8.1.2) holds in the case in which X is infinite but countable
provided that all of the sums involved are defined. If  is a class function for
A, then ¢(a, x) = Y(a) satisfies (8.1.1) and with this definition (8.1.2) becomes
Redfield’s Lemma.

8.2 THE COMPOSITION GROUP

To state the Composition Theorem of Section 8.3, it is necessary to
generalize the definition of the composition or wreath product of permutation
groups. We also provide a formula for the cycle index of this group, thereby
generalizing Polya’s formula (4.3.15).

As observed in [H1, p. 166] any graph G can be written as G = n,G, v
n,G, u---uUn,G,, where n; is the number of components of G isomorphic
to G;. Then the group of G is expressed as a product of composition groups:

[(G) = [] S.ITG] 82.1)
k=1

For example, the graph 2K, , U 3K, of Figure 8.2.1 has as its group
I'CK, , u3K,) = S,[S,S,XS;5[S,)). (8.2.2)
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VN

Figure 8.2.1
The graph 2K, , U 3K,.

Let G; = K, ; and G, = K,. Then each function f from X = {1,2, 3,
4,5} into Y = {1, 2} corresponds in a natural way to a graph whose com-
ponents are K, , and K,. For example, any function which sends two ele-
ments of X to 1 and the other three to 2 corresponds to 2G, U 3G,. Suppose
f(1) = f(2) = 1 and f(3) = f(4) = f(5) = 2. Then the permutations « of X
such that

f(x) = f(ox) (8.2.3)

for all x in X, constitute a group identical to the product S,S;. This group is
denoted by Ss(f) because it consists of the permutations in S that fix f
and 1t determines how the components of 2G, U 3G, may be permuted
among themselves. With this example in mind, we now generalize the compo-
sition group.

Let A be a permutation group with object set X = {1,2,...,n} and let
fbe a function from X onto Y = {1,2,..., m}. Then A(f) is the subgroup of
A defined by

A(f) = {aeAlforeach xin X, f(x)= f(ax)}. (8.2.4)

Therefore if we set X; = f ~!(i) for each i in Y, then «(X;) = X, foreachiin ¥
and a1n A(f). Foreach i = 1 to m let B; be a permutation group with object
set Y;. Then the generalized composition group, denoted A(f)[B,,...,B,],
has its object set the union (_J7L, X; x Y. For each « in A(f) and each

sequence t,,..., 1, of functions such that 7,: X; - B, for i = 1 to m so that
t{x) is a permutation in B;, there is a permutation in A(f)[B,,...,B,],
denoted («; 74, ..., 1,), which permutes the ordered pairs (x, y) in the object

set according to the rule:

(@5 Tyy .05 T (X, ) = (ax, T{x)y) (8.2.5)

whenever (x, y) is in X; x Y;. One can then easily verify the fact that the
permutations of this form are closed under multiplication so that the col-
lection does constitute a group. Intuitively, A(f)[B,,..., B,] permutes
copies of the sets Y, for i = 1 to m, with one copy for each element of X;.
The copies of Y, are permuted among themselves by the permutations in A( f),
while the elements of each copy are permuted independently by B,.
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Since for each i we have o(X;) = X, for each k we can define j(«, X))
to be the number of cycles of length k in a restricted to X ;. Then the generaliz-
ation of (4.3.15) may be stated as follows.

Theorem The cycle index of the generalized composition group is given by

Z(A(f)[By,...,B,)) = ]A(f)l_l Z ﬁ l—[ Z(B;; Sy Sops Sago -+ - )jk(a’xi)
acA(f) i=1 k
(8.2.6)

Note that when m = 1, then Z(A(f)[B,]) = Z(A(f))[Z(B,)] and formula
(8.2.6) reduces to (4.3.15). The proof of (4.3.15) can be adapted to a proof of
(8.2.6).

To illustrate the theorem, we return to the example above where 4 = S,
f() = f2 =1, and f(3) = f(4) = f(5) = 2. Then X, = {1,2} and X, =
{3,4,5}. We take B, =T'(K, ,) = §,S, and B, = I'(K;) = S, with object
sets Y; = {1,2,3} and Y, = {1, 2} respectively. Then the composition group
Ss(f)[S,S,,S,]has (X, x Y;)u (X, x Y,)asits object set, and the ordered
pairs in this set correspond to the points of 2K, , U 3K, as indicated in
Figure 8.2.2.

Each function 7,:X,; - I'(K, ,) associates with each copy of K, , a
permutation in I'(K; ,) and 7,:X, — I'(K,) does the same for K,. Suppose
(«;7,,7,) 1s an element of S5(f)[S;S,, S,]. From (8.2.5) it follows that 7,(1)
and 7,(2) permute the points of the two copies of K, , while 7,(3), 7,(4) and
17,(5) permute the points of the three copies of K, . Then o permutes the com-
ponents of 2K, , U 3K, among themselves. Thus it is seen that

2K, ;v 3K;) = Ss(f)[S1S2, S.] (8.2.7)

Finally, from the formula (8.2.6) for the cycle index it can be shown that
Z(S5(f)[S152, S2]) = (1/2131{Z(5,S,)* + Z(5,52; 52, 54)}
{Z(S,)® + 3Z(S,)Z(S5; 55, 54) + 2Z(S;; 53, Se)}-

(1,1) (1,3) 2, (2,3) (3,1 4, 5N

1,2) (2,2) (3,2) 4,2 (5,2)

Figure 8.2.2
The graph 2K | , © 3K, with point sets (X, x Y,)u (X, x Y,).
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This equation is easily verified by applying the cycle index formulas (4.3.14)
and (2.2.14) to (8.2.2).

8.3 THE COMPOSITION THEOREM

For any set & of graphs, we shall denote by Z(#) the cycle index sum of
the groups of the graphs in J# ; compare (7.2.18), the cycle index sum of the
groups of all graphs of order p. Under special circumstances each of these
groups may be a composition group formed from a subgroup of the group A

and a sequence of groups B, B,, B;,.... We shall show here how to obtain
Z(#), given Z(A) and Z(B;) foreachi = 1,2,3,....
In particular, let 4 be a permutation group with object set X = {1,...,n}.

Let Y be any nonempty subset of the positive integers, and let B; be a permuta-
tion group with object set Y; for each i in Y. In practice, each element i of Y
corresponds to a graph with group B; and point set Y;. We require throughout
this discussion that only finitely many Y; have the same cardinality, so that
the sum ) Z(B,) over all i in Y is defined.

For each function f: X — Y, we define the subgroup A(f) of 4 as above.
Next we define an equivalence relation for these functions from X to Y.

We say that f and g are equivalent with respect to A, and we write f ~ g
if for some « in 4

f(x) = glax) (8.3.1)

for all x in X ; that is, f ~ g means that f and g are in the same orbit of the
power group E“ We denote the set of equivalence classes (orbits) by %.
Now each function f has associated with it a generalized composition group.
If f(X)={i;,...,i,}, then this group formed by A(f) and B,,...,B;
can be denoted by A(f)[B,,,...,B; . If fand g and equivalent, then A(f
and A(g) are identical permutation groups. In fact, they are conjugate because
if f(x) = g(yx) for some y in 4 and all x in X, then yA(f)y~! = A(g). Further-
more, the generalized composition groups A(f)[B;,,..., B; ] and A(g)[B;,,
..., B; ]are also identical. Hence they have the same cycle index, and we can
define the cycle index of any equivalence class of functions F in % to be the
cycle index of the composition group determined by any function f in F.
If we let Z(#) = ) ;_, Z(F), then the main result, expressed in the next
theorem, relates Z(#) to Z(A) and the Z(B;). Recall that, by Z(A)[ZZ(B,-)]
we mean the power series obtained when each variable s, in Z(A) is replaced
by

:ZZ(BS SksS2ks S3ks - - -.),

where the sumis overalliin Y.
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Composition Theorem The cycle index sum Z(¥) is obtained by com-
posing Z(A) around Y Z(B)):

Z(F) = Z(A[>.2(B)), (8.3.2)
where the sumisoveralliin Y.

Proof We consider the representation of 4 as the power group E* with
object set Y*; that is, 4’ = E4 and for each « in A, there exists o’ in A’ such
that for any fin Y*

@f)x = flax), (8.3.3)

for all x in X.

Let R be the ring of power series in the variables s,, s,, S5, ... over the
rationals. We define the map ¢: 4’ x Y*¥ - R by

o fy=1] T1 ZB:; sk, sax> - - - PH=¥0, (8.3.4)

k ief(X)

One can check that ¢ satisfies condition (8.1.1). Then on -applying Lemma
(8.1.2) above we have

A7 Y Y e, /) =214 X el /), (8.3.5)
F

aed f=a'f acA(f)

where the sum on the right side of (8.3.5) is over all classes F in & and f is
some element of F. Note that although the lemma is only stated for the case
in which the sums are finite, it still holds when all the sums are defined. The
sums are defined in (8.3.5) because we have required that only finitely many
B; have the same degree.

From definition (8.3.4) for ¢, and equation (8.2.2) for the cycle index of the
composition group, it can be seen that the right side of (8.3.5) is Z(%). It is
also easily verified that for each o in 4

Jila)
Y oo N)=T1Y 2B:; s sk -- )] (8.3.6)

[=af k \ieY

and the proof is completed. /]

8.4 CONNECTED GRAPHS

Our object is to determine the cycle index sum for all connected graphs
as a function of the cycle index sum for all graphs. This can be accomplished
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with the aid of the Composition Theorem. If % is the set of all graphs, then
from formula (7.2.18) we have

Z1%9) =Y Z(S"D;s,.2), (8.4.1)
=1

n

and therefore we can regard Z(%) as known. Now we shall take an alternative
approach toward finding Z(%), just as in the case of finding the ordinary
generating function for connected graphs. Let & be the set of all connected
graphs, and let %, consist of the graphs which have exactly n components.
With the symmetric group S, acting on X, we consider all functions f : X — &.
Each function represents that element of ¢, which has | f ~ }(G)| components
isomorphic to the connected graph G in €. It is clear that functions which
are equivalent with respect to S, represent the same graph in %,. Since each
graph in % has an automorphism group, each function f has associated with
it a generalized composition group which is precisely the group of the graph
represented by f. To obtain the cycle index sum Z(%,) for all inequivalent
functions, we may apply the Composition Theorem to obtain the following

identity :
Z2(94,) = Z(S,)[Z(¥)). (8.4.2)
On summing (8.4.2) over all n we have

o8}

Z(%) = Z Z(S,)[Z(€)]. (8.4.3)
n=1
But since
i Z(S,) = exp{ i sk/k}, (8.4.4)
n=0 k=1

(compare formula (3.1.1)), we have
1 + Z(%) = exp i (s/k)[Z(¥)]. (8.4.5)
k=1

From an idea by Cadogan [C1],(8.4.5) can be solved for Z(%) using mébius
inversion (see Robinson [R19] for details), and hence the theorem takes the
following form.

Theorem If 4 and € are the sets of all graphs and connected graphs
respectively, then

Z(6) = i K) i (”11,)] S Z(%)]. (8.4.6)
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From (8.4.1) one can obtain as the first few terms
Z(%) =s, + 53+ 5, + %53+ 25;5, + %53 + 35t
+ 4sisy + 253 + 55153 + 54+ - (8.4.7)
On substitution in (8.4.6) we have
Z®&) =5, + 352 + 15, + 353 + 5.5, + 154
+ 1357 + 2575y + 353 + 3555 + s, + . (8.4.8)

Note that on setting s, = 1 in those parts of Z(%) and Z(%¥) which consist
of terms of degree <4, one obtains the number 18 of graphs with <4 points
and the number 10 of connected graphs with <4 points. It should also be
emphasized that although formula (8.4.6) is an explicit expression for Z(%),
it is much easier to compute Z(%) directly from (8.4.5). Specifically let %,
be the set of connected graphs on p points, and %(p) the set of graphs, each
component of which contains at least p points. Then 4(1) = ¢ and Z(%,)
consists precisely of the terms of order p in Z(9(p)). From the Composition
Theorem we have

1+2Z%p+ 1) =01+ Z(¥9)exp i —(s,/k)[Z(%,))- (8.4.9)

k=1

Therefore Z(%,) is determined inductively for each p.

8.5 CYCLE INDEX SUMS FOR ROOTED GRAPHS

We now establish a relationship between cycle index sums for a collection
of graphs and the corresponding rooted graphs. Since a graph G can be
rooted at any of its points, a rooted graph may be considered to be an ordered
pair (G, u) where u is a point of G. Two rooted graphs (G, u) and (G, v) are then
the same (isomorphic) if and only if u and v are in the same orbit of the group
of G. The automorphisms of (G, u) consist of all the automorphisms of G
which fix u. For convenience, however, we do not include the root point in the
object set of the group of any rooted graph. Suppose S is any set of graphs
and s consists of all the different rooted graphs which can be obtained by
rooting the graphs in 5. By an abuse of notation we again use Z(5) and
Z(s#") to denote the cycle index sums of all the graphs in 5 and the rooted
graphs in #'. Now Redfield’s Lemma (7.2.3) may be applied to obtain a
relationship between Z(#°) and Z(s¢").
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Theorem The cycle index sum Z(#”) for rooted graphs is the partial deriva-
tive of Z(#) with respect to the first variable:

Z(H') = 0Z(H)/ds, . (8.5.1)

Proof It is obviously sufficient to prove the result when # consists of
exactly one graph G. We apply Redfield’s Lemma (7.2.3) to the group of G
with the class function

o) = [ [sf (8.5.2)

for each a in the group of G. Then the left side of (7.2.3) is s, 6Z(G)/ds, and
the right side is s, Z(#"). /]

As an example, consider the complete graph K,, whose group is S,.
This graph can be rooted in only one way and the group of the rooted graph
1s S,_,. Therefore, we have

0Z(S,)/0s, = Z(S,-,), (8.5.3)

which can also be verified by routine computation from (2.2.5).

8.6 BLOCKS

First we shall determine the cycle index sum for all rooted blocks. That is,
if 7 is the set of all blocks, we seek an expression for Z(#'). This is accom-
plished by finding Z(%") in terms of Z(#’) and then inverting the relationship.
We observe from the Composition Theorem that the cycle index sum for all
connected graphs which are rooted at a point which is not a cutpoint is

Z(A) 5, Z(%)].

Again applying the Composition Theorem, it can be seen that the cycle index
sum for all rooted, connected graphs in which the root is incident with exactly
n blocks is

Z(S,) [ Z(#) s, Z(€)]].

On summing over all n and applying the identity (8.4.4), we have
Z(%) = exp ), (s/K)[Z(B)[s,Z(%)]). (8.6.1)
k=1

Since z(%') = 0Z(%¥)/0s,, formula (8.6.1) could be inverted to find Z(%&'),
but as in the determination of Z(%) it is easier to use the exponential relation
(8.6.1) directly as follows.
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We let €’(p) be the set of rooted, connected graphs such that every block
containing the root point has at leact p points. Since the one-point graph has
no blocks, we have

Z(€'(2) = Z(¥'). (8.6.2)

If 2, is the set of all blocks with exactly p points, then Z(#,) consists of all
the terms of order p — 1 in Z(%'(p)).

Now let #, be the set of all rooted connected graphs with exactly p
points in each block that contains the root. In the same manner as (8.6.1)
was obtained we have

Z(H#) = exp Y. (s/K)[Z(B,)[s,Z(¥)). (8.6.3)
k=1
It is clear that
Z(€'(p + 1)Z(#,) = Z(€ (D)), (8.6.4)

and so combining (8.6.3) and (8.6.4) we have

Z(€p + 1)) = Z(E'(p)) exp — i (si/k) {[Z(B,) [5:Z& ]} (8.6.5)
k=1

Therefore, if Z(%#,) and Z(%'(p)) are known, (8.6.5) can be used to obtain
Z(€'(p + 1)). But then Z(#,,,) consists of all the terms of order p in
Z(¥'(p + 1)) and hence Z(#)) is determined inductively. Finally.
ZA)= ) ZR), (8.6.6)
p=2

and the sum starts at p = 2 because of our convention which excludes the
one point graph from % and #'.

Let Z(4,);, - o be the series obtained from Z(4,) on replacing each s, by
zero; in other words Z(#,),, -, is the contribution to Z(4,) of all auto-
morphisms which have no fixed points. At this point we observe that

Z(%,) = f Z(#B,)ds, + Z(B,) 5, -o- (8.6.7)
0

Therefore our remaining task is to obtain Z(%,)|, -, - To this end we state the
following result from [R19].

Theorem Every connected graph G which has a fixed-point free auto-
morphism has a unique block whose points are permuted among themselves
by all automorphisms of G.
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We also have
Z(%6) =f Z(€)ds, + Z(6)ls, =0 (8.6.8)
0

and from the Composition Theorem we know that the cycle index sum for all
connected graphs rooted at a block is Z(%)[s, Z(¥")).

Therefore by the theorem (8.5.1), the fixed-point free contribution to
Z(¥) is just Z(B)[s,Z(¥"')] evaluated at s, = O:

Z(6)s,=0 = Z(B)[51Z(€)]l;, =0 (8.6.9)
In practice, of course, we may use the identity :
(Z(B)s, =0)[5,Z(€")] = Z(B)[5,Z(€")]l;, = 0- (8.6.10)

In order to determine Z(4,)[;, - , inductively, let Z(p) be the set of all non-
separable graphs (blocks) with at least p points. Note that (2) = % and that
Z(B,)ls, - o consists of all the terms of order p in Z(#(p))[s,Z(€")]l;, -, Since
B(2) = A, (8.6.9) gives us

Z(B) [, Z(E)ls,=0 = Z(B)ls,=0> (8.6.11)
and, of course,

Z(By)s, 0 = 53/2. (8.6.12)

The next question, which follows from the fact that %(p) is the disjoint
union of #,and %(p + 1), completes the induction argument:

Z(%p + D1 Z(E)ls,=0 = Z(BP) [5,Z(E)5, =0
~ Z B\ ZE ), 0. (86.13)

Specifically, if Z(8,),, -, and Z(A(p))[s,Z(€")]l;, =, are known, then (8.6.13)
determines Z(%(p + 1))[5,Z(¥")]l;,—o, whose terms of order p + 1 are
precisely the terms of Z(%,, ,)l;,-o-

Finally, we have

ZB)s, =0 = Y, Z(B)s, =0 (8.6.14)
p=2

and Robinson’s Enumeration Theorem for blocks may be stated in the
following way.

Theorem The cycle index sum Z(%) for blocks is given by
Z(%#) = f Z(A')ds, + Z(B)ls, -0 (8.6.15)
0

where Z(#’) is determined by (8.6.1) and Z(%)|,, -, by (8.6.11) and (8.6.13).
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TABLE 8.6.1

TeE NUMBER OF BLOCKS OF ORDER p

p 1 2 3 4 5 6 7 8 9
b, 0 1 1 3 10 56 468 7123 194 066

The reader may find it instructive to use this method to determine the
terms of order less than five in Z(%):

Z(B) =352 + 55, + &7 + 55,5, + 355 + 1351 + sis,
+ %S% + %3153 + %54 + ct . (8616)

The number of blocks of order p is, of course, just the coefficient sum of
Z(B,).
This method has been programmed by Osterweil [O3] for a computer

and the results for graphs with less than ten points are displayed in Table
8.6.1.

8.7 GRAPHS WITH GIVEN BLOCKS

Numerous classes of graphs can be defined in terms of the blocks which
are contained in the members of the class. For example, trees are the con-
nected graphs whose blocks are all isomorphic to K, ; block graphs have all
of their blocks complete; cacti are the connected graphs whose blocks are
lines or cycles; connected graphs with no points of degree <1 are precisely
the nontrivial connected graphs none of whose end blocks are isomorphic
to K,, i.e., with no endpoints. To enumerate some of these classes of graphs
we shall provide generalizations of some of the results of the previous
section. We shall also provide a generalized form of the method devised by
Norman [N1] for counting graphs with given blocks. The discussion again
follows Robinson [R19]!

Let 2 be a class of blocks and let ¥ be the set of connected graphs each
of whose blocks is in & The first result, which expresses Z(#"') in terms of
Z(2') can be derived in a manner similar to the verification of (8.6.1).

Theorem The cycle index sum Z(¢”) for rooted, connected graphs whose
blocks are in the set & is given by

Z0) = exp ¥ (s JO[Z@) s, ZA )]} 8.7.1)
k=1
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If Z(2) 1s given, then Z(2') = 0Z(2)/0s, and formula (8.7.1) can be used
to obtain Z(.#”). The next theorem expresses Z(.¢") in terms of Z(.¢").

Theorem The cycle index sum Z(.#") for connected graphs whose blocks
are in the set 9 is given by

N

Z8) = f 2 ds, + LDy =ol51 Z(H)] 8.7.2)

0

The proof of this result is similar to that of (8.6.9). Note that we could have
used this theorem to establish formula (8.6.9), because with 2" = ¥ and
9 = A, formulas (8.7.2) implies (8.6.9). To further illustrate the use of (8.7.2),
we shall show how the cycle index sum for trees can be derived. Let I
be the set of all trees and let 9 consist only of the complete graph K, . Thus
Z(2') = s, and by (8.7.1) we have

[o ]
Z(T")y=exp Y. (s/k)[s,Z(T7)). (8.7.3)
k=1
Now Z(J") can be determined recursively from this relation. For example,
the terms of order less than 5 in Z(7") are
ZT)=1+ 5, + 351 + 35, +&s7 + 5.5, + 15,
+ 12357 + §sts, + 355 + 35,55 +Ls, + -, (8.7.4)

These terms correspond to the rooted trees of order less than 6. From (8.7.3)
and (3.1.1) it follows that

5
Z(TN =14+ Y Z(SY1Z(TN] + ---. (8.7.5)

k=1

Then the terms of order 5 in Z(7') may be computed in five contributions:

Z(SH[$1Z(T")] = --- + K57 + 3sis,

+ 35155 + 3siss + fsysy + -
Z(S)[1Z(T")] = -+ + 5] + 3sis, + Fstsy + -
Z(S3)[$1Z(T )] = - + 357 + 515, + 35,55 + -+ (8.7.6)
Z(SY[51Z(TN = -+~ + 57 + 3515, + 35Ps; + -+

Z(S5)[5:Z(7)] = 12557 + 125152 + 5153

+ %5%53 + %5134 + é‘5253 + %35 + Tt
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Combining all terms of order 5 in Z(Z”'), we have

3 3 2 3.2 1 1 1
%S? -+ %‘6‘5‘52 -+ 58183 + 25153 + 55154 + 65253 + 5S5.

Now Z(D)l,, =0 = 3(s3 + $3)ls, =0 = $2/2, and therefore from (8.7.2)

S

Z2(T) = f Z(TYds, + (52/2)[5,2(T)]. (8.7.7)

0

With (8.7.4) we can calculate
152051 Z(T ")) = 55, + 253 + 45254 + -+, (8.7.8)

and on integrating Z( ') and adding (8.7.8), we have the terms of order 6
in Z(9):

Z(T) = s, + 35T + b5, + b5 + Isyisy + 35t + 3sis,
+ 353 + 35185 + 3357 + 3535, + 5153
+ L1525, 4 Ls5y5, + 258 + $sTs, + 3sis3
+ 15353 + 253 + 155, + §5254 + 6515253

+ Ls.85 + -+, (8.7.9)

This result is checked by summing the coeflicients and comparing the
number with the number of trees on fewer than seven points (see equation
(3.2.8)).

Next we introduce Robinson’s generalization of Norman’s method [N1]
for determining the number of graphs with given blocks.

Theorem The cycle index sum Z(2¢") for graphs whose blocks are in the
set & is given by

Z(A) = (s, + Z(D) — $,Z(D)[s,Z(H)). (8.7.10)

Note that in (8.7.1) and (8.7.10) Z(X") and Z(2¢"') can be replaced by
ordinary generating functions, but this cannot be done in (8.7.2). Further-
more, when cycle index sums are required, (8.7.2) is much easier to use than
(8.7.10).

We conclude this section by using the techniques developed here to
enumerate connected graphs without endpoints. The following theorem of
Robinson [R19] enables us to obtain the appropriate cycle index sum after
inversion.
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Theorem The cycle index sum Z(.#) for the set .# of all connected graphs
with no endpoints satisfies

Z() = Z(T) + Z(H)[s,Z(T ). (8.7.11)

The proof uses the Composition Theorem and the fact that connected
graphs which are not trees correspond to the graphs to be enumerated with
rooted trees attached to them. The latter correspondence also serves to
provide the basis for counting the number of labeled graphs derived from .#.

Toinvert (8.7.11) note than an element of € on p + 1 points is either in .#
or its maximal subgraph which has no endpoints has less than p + 1 points.
Now if ./, consists of those elements of .# on at most p points, then the
terms of order p + 1 in Z(.#,)[s,Z(7")] correspond to all connected graphs
on p + 1 points, except for trees, which do have endpoints. Therefore the
terms of order p + 1 in Z(7) + Z(M,)[s,Z(7 )] are contributed by all
connected graphs with p + 1 points and with at least one endpoint. There-
fore Z(.4,. ) — Z(.#,) consists of the terms of order p + 1in

Z(E) — (UT) + Z(M,) 5, Z(T ).

For example, to determine Z(.#,) — Z(.#5) we begin with

Z(//[g,) = %S% + %SISZ + %33 (8712)
and from (8.7.4) and (8.7.12) we have
Z(M)[$,Z(T )] = L5 + Es(5; + 353 + 35T + +s¥s, + -, (8.7.13)

Now from (8.4.8) for Z(%), (8.7.4) and (8.7.13) we have
Z(My) — Z(My) = F551 + 578, + 355 + 55,55 + 15,0 (8.7.14)

The coefficient sum in (8.7.14) is 3 and there are, indeed, exactly three
connected graphs on four points which have no endpoints.

8.8 ACYCLIC DIGRAPHS

We have seen in Section 1.6 that every acyclic digraph has at least one
point of indegree zero and that any extension of an acyclic digraph is also
acyclic. Robinson [R20] used these facts to count both labeled and unlabeled
acyclic digraphs. However, to count unlabeled acyclic digraphs, he found it
necessary to incorporate information about the symmetries of all the
acyclic digraphs. This was accomplished by using cycle index sums in which
cycles of points of indegree zero are distinguished from the other cycles.
Then a bilinear operation for cycle indexes can be defined so that the cycle
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index sum for extensions of any acyclic digraph D can be expressed in terms
of Z(D) and Z(S,). This leads to a recursive formula for the cycle index sum
of all acyclic digraphs of order p.

We have expressed cycle indexes with two sets of variables in several
places. To distinguish between points and lines, s, and ¢, were used in section
44 for counting supergraphs and in formula (7.2.19) for the cycle index sum
of the point-line groups of graphs of order p. To count mixed graphs in
Section 5.4, s, and ¢, appear in the cycle index of the reduced ordered pair
group (5.4.5) to stand for pairs of converse cycles and self-converse cycles
respectively.

Here we express the cycle index of the group of a digraph D using two
sets of variables: s, for cycles of points of indegree zero and ¢, for cycles of
the other points. With this convention, the acyclic digraphs D, and D, of
Figure 1.6.2 have Z(D,) = sit, and Z(D,) = }(sit, + s,t,).

Now Redfield’s Lemma (7.2.3) can be used to obtain an alternative
expression for the cycle index sum of all the extensions of order p of an
acyclic digraph D, of order p — n. Let A = S, x I'(D,) and note that A4
induces a group A’ whose object set consists of all extensions of D, to acyclic
digraphs with n points of indegree zero. This representation of A can be
made explicit by using a restricted power group, but since we have used this
approach so often, a hint should be sufficient. For each f in I'(D,), let j, be
the number of cycles of length k of points of indegree zero, and let m, be the
number of cycles of length k of the other points of D,. For a in S,, let i, be
the number of cycles of length k. This looks like a surfeit of variables but
their presence will make our formulas less cluttered. Then for each (a, f) in
A we define the class function ¢ for 4 by

(o, B) = [sixefx*m . (8.8.1)

The permutation in A’ induced by («, ) is denoted by («, f) and j,((e, §))
is the number of extensions fixed by («, ). On applying (7.2.3) we can con-
clude that

Y Z(D) = nliT(D,)~* Y. J1l(2, B))o(e, B), (8.8.2)

(a,B)

where the first sum is over all extensions of D, with n points of indegree zero.
The number j,((e, f)’) depends only on the cycle structure of « and 8 and
can be determined explicitly :

Jjil(o, BY) = T @Etkenic — pyrpBikeniomr, (8.8.3)
Note the resemblance of the right side of (8.8.3) to the contribution

H S(r,k)(jr +my)ik
[r.k]
r.k
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of («, B) to the cycle index of the cartesian product S, x I'(D,) as in (4.3.10).
Replacing each variable s, ,, in this expression by 2 gives the right side of
(8.8.3) except for the term — 1. The presence of the latter ensures that in each
digraph fixed by (a, f) all the points of D, have positive indegree.

In order to express the counting theorem entirely in terms of cycle indexes,
the bilinear operation * is defined for monomials by

[Tsie# Tsier = j (@ BY)ola B (8.8.4)

where the right side is determined by (8.8.1) and (8.8.3). On extending this
operation linearly, we can restate (8.8.2) as

S'Z(D) = Z(S,) * Z(Dy). (8.8.5)

Finally on summing this equation we have the main result.

Theorem The cycle index sum Z(3#,) for the set #, of acyclic digraphs of
order p satisfies

p
Z(H) = Y ZS)* Z(H,,) (8.8.6)
n=1
where Z(#,) = 1 by definition.

Robinson chose to express his counting formula in terms of the cycle
index sum for the entire set 5# of acyclic digraphs. On summing (8.8.6) over
all p, his equation is obtained

Z(H) = ) Z(S)* (1 + Z(s#)). (8.8.7)
n=1
Equation (8.8.6), however, is what one actually uses for calculating the
number of a, of acyclic digraphs of order p. For example, to determine qa,,
we need Z(#)), Z(#>,), and Z(H ;). These are easily found with the aid of
Figure 8.8.1.

Z(H#) = s,
Z(H,) = %(S% + 5,) + 51,
Z(A;) = Hs7 + 35,5, + 253) + 353ty + ity + 35,82 + L.ty (8.8.8)
[o] [o] i
(o] (o] Lo e e ®) A A A

Figure 8.8.1
The acyclic digraphs of order 3.
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TABLE 88.1

AcycLiCc DIGRAPHS

p 1 2 3 4 5 6
a, 1 2 6 31 302 5984

Using (8.8.1) and (8.8.3) as prescribed in the definition of the bilinear
operation * in (8.8.4), we have

Z(S4)* Z(H,) = Z(S,)

Z(S3)* Z(H)) = &3 + 35,55, + s34

Z(Sy)* Z(A) = Psit + isity + 3211 + 3850,

Z(S)* Z(Ay) = Bs 1] + 35,18, + 3525, (8.8.9)
On adding these four equations (8.8.9), we obtain Z(#,), whose coefficient

sum 31 is the number of acyclic digraphs of order 4. Robinson used this
method to compute the numbers in Table 8.8.1.

EXERCISES

8.1 Find the cycle index sum of all graphs with four components which
consist of triangles and cycles of order 4.

8.2 Find the cycle index sum Z(%;) for all blocks of order 5 (see (8.6.16) for
Z(%,) with k < 5).

8.3 Find the first few terms of the generating functions which enumerate
connected graphs whose blocks consist of complete graphs of order (a) 2,
(b) 3, (c) 4, or (d) cycles of order 4.

8.4 Use the methods of this chapter to enumerate (a) cacti and (b) block
graphs.

8.5 Draw the 31 acyclic digraphs of order 4 (see Table 8.8.1). (Hint: Use
Appendix 2 of Harary [H1].)



It is not the business of the botanist to eradicate the
weeds. Enough for him if he can tell us just how fast
they grow.

C. Northcote Parkinson

Chapter 9| ASYMPTOTICS

There are basically two methods for determining asymptotic formulas
for graphs, and both are essentially contained in the published and unpub-
lished work of Pélya, in the form of a letter to us in 1951. The choice of method
depends on whether or not the graphs, or structures to be enumerated, are
“treelike.”

Both Riddell [R14] and Pélya investigated the asymptotic numbers of
graphs, and some of their results were improved by Oberschelp [O1] and
Wright [W5, W6]. In the first three sections of this chapter we provide the
details of methods for determining the asymptotic number of graphs and
digraphs. It appears that these methods can be applied successfully to various
classes of graphs; for example, see Palmer [P5] and Harary [HS].

In Section 9.4 we consider asymptotic estimates for connected graphs
and blocks. The results of Section 9.1 can then be used to show that almost
all graphs are connected and that almost all graphs are blocks.

In [P8], Polya found asymptotic results for those trees which represent
the saturated hydrocarbons : all points have degree one or four. His approach

195
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was improved and generalized by Otter [O4] and applied by Ford and
Uhlenbeck in the series [FU1] to graphs with given blocks, and hence cacti,
as well as ordinary trees. Section 9.5 presents Otter’s treatment of this

problem. |

9.1 GRAPHS

Poélya obtained the following formula for the asymptotic number of
graphs g, of order p:

g, ~ 2%/p! (9.1.1)

It follows from formula (4.1.9) that 2¢)/p! is the largest term contributed
to g, by Z(S?, 2). Heuristically, the dominance of this term may be explained
by observing that dividing the number 2% of labeled graphs by p! “removes
the labels.” Formula (9.1.1) can be improved, see Oberschelp [O1], to obtain
better approximations for g, up to remainder terms of order 2?'p*)/(p!27%/2)
for k = 2,3,.... The next theorem includes the improvement with k = 3.

Theorem The number g, of graphs of order p satisfies

2(2) p2 p3
g, = p-(1+2 +(9(23M2 9.12)

Proof Recall that the number of permutations in S, which correspond to
the partition (j) of p is denoted by h(j) and is specified in formula (2.2.4).
From formula (4.1.9) for the cycle index of the pair group of S, the number
q(j) of line-cycles determined by each of these permutations is

_ | k
9 =1 Hn + Zk(’;‘) + T .0 913)

r<t

Now for each k = 0 through p, we let g% be the contribution to g,
determined by all partitions (j) with exactly p — k parts equal to 1; that is,

gy = (1/p)Y (2", (5.1.4)

where the sum is over all partitions (j) with j, = p — k. Then, of course,

Z gy, (9.1.5)
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and from formulas (9.1.3) and (9.1.4) it follows quickly that
g9 = 20/p1. (9.1.6)

For k = 2, consider the partition (j) =(p — 2,1,0,...,0) with j, = p — 2
and j, = 1. From (9.1.3) we have

qlp — 2,1,0,...,0) = (p> — 3p + 4)/2. (9.1.7)
Therefore, from (9.1.4), we may express
g5)/8) = 2p(p — 1)/2~. (9.1.8)

Similarly, we find that
gy'/gy) = 2*p(p — 1)(p — 2)/(3:2%7) (9.1.9)

and

g/g® = plp — (p — 2)(p — 3)(2%/2%% + 2/2%7). (9.1.10)

Lemma For each positive integer n

Z g, 9.1.11)

Proof of Lemma This is accomplished by first establishing upper bounds
for g'. For each k, we consider those partitions (j) of p with j, = p — k.
On substituting j, = p — k and j, = k/2 in the right side of (9.1.3), an upper
bound is obtained for g(j):

p

) <
q(j) < (2

) 1= gk ) (9.1.12)

Furthermore, the number of permutations of p objects with exactly (p — k)
objects fixed is less than or equal to p!/(p — k)! (see Riordan [R15, p. 59)).
Therefore, we can write

1 p' P
(k) )+ k- k+k2/2)/2 9
gp = ’ ( !)'2 P ( 1.13)

Since p!/(p — k)! is bounded by p*, the bound for g, may be increased to
yield

ggc) < (0) k/(z(p 1~ k/2)/2)k (9.1.14)
We always have k < p, and therefore

g® < glOp/(2lr4~ LDy (9.1.15)
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On summing from k = n to p, we have

2‘ *) < g0 Z (\/_p/zp/‘*)k (9.1.16)

k=n

But the sum on the right side of (9.1.16) is the partial sum of a geometric
series whose common ratio approaches zero as p increases. Therefore

I

g® < cglO(/2p/271%y" (9.1.17)

where ¢ > 1 1s close to 1 for large p.
In particular, since

Z g(k) <g, < Z g(k) (0)(9(pn/2pn/4) (9.1.18)

we have on division

n-—1

I<g,/ Z g® < 1+ O@p27*), (9.1.19)

which verifies (9.1.11), and proves the lemma.
We can now continue with the proof of the theorem. To secure the error
on the bound, we return to (9.1.14) and note that with k = n,

g < 22+ 41 g(0)pn pni2 (9.1.20)

and hence

Z gw = (gM(p"/27"). (9.1.21)

From (9.1.17) it follows that

i g® = (g)0((\/2p/271)*" 1), (9.1.22)
k=2n+1
But since
O/ 2p/2742"* 1) = O(p"/272). (9.1.23)

We can combine (9.1.21) and (9.1.22) to find

Z gl = (gMo(p"/2P"). (9.1.24)

The proof of the theorem (9.1.2) is completed by setting n = 3 in (9.1.24) and
adding g + g'» to both sides. [/
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We conclude this section by improving the formula for g, with g% and
¢M. From (9.1.9), (9.1.10). and (9.1.24) we have

2 p2 —p p! (3p—7)/(3p—9)+(9( p’ ))

gp_ﬁl_Fz P +8@_4)! 22p 2502

9.1.25)
4)

Note that the second part of g, is incorporated in the error term. Formula
(9.1.2) was used by Oberschelp [O1] to obtain the first and second approxi-
mations in Table 9.1.1 for g, and (9.1.25) for the third approximations.

TABLE 9.1.1

APPROXIMATIONS FOR THE NUMBER OF GRAPHS

Approximation

p g First Second Third
2 2 1 2 2

3 4 1.333 3.333 4

4 1t 2.667 6.667 10

S 34 8.533 19.20 29.87
6 156 45.51 88.18 127.3
7 1044 416.1 689.12 896.4
8 12346 6660 9570 11120

9.2 DIGRAPHS

The development of asymptotic formulas for digraphs is similar to that
for graphs, and so we shall only sketch the proof of the theorem which
provides the formula and the error bound. From formula (5.1.5) for the cycle
index of the reduced ordered pair group of S,, we see that the number g(j)
of line-cycles determined by each permutation which corresponds to the
partition (j) is

q(j) = %(kjf —Jj) +2 X (1 0] (9.2.1)

r<t

As before, for each k = 0 through p we let

d® = (1/p)Th(j)2, 9.22)
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where the sum is over all partitions (j) with j, = p — k. Then the number
d, of digraphs of order p is the sum of the d¥ and in particular

dP = 27" r/p! (9.2.3)
dP/d® = 22p(p — 1)/22¢ (9.2.4)
dP/dP = 28p(p — 1)(p — 2)/(3-2*7) (9.2.5)
and
dP/dY = (p'/(p — 4)1)(27/2%F + 213/26%), (9.2.6)

A bound on ¢(j) is obtained by setting Ji=p—kandj, =k/2 in the
right side of (9.2.1):

aqH) <p*—p+ kil —2p+ k)2 (9.2.7)

whenever j, = p — k.
Therefore, it follows that

d® < d©O(p/2r-1-bi2)k (9.2.8)

As in the case for graphs, it can now be shown that

n—1
d, ~ ) dy (9.2.9)
k=0
and
4
2. dY = @P)op/2mm. (9.2.10)
k=n

Hence we have the next theorem for digraphs.

Theorem The number d,, of digraphs of order p satisfies

3
n __4”(;’2; D, @(E'g_p)) 9.2.11)

2P —p
— —-p'

d

p

On finding d$ and d' our result takes the form

2 plp— 1) p!  (Bp—7N/3p -9 p’
d, = o (1+ 2"”__+27(p—4)! % +(9( ))

p
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9.3 GRAPHS WITH A GIVEN NUMBER OF POINTS AND LINES

We have seen that the term 2¥/p! contributed to Z(S'?, 2) by the identity
permutation is asymptotic to the total number of graphs of order p. Hence
it would seem that to approximate the number g, , of (p, ) graphs, we should
try the contribution to the coefficient of x* in Z(S'*, 1 + x) made by the
identity permutation. That this contribution is (‘:2;’)/p! can be seen when we
express the graph counting polynomial as follows:

(1 + D

Z(SP, 1+ x) = o —(1 + f(x) (9.3.1)

with f(x) defined by this equation. One would expect this approximation to
be valid because ((g’)/p! is just by (1.1.1) the number of labeled (p, q) graphs
divided by p! to “remove the labels.” But we shall see that it can only be
used when g is not near the ends of its range. For example, g,0 = lforallp
but (‘?)/p! = 1/p! approaches zero as p increases. In fact, if g is a fixed con-

stant then, of course
D
((2))/p! ~ 0. (9.3.2)
q

Bounds on ¢ for which the estimate of g,., 1s valid were established by Polya
as mentioned in Ford and Uhlenbeck [FU1] and subsequently improved by
Oberschelp [O1], as in the next theorem. Wright [W7] has recently found a
necessary and sufficient condition for (9.3.4); see Exercise 9.13.

Theorem If for some e with 0 < ¢ < 1

l{p e
5(2) — q‘ = O(p>*79), (9.3.3)
then the number g, , of (p, g) graphs satisfies

(?) / pl. (9.3.4)

Proof From the definition of f(x) in (9.3.1), we have for all p and g

((‘z’)
q

Hence it suffices to show that if g satisfies condition (9.3.3), then

f(1)z<é’>/( (5)) ~ 0. (9.3.6)

8pq ~

/pY < gpa < ((?)/p! + f(1)2%)p!. (9.3.5)
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But from the asymptotic behavior of g, in (9.1.2) we observe that
(1) = O@p?/2»). (9.3.7)
Therefore we need to show that for suitable values of q,

F(p,q) = 29 7p?) / ((2)) ~ 0. (9.3.8)

To do this we prove that there are positive constantscand d with0 < § <1
such that for all p sufficiently large

1
li(g) — q‘ < cptte (9.3.9)

implies (9.3.8). Then ¢ can be chosen so that (9.3.3) holds.
Now F(p, q), the left side of (9.3.8), is largest when g is at the end of its
range. Thus it follows from (9.3.9) that

(‘022(1»2 - 3p)/2)
(%) '
B —ep'™?

On applying Stirling’s formula to the factorials in the denominator of
the right side of (9.3.10) we have for some constant C, and p sufficiently large

29(p2~3p)2
v ) asepr(a,b)12 9.3.11)

p\@+1z TP
2

F(p,q) < ( (9.3.10)

F(p’ q) S Cl

where

a, = %(g) —cp'*?, (9.3.12)
and

b, = %(’2’) +ent*e, (9.3.13)

Since (a,b,)!* = O(p*), we can simplify the bound on F(p, g) further and
write, for some constant C,

4

p a
F(p,q) < C2(2”(p2 - p)<§_’)+1/2)(p2 — p — 4cp*TOyer(p? — p + dep! oY,

(9.3.14)
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On factoring and using the fact that a, + b, = (5), we have

4

p 2 ap -
F(p.q) < Cz(zp(p2 — p)(g)ﬂ,z)(p — D) (1

4¢ 1+6\ b,
x (p? — p)”"(l + o7 )
p-—p
4 4c 1+6\a, 4 1+0\bp
o
2%(p” = p) p°—p p°—p
[t suits our purpose to express the last inequality as follows

p4 cp”a)( cp”‘s) )(‘;)/2
Fip9 < Co—5——5||1 - 1
(P, q) < 250057 = p)m(( 2|\ e

cp1+6 cp1+5))cp1+d
1 — ) 3.
x ( bt (5)/2)/ ( B ©.3.16)

Next we use the identities

(9.3.15)

_w Cp”")_)“é)/Z - ( - czp2+26/((5)/2))‘5’/2
((1 (5)/2)(1 ol =\ o5 6317
and
- Cp1+6 cpl*s - c2p2+26/((12:)/2) cp!*9o
(3)/2 _ cpt*? 9.3.18)
ot et TPBR) ' ~
(5)/2 cp'*?

It can be shown that for any x, y > 0,
e < (1 + x/yy < €* (9.3.19)

and furthermore for y > x > 0,

e” 0T < (1 — x/yy <e™™ (9.3.20)
On applying (9.3.19) and (9.3.20) to (9.3.17) and (9.3.18) we have
F(p, q) < C,(p*/(2%(p* — p)''*) exp s(p) (9.3.21)

where

o
s(p) = 4czp2‘/ (1 - l—i;—c’-’—). (9.3.22)



204 9 ASYMPTOTICS

If 5 < 1, we have for any constant K > 4c?,

s(p) < Kp?® (9.3.23)
provided p is large.
Thus we have for large p,
F(p, q) < C,p*e*7°/(27(p* — p)'/? (9.3.24)
where K > 4c? and § < 1.
If we choose & < 1, then
ek\»?
F(p,q) = @@3)(?) . (9.3.25)

Hence F(p, q) ~ 0 provided K < log 2. For K to exist, then, the only require-
ment 1s that

4¢* < log2. (9.3.26)

Therefore with ¢ = 0.416, and 8 = 3, formula (9.3.9) implies (9.3.8) and
the proof is completed. /!

Note that the range of g covers most graphs; that is

Y 8pa ™~ &p (9.3.27)

where the sum is over all g which satisfy (9.3.9).
The corresponding theorem for directed graphs is stated next.

Theorem If for some ¢, with 0 < ¢ < 3,

15)-

then the number d, , of digraphs with p points and g lines satisfies

d,, ~ (p(p ; 1)) / p!. (9.3.29)

— 0?79, (9.3.28)

The proof is similar to that of (9.3.4) and on carrying out the details, one

finds that if
l(’;) — gl < 0.832p%2, (9.3.30)

then (9.3.29) holds.
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Following Riddell [R14], and Ford and Uhlenbeck [FU1] we shall first
deal with labeled graphs and then obtain the corresponding results for

unlabeled graphs by observing that “most graphs can be considered to be
labeled.”

Theorem The number G, of labeled graphs of order p is asymptotic to
the number C, of connected labeled graphs:

G,~C,. (9.4.1)
Thus almost all labeled graphs are connected.

Proof On dividing both sides of equation (1.2.1) by G, it follows that

122 p
C,/G,=1—--3% G,_C,/G,. (9.4.2)
? Pi=1 \k P
Since C, < G, = 2% for all p we can write the inequality
1>C,/G, =1~ F(p), (9.4.3)
where
1721 p
Fip)=-)Y ( )kZ"“""". (9.4.9)
D=1 \k

Therefore to establish (9.4.1) it is sufficient to show that lim,_ , F(p) = 0.
Since k/p < 1, we have

F@p) < pf (i)z-kw-k). (9.4.5)

k=1

Now the summands on the right side of (9.4.5) are end-symmetric with respect
to k and hence

[p/2] p
Fp)<2 Y ( k)z-k@-k). (9.4.6)
k=

1

But () < p*and p — k > p/2 and therefore

[p/2] p k ,
Fpy<2 Y (W) . 9.4.7)

k=1
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The sum in (9.4.7) is a geometric series whose common ratio approaches
zero as p increases and hence F(p) = O(p/27?). Therefore lim,_, ., F(p) = 0
and the proof is completed. //

Wright [W4] has investigated the asymptotic behavior of the coefficients
of two generating functions a(x) and b(x) when they satisfy a(x) = exp b(x).
The preceding theorem and other facts can be deduced from his results.

Our next task is to establish the same result as (9.4.1) for unlabeled graphs.
But we proceed by first showing that most graphs are identity graphs, having
only the trivial automorphism group. This fact, known to Riddell [R14],
Ford and Uhlenbeck [FU1], Erdos and Rényi [ER1], and others is stated next.

Theorem The number of graphs of order p is asymptotic to the number of
identity graphs of order p, i.e., most graphs of order p can be labeled in p! ways.

Proof On summing equation (1.1.3) for the number of ways of labeling a
graph over all graphs of order p one obtains

Y pUIT(G)| = 25, (9.4.8)
On dividing both sides of (9.4.8) by p! and applying (9.1.2) we have
YIT(G) ™t ~ g, (9.4.9)

Since the contribution of each graph to the sum in (9.4.9) is less than or equal
to 1, most graphs must contribute 1 and the theorem is proved. /!

As a consequence of this theorem, we have the next far-reaching observa-

tion which allows us to obtain some asymptotic results for unlabeled graphs
from the corresponding results for labeled graphs and conversely.

Metatheorem Most labeled graphs have property “P” if and only if most
unlabeled graphs have property “P”.

From this metatheorem and (9.4.1) follows the companion to (9.4.1) for
connected graphs.

Corollary Almost all graphs are connected.

To establish the next theorem we use some of the results of Section 1.3 on
labeled blocks. Recall that B, is the number of labeled blocks of order p.



9.4 CONNECTED GRAPHS AND BLOCKS 207

Theorem  Almost all labeled graphs are blocks, i.e., B, ~ G,,.

Proof As in Section 1.3, R(x) is the exponential series for rooted, connected,
labeled graphs. We let the exponential series H(x), with coefficients H,, be
defined by

H(x) = i B(R())™ Y /tk — 1)! (9.4.10)
k=2

From (1.3.8) it follows that H(x) = R,(x)/x. Then on substitution in (1.3.7)
and (1.3.4), we have

log Y Cys x*/k! = H(x). (9.4.11)
k=0

By the same reasoning used to prove (9.4.1), it can be established that

C,v1 ~H,. (9.4.12)

p

Since H(x) = R,(x)/x, it also follows that (p 4+ 1)H, is the number of
rooted, connected, labeled graphs with p + 1 points and exactly one block
at the root. Hence we can define F(p) by

H,=B,., + Fp)/p + 1) (9.4.13)

so that F(p) is the number of rooted, connected, labeled graphs with p + 1
points, exactly one block at the root, and no more than p points in that
block. It is easy to see that F(p) has the bound

d 1
Fp) < ¥, ("Z

k=2

)kaGp+1_k(p + 1 — k). (9.4.14)

Now to see that B, is asymptotic to C,and hence to G, it is sufficient to show
that

lim Fp)/(p + 1)23") = 0

and this is easily done as in the proof of (9.4.1).
On applying the metatheorem we have the next result.

Corollary Almost all (unlabeled) graphs are blocks.

Although no formal proof is known, we do not hesitate to assert the
following statement.

Conjecture For every positive integer n, almost all graphs are n-connected.
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From the general methods and results provided in this chapter one can
determine the scarcity or preponderance of various classes of graphs. For
example, from the formulas (6.2.3) and (6.2.7) for self-complementary graphs
and digraphs the following asymptotic determination [P5] can be made
using essentially the same method used to prove (9.1.2). Recall that the
number of points in a self-complementary graph is congruent to 0 or 1
modulo 4.

Theorem The numbers g,,and g,,., of self-complementary graphs satisfy
Ban = (22" 2n)(1 + n(n — 1)2°57% 4+ On3/2%")  (9.4.15)

and
Zans1 = 22" 7nD)(1 + n(n — 1)24 4 4 O(n/25m). (9.4.16)

Asymptotic results for self-complementary digraphs are summarized as
follows.

Theorem The asymptotic behavior of the number of self-complementary
digraphs can be determined by that of self-complementary graphs, since

a2n = Zun and 52n+1 ~ 2"8uns1-

We conclude this section by observing the expected result that self-
complementary graphs and digraphs are relatively scarce. From equation
(9.3.4) we know the asymptotic behavior of the number 8an, Of graphs with
4n points and r = (%')/2 lines. With this result and formula (9.4.15), it can be
shown that

8an/8any ~ 0. (9.4.17)

Corresponding results hold for g,,., and for digraphs. The consequences
are stated in the next corollary.

Corollary Not only are almost all graphs and digraphs not self-comple-
mentary, but this holds even for all (p, p(p — 1)/4)-graphs and correspond-
ingly for digraphs.

9.5 TREES

Polya [P8] determined asymptotic formulas for the saturated hydro-
carbons and other chemical compounds by treating the generating functions
as ordinary analytic functions so that the coefficients could be estimated
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by means of the Cauchy integral formula. Otter [O4] observed that the
method could be applied to ordinary trees, and Ford and Uhlenbeck [FU1]
found that the method served to approximate the numbers of numerous
treelike structures. In this section we shall discuss Otter’s results for ordinary
trees and hopefully supply enough of the details so that the reader may apply
the method to trees of any species.

We require several lemmas, the first of which allows us to treat the gener-
ating functions for all trees and rooted trees as analytic functions.

Lemma The power series T(x) for rooted trees converges in a circle of
radius n > 1.

Proof The following formula for the number of rooted trees of order p + 1
is readily derived from (3.1.9).

p
T,+1 = (1/p) Z kT, Z Tps 1 ks (9.5.1)
k=1 k<ks<p
But since the coefficients of T(x) are increasing we also have
Z Tpri-ks < (p/k)T;H-l—k, (9.5.2)
k<ks<p
and therefore
14
Tor < Y Ty 9.5.3)
k=1
Now we define another power series which will bound T(x) above :
f(x) = > Bx* (9.54)
k=1
where‘B1 = 1l,and for p > 1
b
By = Z BkBp+1—k- (9.5.5)
k=1

It follows by induction from (9.5.3) that T, < B, for all p. But y = f(x)
satisfies

v —y+x=0. (9.5.6)
On solving this equation for y as a function of x, one obtains
y =731 £ (1 - 40" (8.5.7)

and since f(0) = 0, we have

fx) =31 = (1 — 4x)"/%). (9.5.8)
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When this is expanded, using the binomial theorem, into a power series in x,
the coefficients are precisely those in equation (3.3.23) which counts planted
plane trees, as well as all other configurations enumerated by Catalan
numbers. On developing the Taylor series for f(x) at the origin we can con-
clude that for each p

1 1

— {2} (_1w-1gpr
B, = 2(p)( 1)P~14p (9.5.9)

thus establishing a bound for T,,. Furthermore, it follows from (9.5.8) that the
radius of convergence of the series ) © B, x* is  and hence that of T(x) is
at least £.

By virtue of formula (3.2.4) which expresses the series t(x) for trees in
terms of T(x), an immediate consequence of this lemma is that T(x) and
t(x) have the same radius of convergence! In addition, T(x) and t(x) bound
the corresponding series for trees of any species, and hence the series for the
latter also converge. These facts were first found by Pélya [P8].

At this point we observe that since all the coefficients of the generating
function T(x) are positive, 5 is a singularity of T(x) and hence of f(x). On
the other hand, T(x) converges with x = #. To establish this fact we need the
next statement.

Lemma The limit of T(x) as x — 5~ exists and is equal to ) ;. ; T

Proof Since T(x) satisfies the functional equation (3.1.4), we have for all x
in (0, 77)
log(T(x)/x) = T(x) + Y. T(x*)/k. (9.5.10)
k=2

From this it follows that

T(x)/x 1
log(TC)/™) = x° 10

and hence T(x) is bounded on the interval (0, #). Since T(x) is monotone,
the left-hand limit at 5 exists and we let

by = Lim T(x). (9.5.12)

x—n-
It now follows quickly that b, = T(x). //

The value of b, is determined by the next lemma.
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Lemma The series T(x) for rooted trees has the property that

T(n) = L. (9.5.13)

Proof First we define the complex valued function F(x, y) for complex x
and y by

F(x,y) = x exp{y + i T(x")/k} -y (9.5.14)
K=2

and consider the equation
F(x,y) = 0. (9.5.15)

From (3.1.4) we can show that y = T(x) is the unique analytic solution of
(9.5.15), and we know it has a singularity at x = . The preceding lemma
implies that F(n, b,) = 0 and furthermore it is easy to see that F(x,y) is
analytic in each variable separately in neighborhoods of n and b,,.

On differentiating (9.5.14) with respect to y, we find

OF/0y = F(x,y) + y — 1. (9.5.16)

Since F(n, by,) = 0, we know that this partial derivative at (, b,) is given by
oF
—(n, by) = by — 1. (9.5.17)
oy

Furthermore, this partial derivative must be zero at (i, b,), ie. by = 1.
Otherwise, by the implicit function theorem, there is a unique solution
y = f(x) of (9.5.15) which is analytic in a neighborhood of #, in particular
at n itself. But such a solution would have tobe y = T(x)and we know that the
latter is not analytic at x = #, proving (9.5.13). //

Note that it follows immediately from (9.5.16) that the second partial
derivative of F(x, y) with respect to y is not zero at (z, 1).

For the sake of brevity, we omit the proof of the next theorem which is a
combination of the implicit function theorem and observations of Polya,
Otter, Ford, and Uhlenbeck.

Theorem Let F(x,y) be analytic in each variable separately in some
neighborhood of (x4, yo) and suppose that the following conditions are
satisfied :
1. F(XO’ yO) = 0;
ii. y= f(x) is analytic in |x| < |x,| and x, is the unique singularity on
the circle of convergence; '
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i, if f(x) =)=, fx" is the expansion of f at the origin, then
Yo = :):(jfnx" >
iv. F(x, f(x)) = 0 for |x| < xq4;

oF
V. F(XO,YO) =0;
y

. 0°F
V1. 5}7(3‘0, Yo) # 0.

Then f(x) may be expanded about x,:

fx) = fxo) + 3 ap(xq — x)? (9.5.18)
k=1
and ifa; # 0,

—a, - -
f ~ —Lxgnt 2732 (9.5.19)
2/

and ifa, = 0buta; # 0

3a,

x5t 32p =502, (9.5.20)

To apply this theorem, note that the function defined by (9.5.14) satisfies
all the hypotheses with (x,, y,) = (1, 1) and f(x) = T(x). Hence T(x) may
be expanded as in (9.5.18) and if a, # 0, the coefficients behave as in (9.5.19).
It remains to be shown that if

T(x)=1—b,(n — x)'? + by(n — x) + by — x)>? + --- (9.5.21)

then b, # 0 and by # 0, and, of course we require approximations to b,
and 7.
On differentiating (9.5.21) we have

T'(x)=4b,(g — x)" V2 — b, + --- (9.5.22)

where the terms omitted contain (n — x)'/* to the first power at least. On
multiplying both sides of (9.5.22) by 1 — T(x) as obtained from (9.5.21)
we have

T'(x)(1 — T(x)) = b2 + - -- (9.5.23)

where, again, the terms omitted contain ( — x)'/? to at least the first power.
Hence

Jlim T()(1 — T(x) = 367, (9.5.24)
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On differentiating (3.1.4), however, one obtains

T'(x) = T(x)/x + T(x) i T'(x*)xk—1, (9.5.25)
k=1
and therefore
T'(x)(1 — T(x)) = T(x)/x + T(x) i T'(x")x*~1, (9.5.26)
k=2

Thus the limit in (9.5.24) can also be obtained from (9.5.26) and hence

12 _
i’bl—

+ Y T (9.5.27)
k=2

N | =

Using (3.1.4) and (9.5.13), Otter estimated 5 = 0.3383219. Then from an
equation similar to (9.5.27) he estimated b, and found that

bl’,ll/z
2/

with b; = 2.681127. Therefore, making use also of (9.5.20), the behavior of the
number of rooted trees can be stated as follows.

= 0.4399237 - - - (9.5.28)

Theorem The number T, of rooted trees of order p satisfies

rl_»P rl"l’
T, = 04399237 5 + @(W)' (9.5.29)

Now we consider the series t(x) for (unrooted) trees. From (3.24) and
(9.5.21) it follows that we may write

tx) = ao — a;(n — x)'"? + ay(n — x) + a5(n — x)>* + ---, (9.5.30)
hence
r'(x) =3a,(n — x)" Y —a, —3a,(n — x)V* + ---. (9.5.31)
On differentiating (3.2.4), however, we find
t'(x) = T'(x)(1 — T(x)) + T'(x*)x (9.5.32)

and from (9.5.24) it follows that lim, ,, _ #'(x) exists. Hence a, = 0. Next we
express the second derivative ¢"(x) in two ways. From (9.5.31) witha, = 0 we
have

(x) = 2ay(1 — x)"V2 4 ... (9.5.33)
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TABLE 9.5.1

APPROXIMATIONS FOR THE NUMBER OF TREES

P T, T, 1 £,

1 1 1 1 2

2 1 1 1 1

3 2 2 1 1
4 4 4 2 2

5 9 9 3 2
10 719 708 106 86
15 87811 86 965 7 741 7050
18 1721159 1 708 440 123 867 114 875

On substituting the right side of (9.5.26) into (9.5.32) and differentiating,
we find that

t'(x) = T’(x){l/x + i T’(x")x"”l} + e, (9.5.34)
k=2

where the terms omitted are bounded near 5. Then from (9.5.22) and (9.5.27)
we have '

tn(x) — lb?(rl _ x)"l/z “+ .- , (9535)

and therefore a; = b3/3. Then the behavior of the number of trees can be
deduced from (9.5.20) on finding (b3/4./m)n®? = 0.5349485 .. ..

Theorem The number ¢, of trees of order p satisfies

n_p ’1_17
t, = 0.5349485p5/2 + (9(p7/2). (9.5.36)

We conclude with Otter’s table (9.5.1) which compares ¢, and T, with the
values given by (9.5.36) and (9.5.29) without the error terms denoted by i,
and Tp.

EXERCISES
9.1 (a) Relations, asymptotically. (Oberschelp [01])
(b) Tournaments, asymptotically. {(Moon [M2))

9.2 Connected (p, q) graphs (labeled and unlabeled), asymptotically.
(Erd6s and Renyi [ER1]; Wright [W6])
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9.3 Investigate the relation

(¢ o] F e 9]
1+ ) n—”'x" = exp( Y Jn o

=1 =1 !

to determine how rapidly f, must increase to insure that lim,_  F,/f, = 1.
(Hint. Read the Wright papers.) (Wright [W4])

9.4 For any positive k, the number g, of graphs satisfies

2% k ka
gp = ;r(l + _Z edp)27k + (9(—))’

kp
i=1 2

where @(p) = p(p — 1)---(p — i)WP{p) and W {p) is a polynomial of degree

i— linp. (Wright [W5])
9.5 The number of labeled graphs of order p with no triangles is asymptotic
to 2°4(1 + o(1)). (D. Kleitman)

9.6 The number I,
2"~ "n)(1 + o(1)).

Self-complementary tournaments of odd order, asymptotically.
9.7 Almost all:

. of self-complementary tournaments equals

(a) tournaments are strong ; (Moon and Moser [MM1])
(b) digraphs are strong:; (Moon and Moser [MM2])
(c) digraphs are hamiltonian; (Moon [M5))
(d) graphs are hamiltonian. (Moon [M5))

9.8 Connected labeled functional digraphs of order p are asymptotic to
(m/2)Y/2pp— 112 (Rényi [R13]; Katz [K2])
9.9 Pure 2-dimensional simplicial complexes of order p are asymptotic to
20)/p1.

9.10 The probability that a random point of the labeled trees of order p
1s an endpoint approaches 1/e as p increases. (Rényi [R12])
9.11 Almost all trees have nontrivial automorphisms.
(Ford and Uhlenbeck [FU1))
9.12 A sufficient condition for (9.3.4) is min (g, (5) — gq) > 3plogp.
(Wright [W7])

9.13 A necessary and sufficient condition for (9.3.4) is

’ 1 Py _

— logp| = 0.
p—@ 4

(Wright [WT7))



1 do not know what I may appear to the world, but to
myself 1 seem to have been only like a boy playing on
the sea-shore, and diverting myself now and then
finding a smooth pebble, or a prettisr shell than
ordinary, whilst the great ocean of truth lay all
undiscovered before me.

Isaac Newton

Chapter 10{UNSOLVED
PROBLEMS

Although various sophisticated, recondite, and specialized terminology
may confuse the situation, the fact is that very many pattern and con-
figuration problems become graphical in nature when properly reformulated.
Furthermore, the conceptual difficulty of the problem is more easily identi-
fied when recast in terms of graphs or variations on graphs. We present a
wide range of graphical enumeration problems, containing adequate
material to occupy research scholars for generations.

There exist several earlier lists of exactly twenty seven unsolved problems
in graphical enumeration. That restriction is now abandoned and myriads
of open questions are exposed. In this and the remaining sections, we list the
problem areas as P1.1, P1.2,.... Each such area in turn may contain several
individual problems which will be indicated. In some cases, data in the form
of the first few terms of the generating function will be included.

We include no explicit problems on counting trees of various types,
for the existing methods appear always adequate. For counting labeled trees,
see Moon [M4] and Chapter 1, and for unlabeled trees, see Chapter 3.

216
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101 LABELED GRAPHS

The succeeding sections include counting questions open for both labeled
and unlabeled graphs. Usually the labeled case is more manageable than the
unlabeled case because there is less symmetry involved. However there are
two notable exceptions for which unlabeled configurations have been counted
but not the labeled ones:

Pl.1 Labeled self-converse digraphs
The unlabeled self-converse digraphs were counted in Chapter 6 using
the Power Group Enumeration Theorem.

P1.2 Labeled self-complementary graphs
The number of self-complementary graphs and digraphs was determined
by Read [R6], see Chapter 6.

The labeled cases for both of these problems are untouched.

10.2 DIGRAPHS

There are many unsolved problems involving digraphs which are better
stated later along with the corresponding problems for graphs in the succeed-
ing sections. Nevertheless there are some which merit separate mention here
because they involve structural properties exclusive to digraphs.

P2.1 Strong digraphs

Recall from Chapter 5 that a digraph is strong if each pair of points are
mutually reachable by directed paths. Our good friend R. W. Robinson
succeeded in enumerating both labeled and unlabeled strong digraphs
several years ago, but has not yet found the time to write up these interesting,
important, and difficult results. It is to be hoped that he will do so within the
present decade. His methods involve the condensation D* of an arbitrary
digraph D in which the points of D* are the strong components of D, together
with his techniques of cycle index sums developed in Chapter 8.

ANAAA

Figure 10.2.1
The strong digraphs of order 3.
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All the digraphs of order 4 are listed in [H1, pp. 227-330]. There are 83
strong digraphs of order 4 as indicated in [HP6]. Hence their counting series
begins:

x 4 x2 + 5x* + 83x* + .-+,

P22 Upnilateral digraphs

A digraph is unilaterally connected or unilateral if for any two points,
at least one is reachable from the other. Although its unilateral compo-
nents do not partition a digraph, the method of Robinson mentioned above
for counting strong digraphs can still be specialized to unilateral digraphs,
whose counting series as calculated by R. C. Read begins

x 4+ 2x2 + 11x3 + 172x* + 8603x> + ---.

But by a theorem in [HNCI, p. 66], a digraph is unilateral if and only if its
condensation contains a unique spanning path. For this reason, a suitable
modification of the counting of strong digraphs might serve to count uni-
lateral digraphs, and this is in fact Robinson’s approach which he has not as
yet published or even written.

P2.3 Digraphs with a source

A point in a digraph is a source if all other points can be reached from it.
The directional dual is a sink. Of course there are the same number of di-
graphs with a source as with a sink, as these are converse collections. The
series for these starts

x4 2x% + 12x3 + 184x* + - -.

In a strong digraph, every point is both a source and a sink. The counting
of digraphs with both a source and a sink is also open. Robinson also claims
that he can count these kinds of digraphs.

P24 Transitive digraphs

A digraph is transitive if the presence of arcs uv and vw implies that of
arc uw. It is very easy to see that transitive digraphs of order p correspond
precisely to finite topologies on a set of p elements. These have only been
enumerated in the labeled case [EHL 1], using Stirling numbers of the second
kind.

The first four terms in the series for unlabeled transitive digraphs are
X+ 3x% 4+ 9x3 4+ 32x* + ...

Even the next term is unknown. For the labeled case, the first nine terms
have been computed, and each coefficient takes exponentially more com-
puter time; see Appendix I.
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P2.5 Digraphs both self-complementary and self-converse
The only digraphs of order 3 that are both self-complementary and self-
converse are the cyclic and transitive triples. The counting series starts

x + x2 +2x7 + 4x* + .-

This is an interesting new type of problem which seems to call for an appro-
priate generalization of Burnside’s Lemma.

P2.6  Eulerian digraphs

Eulerian graphs have been countecd also by Robinson [R18], but the
techniques are not adaptable to the corresponding problem for digraphs.
The counting series for eulerian digraphs begins

x + x2 4+ 3x3 + 12x* + 68x% + ...

A. Kotzig raised the special case of this question for eulerian tournaments,
whose series begins

x+ x4+ x>+ 3x" -,

10.3 GRAPHS WITH GIVEN STRUCTURAL PROPERTIES

In this book we have shown how to count many graphs with specified
structural properties. Typical examples involving cycles include trees,
unicyclic graphs, and functional digraphs. Concerning connectivity, we have
counted connected graphs, blocks and block-graphs. We shall consider in
this section eight categories of graphs:

a. hamiltonian €. symmetric graphs

b. eulerian (p, q) graphs f. graphs with a square root
c. graphs with local subgraphs g. line and total graphs

d. identity graphs h. clique and interval graphs

Each of these contains in turn several individual counting problems, so
that there are many questions in this section. Furthermore, whenever a new
structural property is introduced into the graphical literature, one can take
this as a challenge to find how many such graphs exist.

P3.1 Hamiltonian graphs

A graph or digraph is hamiltonian if it contains a spanning cycle. These
have not been counted for labeled or unlabeled graphs or digraphs. The
series for unlabeled graphs begins

x3 4 3x* + 8x> + 48x% + .-,
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while that for unlabeled digraphs starts
| x? + 4x> + 60x* + ..

This is the most publicized special case of graphs containing a specified
subgraph, namely a spanning cycle. One can also stipulate graphs with
other kinds of subgraphs such as a 1-factor, a 1-basis, cycles of given length,
or complete graphs of given order. We will elaborate on this theme in Section
10.6.

P3.2  Eulerian graphs

Robinson [R18] counted eulerian graphs of order p without regard for the
number of lines, see Section 4.7. It is most difficult to count eulerian (p, q)
graphs, where the number of lines is also an enumeration parameter. For
eulerian graphs of order 6, the counting polynomial, where the exponent
gives the number of lines, is

x® + x7 + 2x8 + x% + x!10 + x't 4 x12

Another interesting parameter for eulerian graphs would involve the
minimum number of cycles whose union is the entire graph. This stems from
the theorem, see [H1, p. 64], that a connected graph is eulerian if and only if
its set of lines can be partitioned into cycles.

P3.3 Local subgraphs

Given a graph H, the problem is to find the number of graphs of order p
such that each point lies in a subgraph .isomorphic to H. For example, if H
is a triangle, then the series begins

X3 4+ 2x* + TxS 4+ 37x8 + .-,

We also ask for the number of graphs in which each line lies in a triangle.
Of course, similar questions suggest themselves for digraphs.

P3.4 Identity graphs

There are no nontrivial graphs of order less than 6 which have the identity
group. For p = 6, there are eight identity graphs. We have seen in Section
9.4 that asymptotically most graphs have the identity group, but there is no
exact formula for order p. Considering the same problem for digraphs,
the series begins

X+ x2 4+ Tx3 + 137x* + - --.

Identity trees have been counted [HP14], and also identity unicyclic
graphs and identity functional digraphs by Stockmeyer [S6]. In principle,
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Stockmeyer obtained a formula for the number of graphs with given auto-
morphism group. But its use entails the knowledge of the entire lattice of
subgroups of the symmetric group S,. Thus while this theoretically includes
the enumeration of the number of identity graphs and digraphs, it cannot be
properly regarded as a solution to this problem (see Table A10 in Appendix
ID).

P3.5 Symmetric graphs

In a point-symmetric graph, the automorphism group is transitive on
the points. A line-symmetric graph is then defined as expected. A symmetric
graph is both point-symmetric and line-symmetric.

Turner [T1] counted point-symmetric graphs with a prime number p
of points only. Chao [C3] proved that there exists a symmetric graph of prime
order p, regular of degree n, if and only if n is even and divides p — 1; further-
more such a graph is unique up to isomorphism. No other results are known
about the number of symmetric graphs.

P3.6 Graphs with a square root

The square G* of a graph G has the same points as G, with u and v adjacent
in G* whenever their distance in G is either 1 or 2. Other powers G3, G*, ...
are defined similarly. Graphs which have a square root have been charac-
terized, see [H1, p. 24], and similar results were found for digraphs by Geller
[G1]. The counting of graphs and digraphs which have an nth root may not
be an impossible problem.

P3.7 Line graphs and total graphs

The line graph L(G) has the lines of graph G as its points with adjacency
of lines as in G. 4 line graph is the line graph of some graph. This concept was
introduced by Whitney [W2] who showed that a line graph H is the line
graph of only one graph unless H = K. Thus the number of connected line
graphs of order p > 3 is exactly the number of connected graphs with p lines.
From the table in Cadogan [C1] giving the number of connected graphs,
the generating function for connected line graphs with a given number of
points begins

x + x2 + 2x3 + 5x* + 12x3 4+ 30x5 + 79x7 + 227x8 + ---.

The problem here is to find a more direct method, as well as to count line
graphs with a given number of points and lines. Such an approach would
probably use one of the structure theorems for line graphs given in [HI,
Chapter 8].

Connected digraphs with g arcs are not the same in number as connected
line digraphs of order g, as shown in [HN3]. Hence we do not even have this
circuitous approach to the counting of line digraphs.
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The total graph T(G) has the points and lines of G as its point set, with
adjacency defined more or less as expected; see [HI, p. 82]. It is known that
the total graph T(G) is the square of the subdivision graph S(G) obtained by
inserting a new point of degree 2 into each line of G. But this does not seem to
facilitate the search for a formula.

P3.8 Clique graphs and interval graphs _

A clique of a graph G is a maximal complete subgraph. The clique graph
of G has the cliques of G as its points, with adjacency determined by non-
empty intersection of two cliques. An interval graph has intervals on the real
line as its points, with adjacency again determined by intersection. In a
rigid circuit graph, there are no induced cycles of length greater than three.
These classes of graphs are known to be related to each other by their charac-
terization theorems. For example, clique graphs were characterized struc-
turally by Roberts and Spencer [RS1], as reported in [H1, p. 20].

104 GRAPHS WITH GIVEN PARAMETER

It is much easier to propose enumeration problems than to solve them.
For example, each time a new parameter is discovered our viewpoint im-
mediately formulates an associated counting question. Counting problems
for graphs with given parameters partition themselves naturally into sets of
parameters which are closely related. Our ten categories are:

a. radius and diameter

b. girth and circumference

¢. minimum and maximum
degrees

d. connectivity

e. independence and covering
numbers

clique numbers
intersection number
arboricity

genus and thickness
chromatic numbers

il skl 1 T )

For each of these categories, we define the related invariants and describe
the partial progress which has been attained.

P4.1 Radius and diameter

The eccentricity e(v) of a point v of a graph G is the maximum distance
between v and any other point. The radius r(G) is the minimum eccentricity
in G and the diameter d(G) is the maximum.

Thus a graph G has radius 1 if and only if it has a point v, adjacent to all
other points. It is easy to tell the number of graphs of order p with radius 1
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because this number is precisely the total number of graphs of order p — 1.
Even for graphs with radius 2, there are no immediate solutions.

For trees, the diameter is approximately double the radius. Trees with
prescribed diameter d were counted in [HP14]. For graphs there is just the
trivial observation that the only p-point graph withd = 1 is K.

For digraphs, there are corresponding problems. The inradius and out-
radius of a digraph D were defined in [HNCI, p. 162]. These invariants as
well as the diameter always exist when D 1s strong.

P4.2  Girth and circumference
The girth of a graph is the minimum length of a cycle in 1t; the circum-
ference the maximum. Let ¢, be the number of cycles of length nin a graph G.
How many graphs are there with such a prescribed sequence (cs, ¢q4, Cs,
.., ¢,)? The answer to this one general question would count the following
structures with only a little more trouble:

graphs with given girth, and a fortiori,
graphs with given circumference,
graphs containing a triangle,

graphs containing a quadrilateral,
hamiltonian graphs,

graphs with a given number of cycles.

—e a0 o

The counting of unicyclic graphs in Section 3.4 is a very minor step in this
direction.

P43  Minimum and maximum degrees

The minimum degree ¢ and the maximum degree A are natural param-
eters to consider for counting problems. Although there are theoretical
formulations for counting graphs with a given partition, Parthasarathy
[P7], and digraphs with given partitions [HP3], these do not bear directly on
0 and A.

Consider the graphs with 6 > n > 0. When n = 1, these are all the graphs
with no isolated points, and are readily reckoned. The case n = 2 comprises
all graphs with no endpoints as well as no isolates. These were counted by
Robinson [R19] using the method of cycle index sums developed for counting
blocks; see Section 8.6. For n = 3, these are the homeomorphically irreduc-
ible graphs with no end points.

P4.4  Connectivity
The connectivity x (line-connectivity A) of a graph G is the minimum
number of points (lines) whose removal from G results in a graph which is
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either disconnected or trivial. Then G is n-connected if k > n. Thus the num-
ber of graphs with connectivity n is the number of n-connected graphs
minus the number of (n + 1)-connected graphs.

Both 0-connected and 1-connected graphs have been counted since these
are the disconnected and connected graphs respectively. The 2-connected
graphs with p > 3 are the same as blocks and these were counted by Robin-
son, see Chapter 8. The enumeration of n-connected graphs for n > 3
evidently requires more powerful methods than now exist.

One can also ask for the number of graphs with given k and 4, and as a
special case for the number with k = A.

P4.5 Independence and covering numbers

A set of points (lines) is independent if no two are adjacent. The point-
independence number is the maximum number S, of independent points of G,
and the line-independence number B, is defined similarly. A point v and a
line x cover each other if v is on x. The point-covering number oy of G is the
minimum number of points which cover all the lines, and the line-covering
number o, switches points and lines.

Since it is a classic equation in graph theory thatay, + o = p = o; + B,
we need only mention the problems of counting graphs with given point-
independence number B, and with given f,. Intuitively these seem easier
than counting graphs with given covering numbers, but by the above equa-
tion there is no difference.

P4.6 Clique numbers

There are several invariants associated with cliques. One of these is the
greatest clique order of G which we have just encountered in the form B4(G),
the maximum number of independent points in the complement of G.
Some other clique numbers are:

the number of cliques

the minimum order of a clique

the minimum number of cliques which cover all the points of G
similarly for covering the lines of G

the maximum number of point-disjoint cliques.

o0 o

This last invariant is of course the point-independence number of the
clique graph of G, while the first is the number of points in this clique graph.
In general, any invariant of the clique graph of G becomes in this way an
invariant of G itself. None of these problems seem promising.
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P4.7 Intersection number

The intersection number (G) of a given graph G 1s the minimum number
of elements in a set § such that there is a family S;,S,,..., S, of distinct,
nonempty subsets of S whose union is S and v; and v; are adjacent in G if and
only if S; 7 S; # &. Another variation on this invariant is w, which differs
from w only in that the sets S; need not be distinct, so that for example
wo(K ) = 1.

There does not seem to exist any method for counting graphs with given
intersection number or any of its possible variations.

P4.8  Arboricity

The arboricity of a graph G is the minimum number of line-disjoint
acyclic subgraphs whose union is G. The maximum number of line-disjoint
nonacyclic subgraphs whose union is G is called the anarboricity of G. As
noted in [H13], these constitute a pair of covering (arboricity) and packing
(anarboricity) invariants. Another such pair is given by the covering path
number, which is the smallest number of paths whaose union is G, and its
packing counterpart. Such invariants appear hopeless for use as enumeration
parameters, as does also the number of spanning trees in a graph, called its
complexity by Brooks, Smith, Stone, and Tutte [BSST1].

P49 Genus, thickness, coarseness, crossing number

These and other topological invariants may well be the most intractable
of all as far as enumeration is concerned. The genus y of G is the minimum
genus of an orientable surface on which G can be embedded with no pair of
edges intersecting. The thickness 6 is the smallest number of planar sub-
graphs whose union is G. The coarseness & is the greatest number of line-
disjoint nonplanar subgraphs whose union is G. And the crossing number v
is the smallest number of pairs of edges which intersect when G is drawn in
the plane. When G is planar,y = v = 0,6 = 1, and ¢ is not defined. There are
many other related topological invariants of a graph, each at least as hopeless
for counting as the above four.

P4.10 Chromatic number

The chromatic number y of a graph G is the minimum number of colors
needed for its points so that no two adjacent points have the same color.
The line-chromatic number y' (total-chromatic number ") of G is the chromatic
number of the line graph (total graph) of G. (Some authors call y’ the chro-
matic index of a graph.)

A graph G is n-chromatic if y = n, and G is n-colorable if y < n. The
n-colored graphs were counted by Robinson [R17], see Section 4.5, and the
2-colorable graphs in [HP15]. Even the 3-colorable graphs appear impossible
to enumerate at present.
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10.5 SUBGRAPHS OF A GIVEN GRAPH

Most of the problems in this section ask for the number of dissimilar
subgraphs of a given graph G that are isomorphic to a certain graph H.
Thus the group of G determines whether or not two occurrences of subgraph
H are regarded as equivalent. Analogous questions can also be posed for
digraphs.

P5.1 Hamiltonian cycles

The number of spanning cycles in a given graph or digraph can theoret-
ically be expressed in the labeled case using the method of Cartwright and
Gleason [CG1] in terms of the adjacency matrix. But the calculation of such
numbers is forbidding, and becomes even more involved when the number
of similarity classes is desired. Only for special graphs such as K, can the
answer be written from first combinatorial principles.

The most interesting special case of this problem arises when the given
graph is the n-cube Q, because of applications to coding theory. It is easily
observed that there is only one similarity class of spanning cycles in Q, and
Q5. Gilbert [G2] has shown that the series for these begins

x4 x4+ 9x*

but none of the coeificients are known for n > 4. The number of labeled
hamiltonian cycles in Q, has also been found only for n < 4. An undetermined
amount of computer time is required to calculate just the next coefficient.

P5.2 Cycles of a given length

The problem asks for the number of dissimilar cycles of length k in a
graph of order p, generalizing P5.1. It is easily solved in special cases. For
example, there is just one similarity class of cycles of length 2k in the complete
bipartite graph K,, , when m, n > k. The answer to the labeled version of the
same question is ()(G)k!(k — 1)!/2. A solution of the labeled problem for
cycles of length 3,4, and 51n a given graph or digraph in terms of the adjacency
matrix was found in [HM1}.

P53 Complete graphs

As mentioned above, the number of triangles K ; in a given labeled graph
can be calculated. The problem of determining the number of occurrences of
K,, n> 3, in a given labeled graph is open. For the unlabeled case, the
knowledge of not only the total number of triangles, but also their behavior
with respect to the group of the given graph is required to obtain the number
of dissimilar triangles.
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P5.4 Spanning trees

The number of labeled spanning trees of a given labeled graph can be
calculated using the Matrix-Tree Theorem. But there is no corresponding
method for determining the number of different (nonisomorphic) spanning
trees of a given graph. The difficulty of the problem is indicated by the example
in which the given graph is the complete graph of order p. Then the number
of different spanning trees is the number of trees of order p, a problem first
solved by Cayley. The counting of the number of dissimilar spanning trees
in a given graph is also open.

P5.5 Factors

Let G be a labeled graph having a 1-factor, that is, a spanning subgraph of
independent lines; see [H1, p. 86]. The number of different 1-factors of G is
not known except in very special cases. For example, K,, has (2n)!/2"n!
l-factors and K, , has just n! of them.

A factorization of G, if any, is a partition of the lines of G into 1-factors.
It is known that K,, has a 1-factorization but the number of these has not
been settled except for small n. Recently W. Wallis established that Kg
has exactly six 1-factorizations. By an older theorem of Konig, see [HI,
p. 85], every regular bigraph such as K, , has a 1-factorization, so that the
same question can be asked for these.

P5.6  Eulerian trails in a given eulerian graph

There is an explicit formula for the number of eulerian trails in a given
digraph, see (1.8.2). For graphs, however, no progress has been made.
One possible approach would be to consider all orientations of a given euler-
lan graph G which result in eulerian digraphs D,, D,, ....If ¢; is the number
of eulerian trails in D;, then Ze,- is the total number of oriented eulerian
trails G. But this is easier said than done. For example, the special case
G = K,, ., requires the availability of the adjacency matrices of all eulerian
tournaments of order 2n + 1.

10.6 SUPERGRAPHS OF A GIVEN GRAPH

The problems in this section ask for the number of graphs of order p
that are supergraphs of a given graph H. Extremal graph theory may be useful
in counting such graphs. For example, with H = K3, Turan’s theorem shows
that if G has at least [p?/4] lines then G must contain K. Therefore the
counting problem need only be handled for graphs with less than [p?/4]
lines. On the other hand, a solution to such a counting problem may solve the



228 10 UNSOLVED PROBLEMS

corresponding extremal problem. Versions of all of these problems also
exist for digraphs.

P6.1 Cycles

Counting supergraphs of a triangle is the same as counting graphs of
girth 3. But supergraphs of the cycle C, of order n > 4 do not correspond to
graphs of girth n because smaller cycles are not excluded. The series for
supergraphs of C, begins

3x* + 16x° + 111x% + ---.

P6.2  Complete graphs
The problem of counting the number of supergraphs of K, has already
arisen in different guises for n = 3. Therefore our interest here focuses on

n > 4. Turan’s general theorem solves the associated extremal problem,
see [H1, p. 18].

P6.3  Complete bipartite graphs

The problem is to count supergraphs of K,, ,. Since K, , is a cycle of
order 4, we have already encountered a difficult special case. Observe that
the supergraphs of K, , are those graphs whose maximum degree is at least n;
compare problem P4.3,

P6.4 Paths

Counting supergraphs of the path P, of order n is easy for small n. For
example if n = 4, the only connected graphs of order >4 which are not
supergraphs of P, are the stars K, ,,. A solution for each n would involve
knowledge of those connected graphs of order >n whose spanning trees
all have diameter less than n. This problem is related to P5.4.

10.7 GRAPHS AND COLORING

There exists a bona fide method for settling the 4CC (Four Color Con-
Jjecture) which depends on the solution of certain graphical enumeration
problems:

4CC: Every planar graph is 4-colorable.
EE4CC: The number of planar graphs equals the number of 4-colorable

planar graphs. (EE4CC stands for the Enumeration Equivalent
of the 4 Color Conjecture.)
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The counting series for these two classes of graphs are known to have the
same first 39 coefficients ; see [OS1]. There is some latitude with regard to two
different degrees of freedom:

1. The parameter can vary. One can use either p points, or p points and g
lines, or ¢ lines, or diameter d, or any other parameter for which there is some
hope.

2. The type of graph can vary provided only that both the planar graphs
and the 4-colorable planar graphs share the same properties, which may
include:

planar graphs (as in EE4CC)
rooted planar graphs
line-rooted planar graphs
planar graphs rooted at a triangle
labeled planar graphs
j. the preceding five properties with plane graphs in place of planar graphs
plane graphs rooted by the following three-stage procedure:
i. Select an arbitrary edge x of a plane graph G.
ii. Orient x arbitrarily.
ili. Arbitrarily designate one of the two faces incident with x as the
exterior.

AT o a0 o
~T ¢ ¢

There are g possibilities for step (i) since G has g lines, and two possibilities
for each of the other two steps. Multiplying these together, we see that the
total number of Tutte-orientations of a plane graph is 4q, which is reflected
in the paper [HT1] on the automorphism group of a planar graph. Tutte
[T4] provided the definitive comprehensive survey of the art of enumerating
Tutte-oriented plane maps, and we refer the reader to his work for all related
information.

P7.1 Planar and plane graphs
All trees are planar, so the number of planar trees equals the number of
trees. Plane unicyclic graphs are easily counted by using rooted plane trees
for the figure counting series and taking the dihedral group as the con-
figuration group in Pdlya’s Enumeration Theorem (2.4.6).
For both plane and planar graphs, all ten variations (a)-(j) above are
open problems.

P72 n-colorable graphs
This has been solved only for n = 2, and is the same as problem P4.10.

P73 n-colorable planar graphs
This problem has not been solved for any n > 1. Even for n = 2, it is
subtle because it involves homeomorphisms of K3 3.
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P74 Self-dual plane graphs :

Given a plane graph G, its dual G* is constructed as follows: Place a
point in each region of G including the exterior region and if two regions
have a line x in common, join the corresponding points by a line x* crossing
only x. The result is always a plane general graph in which loops and multiple
lines are allowed. The tetrahedron is self-dual, while the cube and the octa-
hedron are duals, as are the dodecahedron and the icosahedron.

The confrontation of manageable solutions to P7.1 and to P7.3 for
n = 4 would settle the EE4CC and hence the 4CC itself. Of course this could
also be accomplished by comparing any other pair of classes of planar
graphs that are obtained in the same way, as for example by the same kind of
rooting. It is safe to predict that the 4CC will not be settled for the first time
by means of the EE4CC. Furthermore, the occasional rumors to the effect
that the 4CC has been solved do not in any way answer these most difficult
counting questions.

10.8 VARIATIONS ON GRAPHS

There are many configurations which are not graphs per se but are
graphical in nature. Space permits only an indication of the counting
problems for a few of these structures. These include simplicial complexes,
Latin squares, knots, animals, and chessboard and paving configurations.

P8.1 Simplicial complexes

A simplicial complex consists of a finite nonempty set V of points and a
collection of subsets of V called simplexes such that every point is a simplex
and every nonnull subset of a simplex is one. The dimension of a simplex S
is |S| — 1; the dimension of a complex is the maximum dimension of its
simplexes.

While the number of n-dimensional complexes has only been solved for
n = 1 when these become graphs (strictly speaking, graphs which are not
totally disconnected), there is another special case which can be handled.
In a pure n-complex, every maximal simplex has dimension n or 0. Thus every
graph is a pure 1-complex. An indication of how to count pure n-complexes
is given in [H11). For example, the counting problem for pure 2-complexes
with p points is obtained when 1 + x is substituted into the cycle index of
the triad group S$: this group is induced by S, but acts on 3-subsets of
objects. A formula for this cycle index appears in [O1]. Let s(y) = Zspy” be
the generating function for pure three-dimensional simplicial complexes.
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We have found by brutal computation that this function begins
s(V) =y + y? + 2y + Sy* + 34y° + 2136y° + 7013 488)° + ---.

Now let s, be the total number of complexes with dimension at most
two with p points (0-simplexes), ¢ lines (1-simplexes) and r cells (2-simplexes).
Let s,(x,y) = Y s,,:a%y" be the counting polynomial for those of order p.

For p = 4, this polynomial is
s ) =1+ x+2+XC+ P+ x*Q+y) +x°(L+y+y?)
+x1 +y+ 2+ ¥+

The problem is to determine s,(x, y) for arbitrary p. It should then be possible
to derive the result for higher dimensional complexes.

P8.2 Latin squares

A Latin square is a square matrix of order »n in which each row and column
is a permutation of the integers 1, 2,...,n. If L, is the number of squares of
order n in which the first row and the first column are in standard order
1,2,...,n, then the total number of latin squares of order n is obviously
n!(n — 1)!L,. The following values of L, for n < 7 are taken from Riordan
[R15, p. 210]:

x + x% + x> + 4x* + 56x° + 9408x° + 16942 080x7 + - -.

Latin squares may also be regarded as bicolored graphs K, , in which the
lines are also colored. The points u; of the first color correspond to the rows
of the latin square while the points v; of the other color stand for the columns.
Every line of K, , is colored with one of the n colors so that each point is
incident with one line of each color.

The number of Latin squares is reduced if we introduce an equivalence
that allows permutations of the n symbols and which does not distinguish
between rows, columns or symbols. On this basis, J. J. Seidel (unpublished
notes) compiled the data in the polynomial

X4+ x? 4+ x4+ 2x* +2x% + 12x% + 147x7 + ---.

Let A = [a;;] and B = [b;;] be two n x n Latin squares. Then' 4 and B
are called orthogonal if the n* pairs (a;;, b;;) are all distinct. The number of
orthogonal pairs of Latin squares, as well as orthogonal m-tuples is open.

P8.3 Knots and knot-graphs
The first seven knots in the table in Reidemeister [R11, p. 70}, which were
taken from the article by Alexander and Briggs [AB1], are shown in Figure
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L&
&

6, 6, 6,

5,

Figure 10.8.1

The smallest knots.

10.8.1. Each of these is a plane projection with a minimum number of cross-
ings. To each such minimal plane projection of a knot, it is possible to associ-
ate a graph by taking the crossing points as the vertices and the arcs joining
a pair of consecutive crossing points as the edges. Thus the graphs (actually
multigraphs) of these seven knots are shown in Figure 10.8.2. Obviously
each such graph is regular of degree 4. A knot-graph is the graph of a minimal

plane projection of a knot. Let G,, be thegraph of the knot denoted in
Figure 10.8.1 by p,.

63.1 64,1 Gs,| 65.2
65.1 Gs.z

Figure 10.8.2
The smallest knot-graphs.
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Figure 10.8.3
The knot-graph of four different knots.

As pointed out by Brown [B1], the graph of a knot is not a knot invariant.
This he verified by presenting the ‘“‘knot-product” of knots 3, and 4, (the
definition of knot-product is reported in [H2]) in two different ways, so that
one of the knot-graphs has four double edges and the other has three.
Thus we must speak of a graph of a knot rather than the graph of a knot!

Conversely, different knots can have the same knot graph; the most
striking known example being the graph of knots 8, 8,4, 8,,, and 8,,,
all of which have the graph of Figure 10.8.3.

Brown then developed the following criterion:

A plane multigraph is a graph of a knot if and only if

a. 1t is regular of degree 4;
it is a block;

c. the plane curve created by starting at any vertex and any of its edges
and then joining the ends of opposite edges at each vertex is an eulerian
trail.

Several enumeration questions suggest themselves naturally now that
we know which graphs are knot graphs.

1. How many knot-graphs are there with p vertices?

Note that this is a different question from asking for the number of knots in
view of the fact noted above that the graph of a knot is not a knot invariant.

2. How many knot graphs are there with p vertices and m pairs of multiple
edges? It appears from the available data that always m > 2.

3. On replacing each pair of double edges by a single edge, a genuine
graph (rather than a multigraph) results. How many such graphs are
there?

4. 'Which special classes of knot graphs can be identified and enumerated?
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P8.4 Chessboard configurations

We mention only a few of the many problems associated with laying
pieces on an n x n chessboard. All these problems may be interpreted in
terms of graphs, and can be lavishly illustrated.

The rooks problem asks for the number of ways in which n rooks can be
positioned on an n x n board so that no rook can threaten another. Thus
no two rooks are permitted to be in the same row or column. The answer is n!
unless we identify solutions with respect to rotations and reflections of the
board that preserve the two colors of the squares. In the latter case the number
of different configurations has been computed for n < 7 and the data,
Kraitchik [K 5], are given by

x 4+ x% 4 2x% 4+ Tx* + 23x5 + 115x® + 694x7 + ...

Any solution of the rooks problem in which no two pieces are on the
same diagonal is clearly a solution of the corresponding queens problem.
The latter is unsolved in both the labeled and unlabeled cases. The number
of configurations with n < 12 has been computed in Kraitchik [K5] when
color-preserving rotations and reflections of the board are allowed. The
data are given by:

x 4 2x* + 10x° + 4x° + 40x7 + 92x® + 352x°
+ 724x'° + 2680x'! + 14200x!% + .. -,

Similar problems may be posed for bishops and knights. Variations can
also be introduced by changing the shape of the board to rectangular,
L shapes or triangles. A more interesting rooks problem from the standpoint
of enumeration is to determine the number of distinct rook polynomials,
defined in Riordan [R15, p. 165].

Another type of chessboard problem asks for the number of different
tours the knight can make on an m x n board in which each square is visited
exactly once. These are of course labeled hamiltonian cycles in a knightlike
graph of order mn. Numerous partial results may be found in [KS5].

P8.5 Cell growth problems
All of the “square animals’ with at most four cells are shown in Figure
10.8.4. Thus an animal grows in the plane of adding a square cell of the same

Figure 10.8.4
The smallest square animals.
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Z

Figure 10.8.5

The smallest holey animal.

size to any of its sides. Furthermore, animals are assumed to be simply
connected in that they have no holes.

Read [R4] devised a clever scheme that enabled him to compute the
number of animals, holey or not, with as many as ten cells. These results
and those of Parkin (unpublished) led to Table 10.8.1. Klarner [K4] used
elegant analytic methods to establish lower bounds for both kinds of animals,
but no formulas have been found from which the number of animals with n
cells can be calculated. Note that the smallest animal not simply connected,
Figure 10.8.5, has seven cells and is the only ‘“holey animal” of order 7.
Thus with seven cells there are 107 square animals and just one holey animal.

TABLE 10.8.1

SQUARE ANIMALS

Cells 1 2 3 4 5 6 7 8 9 10
Animals 1 1 2 5 12 35 107 363 1248 4271
Holey

animals 0 0 0 0 0 0 1 6 37 384

There are numerous variations of this problem [H12]. With triangles
instead of squares as the basic cells, the desired series begins

x+x2 4+ x>+ 3x* + 4 4

JANNRVAVARVAVAN
@/V\/@\

s 15 0 A

Figure 10.8.6

The smallest triangular animals.
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& Y

Figure 10.8.7

The smallest hexagonal animals.

With hexagons instead of squares we have
x + x% 4+ 3x3 + Tx* + 22x° 4+ 83x% + -,

We can ask for the number of toroidal animals in which the genus of the
underlying surface is 1 instead of 0. Finally we can use cubes instead of squares
and ask for the number of solid animals. Many other related questions
involving paving problems may be found in Golomb’s book [H3], which
show vividly how such constructions lead to tantalizing puzzles.

P8.6 Ising Problem

Ising [I1] proposed the problem which bears his name and solved it
for the one-dimensional case. Onsager [O2] was first to find a solution to the
two-dimensional problem, but no progress has been made toward solving the
problem in higher dimensions.

In the two-dimensional lattice graph L, , the points are ordered pairs
GLj),i=12,....,m;j=1,2,...,n Two points are adjacent if the Euclidean
distance between them is 1. Thus L, , is the cartesian product P, x P,
of two paths. Frequently, in physical applications these graphs are drawn
on the torus with opposite sides identified. A d-dimensional lattice graph is
defined similarly. The problem is to determine the number A4, of different
labeled even subgraphs with g lines.

T

2O

Figure 10.8.8
A lattice graph.
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By the area of an even subgraph of a two-dimensional lattice we mean the
minimum area enclosed by the line-disjoint cycles of this subgraph. The
“two-dimensional Ising problem with magnetic field” asks for the generating
function that counts labeled even subgraphs with both the number of lines
and the area as enumeration parameters.

As another variation of the Ising problem, there is the case known in the
literature as the “‘interaction between nonnearest neighbors.” Consider the
supergraph of a lattice graph obtained by adding both diagonals into each
of its squares. The problem again is to count the even subgraphs of such a
graph.

For a more detailed discussion of the various Ising problems, one may
consult the expository article [H14].



Appendix 1

Truth is truth to the end of reckoning.

W. Shakespeare, Measure for measure

This appendix presents nine tables that list the number of graphs of
various kinds. Although much of this information is in the text, it is still
convenient to gather these data together here. The tables and their contents
are as follows. In the first two tables the parameters are p points and g lines;
in all the others, just p points.

Table

Al Graphs

A2 Connected graphs

A3 Graphs, connected graphs, and blocks

A4 Digraphs, connected digraphs, and symmetric relations

AS Self-complementary digraphs and self-converse digraphs and
relations

A6 Labeled finite topologies

A7 Trees, rooted trees, identity trees, and homeomorphically irre-
ducible trees

A8 Tournaments

A9 Asymptotic approximation to graphs and tournaments.

239
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The ‘format of this table for the number of (p, q) graphs follows that in
[H1, p. 214], the main difference being that there are no misprints here.
The table first appeared in [R15, p. 146].

TABLE Al

THE NUMBER OF (p, q) GRAPHS

S
~
o
N
w
F~S
(9]
(=)
~
oo
\o

0 1 1 1 1 1 1 1 1 1
1 1 1 1 1 1 1 1 1
2 1 2 2 2 2 2 2
3 1 3 4 5 5 5 &)
4 2 6 9 10 11 11
5 1 6 15 21 24 25
6 1 6 21 41 56 63
7 4 24 65 115 148
8 2 24 97 221 345
9 1 21 131 402 771
10 1 15 148 663 1637
11 9 148 980 3252
12 5 131 1312 5995
13 2 97 1557 10120
14 1 65 1646 15615
15 1 41 1557 21933
16 21 1312 27987
17 10 980 32403
18 5 663 34040

&
—
[ 5]
P~

11 34 156 1044 12 346 274 668
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The entries for the number of connected graphs were taken from Cadogan
[C1]. A few more can be obtained from Sloane’s catalogue [S4].

TABLE A2

THE NUMBER OF CONNECTED (p, q) GRAPHS

N O 1 2 3 4 S 6 71 8 9 10 11 12 13
11

2 {

3 11

4 2 11

5 3005 s 4 2 11

6 6 13 19 2 20 14 9 5 2
7 11 33 67 107 132 138 126 95
8 23 89 236 486 8141169 1454

The numbers (Table A3, next page) g,, p < 9, appear in Riordan [R15,
p. 146], [H1, p. 214], Oberschelp [O1], Robinson [R19], and also in other
references. King and Palmer [KP1] used a computer to calculate g, for

p < 24. Cadogan [C1] calculated c, for p < 8, and Robinson [R19] worked
out b, for p < 9.

The numbers d,, of digraphs were computed by Oberschelp [O1], as were
the symmetric relations for p < 8. Sloane [S4] lists d ,forp < 11

TABLE A4
DiIGRAPHS
Symmetric
P Digraphs Connected digraphs relations
1 1 t 2
2 3 2 6
3 16 13 20
4 218 199 90
5 9 608 9364 544
6 1540944 1530843 5096
7 882033440 880471 142 79 264
8 1793 359 192 848 1792473 955 306 2208612




TABLE A3
GRAPHS
p graphs g, connected graphs ¢, blocks b,
1 1 1 0
2 2 1 1
3 4 2 1
4 11 6 3
5 34 21 10
6 156 112 56
7 1044 853 468
8 12 346 11117 7123
9 274 668 261 080 194 066
10 12005 168 11716 571
11 1018997 864
12 165091 172 592
13 50502 031 367952
14 29054 155657 235488
15 31 426 485 969 804 308 768
16 64 001 015 704 527 557 894 928
17 245935864 153532932683 719 776
18 1787 577 725 145 611 700 547 878 190 848
19 24 637 809 253 125004 524 383 007 491 432 768
20 645490 122 795 799 841 856 164 638 490 742 749 440
21 32220272 899 808 983 433 502 244 253 755 283 616 097 664
22 3070846 483094 144 300 637 568 517 187 105410 586 657 814 272
23 559 946 939 699 792 080 597 976 380 819 462 179 812 276 348 458 981 632
24 195 704 906 302 078 447 922 174 862 416 726 256 004 122 075 267 063 365 754 368

e

I XiaN3ddVv
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Self-dual digraphs with respect to complementation and conversion,
as well as self-converse relations are now tabulated.

TABLE A5

SELF-DUAL RELATIONS

Self-complementary Self-converse Self-converse

p digraphs digraphs relations

i 1 1 2

2 1 3 8

3 4 10 44

4 10 70 436

5 136 708 7176

6 720 15248 222 368

7 44224 543 520

8 703 760

The number of labeled finite topologies on p points, which is equal to the
number of labeled transitive digraphs, has been calculated for p < 7 in
Evans, Harary, and Lynn [EHL1]. B. Stubblefield has determined this
number for n = 8.

TABLE A6

LABELED FINITE TOPOLOGIES

Labeled topologies

o~ |

1

4

29

355

6942

209 527
9535241
642779 354

00 1 N AW
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For the number of trees, rooted trees, identity trees, and homeomorphic-
ally irreducible trees, we have appropriated the table in [HI, p. 232], which
in turn was taken in part from Riordan [R15, p. 138]. Allen Schwenk at the
University of Michigan has used a computer to calculate all these parameters
for p < 39.

TABLE A7
TREES
Pt L, &k p L T,
1 1 1 1 1 13 1301 12486
2 1 1 0 1 14 3159 32973
3 1 2 0 0 15 7 741 87 811
4 2 4 0 1 16 19 320 235381
5 3 9 0 1 17 48 629 634 847
6 6 20 o 2 18 123 867 1721159
7 11 48 1 2 19 317955 4 688 676
8 23 115 1 4 20 823 065 12 826 228
9 47 286 3 5 21 2 144 505 35221832
10 106 719 6 10 22 5623 756 97055181
11 235 1842 15 14 23 14 828 074 268 282 855
12 551 4766 29 26 24 39299 897 743 724 984

25 104 636 890 2067 174 645
26 279793450 5759636510

Paul Stein programmed the computer at the Los Alamos Scientific
Laboratory to obtain the number of tournaments for p < 30, Table A8, next

page.

In Table A9, p.246, the entries give 2°?~1/2/p! which we saw in Chapter 9
gives an asymptotic approximation for both the number g, of graphs and
the number T(p) of tournaments with p points. Again these numbers were
kindly provided by Paul Stein.



TABLE A8

TOURNAMENTS >
v
'o
m
p T(p) 2
o
1 1 x
2 1
3 2
4 4
5 12
6 56
7 456
8 6 880
9 191 536
10 9733 056
11 903 753 248
12 154 108 311 168
13 48 542 114686912
14 28 401 423719 122 304
15 31021002 160 355 166 848
16 63 530 415 842 308 265 100 288
17 244912 778 438 520 759 443 245 824
18 1 783 398 846 284 777975 419 600 287 232
19 24 605 641 171 260 376 770 598 003 978 281 472
20 645022 068 557 873 570 931 850 526 424 042 500 096
21 32207 364031 661 175 384 456 332 260 036 660 040 346 624
22 3070 169 883 150 468 336 193 188 889 176 239 554 269 865 953 280
23 559 879 382 429 394 075 397 997 876 821 117 309 031 348 506 639 435 776
24 1956920276 575 218 760 843 168 426 608 334 827 851 734 377 775 365 039 898 624
25 131 326 696 677 895 002 131 450 257 709 457 767 557 170 027 052 967 027 982 788 816 896
26 169 484 335 125 246 268 100 514 597 385 576 342 667 201 246 238 506 672 327 765 919 863 947 264
27 421 255 599 848 131 447 082 003 884 098 323 929 861 369 544 621 589 389 269 735 693 986 231 100 612 608
28 2019 284 625 667 208 265 086 928 694 043 799 677 058 780 746 074 756 618 649 807 453 554 008 410 636 526 845 952 N
29 18 691 296 182 213 712 407 784 892 577 100 643 237 772 159 079 535 345 610 331 272 616 359 410 643 727 554 822 061 146 112 «

W
o

334 493 774 260 141 796 028 606 267 674 709 437 232 608 940 215918 926 763 659 414 050 175 507 824 571 200 950 884 097 540 096 000




TABLE A9

ASYMPTOTIC NUMBER OF TOURNAMENTS AND GRAPHS

P 29/p!
1 1
2 1
3 1
4 2
5 8
6 45
7 416
8 6657
9 189 372
10 9 695 869
11 902 597 327
12 154043 277 297
13 48 535481 831 642
14 28400190 511772276
15 31020581 422991 798 557
16 63 530 150 754 287 203 445 810
17 244 912 468 225 468 597 942 626 507
18 1783 398 168 624923 337 196 441 201 196
19 24 605 638 395579 573 858 211 783 276 124 626
20 645022047 157081 180948 706 971 513 641 417 725
21 32207363 719989693 161 641 493 398 185 145 868 257 184
22 3070169 874 550173 863 332853 689 226853 410359422 313 750
23 559 879 381 978 490975 464 019 198 266 910 789 847 137 671 663 161 697
24 195692027 612492 717 696 053 131 613974 749 458 250 743 733 957 146 609 599
25 131 326 696 669 310 184 928 548 229 462 563 319 608 278 228 391 409 823 336 516 656 557
26 169484335122 115195657 399 862470076 055903 470 709 678 462 703 895 275433 435 498 631
27 421 255 599 845942 668 803 919 924 597 149 559 454 904 184 585016 179 214 085 529 813 478 905 185 546
28 2019284 625664 270 536 611 378 920477 168 898 079 934 218 310482 029 759 803 193 187 192 943 926 121 612 944
29 18 691 296 182 206 129 806 987 592 941 623 330 025 693 264 356 626 820 456 495 804 849 429 663 146 992 789 154 562 961 044
30 334493774 260 104 102 715 593 766 508 469 331712364208913311 144737971969 122910864 452 626959 027 797 528 575 878 038

) 74
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Crowd not your table: let your numbers be
INot more than seven, never less than three,

William King, The Art of Cookery

Appendix 11

The first table in this appendix summarizes the frequencies of the digraph
groups for digraphs of order 4, and corrects four entries of the table in [HP6]
where this data first appeared.

TABLE A10

ENUMERATION OF FOUR-POINT DIGRAPHS BY AUTOMORPHISM GROUP

Group O 1 2 3 4 5 6 =7 Total

S, 1 0 0 0 0 o0 0 1 2
E,S, 0 1 2 3 6 10 6 22 50
E, 0o 0 1 7 16 28 32 52 136
S,S, 0 0 1 © 1 0 2 2 6
S,[E,] 0o 0o 1 o0 2 0 4 3 10
E,S, o0 0 o0 2 0 o0 2 2 6
E,C, 0o 0 0 1 0 o0 2 1 4
C, 0 0 0 © 1 o o 1 2
D, 0 0 0 O 1 o0 o 1 2

Total 1 L 5 13 27 38 48 8 218

247
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The next table displays the data obtained by Stockmeyer [S6] for digraphs
of order 5. As mentioned in problem P3.4 of Chapter 10, the calculation of
these numbers requires the knowledge of the entire lattice of subgroups of S.

TABLE All

ENUMERATION OF FIVE-POINT DIGRAPHS BY AUTOMORPHISM GROUP

Lines 012 3 4 5 6 7 8 9 10 > 11 Total
Group

E, 0 0 0 5 28 107 278 591 962 1314 1431 3285 8001
E.S, 001 8 13 43 59 105 124 168 148 521 1190
S,(E,JE, 001 0 6 0 22 0 38 0 49 67 183
E,C, 000 0O 1 0 2 4 2 2 6 11 28
E,C, 0000 0 1 0 0 O 3 0 0 4 8
E,S,S, 002 0 7 0 13 0 18 0 26 40 106
Cs 000 0 O 1 0 0 0 0 1 1 3
E,S, 010 2 2 2 2 7 1 4 8 21 50
C,Cs 000 I 0 1 0 O 0 2 0 4 8
E,D, 000 0 1 0 0 0 3 0 0 4 8
D, 000 0 0 0 0 O 0 0 1 0 1
S,S, 001 0 0 0 3 0 3 0 0 7 14
E,S, 000 0 2 0 0 O 1 0 0 3 6
S, 100 0 0 0 0 O 0 0 0 1 2
Total 1 1 5 16 61 154 379 707 1155 1490 1670 3969 9608




A bird in the hdnd is worth two in the bush

Aesop’s Fables

Appendix 111

CYCLE INDEX FORMULAS FOR THE
SYMMETRIC GROUPS S, WITH » < 10

Z(Sy) =1
Z(Sy) = s,
|
2(8;) = 5(5% + %)

1

1
Z(S,) = Z?(si’ + 6595, + 8s;55 + 353 + 65,)

1
Z(Ss) = y(sf + 10s3s, + 20s3s; + 155,53 + 30s,5, + 205,55 + 24s5)

249
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Z(S,) = é(sg + 155%s, + 40s3s, + 455252 + 90s3s, + 120s,5,5,
+ 144s,s5 + 1553 + 90s,5, + 4052 + 120s,).
Z(S,) = %(sz + 21sis, + 70sis; + 105s3s3 + 210s3s, + 420s2s,s,

+ 504siss + 105s,s3 + 630s,5,5, + 280s,s2
+ 840556 + 210s3s; + 504s,55 + 420535, + 720s.)

1
Z(Sg) = g(si‘ + 285%s, + 1125353 + 210sfs3 + 420s%s, + 1120s%s,s,

+ 1344siss + 420s3s3 + 2520s2s,s, + 11205252 + 3360s2s,
+ 1680s,5353 + 4032s,5,55 + 33605,535, + 5760s,s, + 10553
+ 1260s3s, + 1120s,53 + 3360s,55 + 26885555 + 1260s2

+ 5040s,)

1
Z(Sy) = —9——’(5? + 36s{s, + 1685%s; + 3785352 + 756s5s, + 2520s1s,s,

+ 3024stss + 1260s3s3 + 7560s3s,5, + 33605352 + 756052525,
+ 945557 + 100805355 + 18144s2s,5, + 15120s2s,s,

+ 25920s3s, + 11340s,s3s, + 10080s,s,52 + 30240s, 5,5

+ 2419255355 + 11340s,52 + 453605, 55 + 2520535,

+ 9072355 + 15120s,555, + 25920s,5, + 2240s3 + 20160s,s,
+ 18144s,s5 + 40320s,)

| ,
Z(S,,) = W(S}O + 45s%s, + 240s7s, + 630s$s3 + 1260s%s, + 5040s35,55

+ 60485355 + 3150sts3 + 18900ss,s, + 8400s%s2

+ 25200s1ss + 2520053525, + 60480s3s,55 + 5040053555,

+ 86400s7s; + 4725s3s% + 567005525, + 50400525, 52

+ 151200535,56 + 12096052555 + 567005352 + 226800525,

+ 25200s,5353 + 90720s, 5255 + 151200s,5,535, + 259200s,s,5-
+ 22400s,s3 + 201600s,535¢ + 181440s,5,55 + 403200s, s

+ 94553 + 18900s3s, + 252005252 + 756005356 + 120960s,5,55
+ 56700s,53 + 226800s,55 + 50400s2s, + 172800555,

+ 1512005, + 7257652 + 362880s,,)
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CYCLE INDEX FORMULAS FOR THE
PAIR GROUPS S¥ WITH n < 10

Z(s9) =

Z(s§) =

Z(s$) =

Z(sY) =

1
Z(S®) = 5(5{5 + 15s]s3 + 40s7s3 + 455355 + 90s,s,53 + 120s,5,52s,

Z(s) =

Z(s) =

Sy

1
g(sf + 3s;5, + 2s3).

1
ﬁ(s? + 65252 + 853 + 35753 + 65,5,).

| =

!

wn

+ 144s2 + 155358 + 90s,s,52 + 40s3 + 120s552).
1
ﬁ(sf‘ + 21si's3 + T0s$s3 + 105s3s5 + 210s3s,s%

+ 4205353535, + 504s,s% + 105s7s5 + 630s,s2s5 + 280s]
+ 840s;53 + 21057535352 + 50455350

+ 4205,53545,, + 720s3).

1

g(sfg + 2851%s§ + 11251%§ + 210s8s2% + 420s%s,s3

+ 1120s%s35%s, + 1344s3s3 + 420s7s3% + 2520535353

+ 1120s,55 + 3360s,5;5¢ + 168057535352 + 40325,5,525,,
+ 3360s,52s2s,, + 5760s% + 105s1s3% + 1260s1s3s5

+ 1120s,535% + 3360s,555¢ + 2688s3535;5 + 12605355

+ 5040s,53).

251

(s!10 + 10s%s3 + 20s,53 + 15s7s3 + 305,53 + 205,535 + 24s2).
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Z(s) =

Z(S{0) =
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9~1'(s?6 + 3657°s; + 168s51°s] + 378s1%s;> + 75651°s,53

+ 25207525356 + 30245558 + 12605553 + 7560535358

+ 3360s3s3" + 75605353535 + 9455153° + 10080575552

+ 18144s2s3sts,0 + 15120s,5,53525,, + 25920s,53
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L
10!
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"Twas brillig and the slithy toves
Did gyre and gimble in the wabe
All mimsy were the boragoves
And the mome raths outgrabe.

Lewis Carroll, Jabberwocky

INDEX OF SYMBOL.S

The symbols, letters and notational devices as they are most commonly used in this book
are collected here. They are arranged in four categories: Latin letters, Greek letters, script
letters, and operations on graphs.

A(G) adjacency matrix 24
A, alternating group 36
B, number of labeled blocks 9
B(x) exponential generating function for labeled blocks 9
C, number of labeled connected graphs 7
C, cyclic group 36
C(x) exponential generating function for labeled connected graphs 8
4CC 4 Color Conjecture 228
D digraph 4
D, dihedral group 37
D converse of D 151
D* condensation of D : 217
D(x) generating function for labeled digraphs 5
EE4CC Enumeration Equivalent of the 4CC 228
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identity group

graph

number of labeled graphs

generating function for labeled graphs

exponential generating function for labeled graphs

complement of G

dual of G

complete graph
complete bipartite graph

complete m-partite graph for given m-part partition (j) of p

line graph of G

number of orbits of the permutation group 4
Polya’s Enumeration Theorem

Power Group Enumeration Theorem
path

n-cube

symmetric group

tree

number of rooted trees

generating function for rooted trees
number of tournaments

set of points of G

cycle index of the permutation group A
cycle index of group of G

cycle index sum of symmetric groups
difference of cycle index sums for 4, and S,
block-cutpoint tree of G

number of connected graphs

generating function for connected graphs
number of digraphs

generating function for digraphs

number of self-complementary digraphs
number of (p, q) digraphs

generating function for self-converse digraphs
diameter of G

degree of ¢

number of eulerian trails in D
eccentricity

number of graphs

number of (p,q) graphs

generating function for graphs of order p
generating function for graphs

number of self-complementary graphs
indegree of v

number of k-cycles

number of labelings of G

the graph consisting of n disjoint copies of the connected graph G

the number of orientations of G
outdegree of
number of points

OF SYMBOLS

230
24
95

108

221
39
43

137

228

111
35
20
52
52

124

35
38
52
49
70
90
90
200
120
140
168
150

I

1
28
222
90
82
82
90
139
25

35

108
127
25



INDEX OF SYMBOLS

u, v, w
X
o
3
Bo
B

i‘(c)
I',(06)

Co.4(G)

3 X >

AR AT )

SHRLE

A x B

A[B]

(B]"

[4; B]
A(f)[Bl,...,B,,,]
AlY

A(Z)

Al

number of lines

radius of G

number of symmetries of G
number of labeled trees
number of trees

number of 2-trees
generating function for trees
points

line or arc

point covering number

line covering number

point independence number
line independence number
genus

group of G

line-group of G

point-line group of G
minimum degree
maximum degree

thickness

connectivity
line-connectivity

crossing number
coarseness

chromatic number
line-chromatic number
intersection number

set of all blocks

set of all rooted blocks

set of blocks of order p

set of connected graphs

set of rooted connected graphs

set of connected graphs of order p

set of all graphs

set of all trees

product of groups

power group

restricted power group
cartesian product
composition, wreath product
exponentiation

matrix group

generalized composition group
restrictionof A to Y

pair group

reduced ordered pair group
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It isn’t really
Anywbhere!
Its somewbhere else
Instead!
A. A. Milne

INDEX OF DEFINITIONS

We have included in the text the definitions of almost all concepts used in this book. For
the convenience of the reader, a few definitions even appear more than once. They are all listed
in this index. The terminology follows the book on graph theory [H1] which provides a useful
supplement.

A Automorphism, 4, 34

Absolute, of a rooted tree, 64 group, 34

Acyclic, digraph, 18
Adjacent points, in a digraph, 4

in a graph, 2 B
Adjacency matrix, of a graph, 24
Alternating group, 36 Balanced, signed graph, 118
Anarboricity, 225 be-tree, 70
Arboricity, 225 Bicolorable graph, 99
Arc, 4 Bicolored graph, 93
Area, 237 Block, 9
Automaton, 146 Block-cutpoint tree, 70
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Cacti, triangular, 72
Cactus, 71
/\-cactus, 72
Cap, 159
Cartesian product, of two groups, 95
Chromatic number, 225
Class function, 163
Clique, 222
graph, 222
Closed walk, 18
Coarseness, 225
Colored graph, 16
k-colored graph, 16
Column equivalent, matrices, 160
Complement, of a digraph, 140, 151
of a graph, 34, 138
Complete digraph, 131
graph, 24
bipartite graph, 95
m partite graph, 108
Complexity, 225
Component, 6

Composition, of permutation groups, 97

Condensation, 126

Connected digraph, 123
graph, 6

Connected, strongly, 126
unilateraly, 218
weakly, 123

n-connected graph, 224

Connectivity, 223

Converse, cycles, 125

Converse digraph, 150

Cover, 224

Cup, 159

Cutpoint, 9

Cycle, 18

Cycle index, 35

Cycle, type 1, type 2, 72

Cyclic group of degree n, 36

Cyclic triple, 124

D

Degree, of a permutation group, 33
of a point, 11
Derived group, 164

INDEX OF DEFINITIONS

Diameter, of a graph, 222
of a tree, 79
Digraph of a graph, 128
Dihedral group of degree n, 37
d-dimensional lattice graph, 236
Dimension of a complex, 230
of a simplex, 230
Directed graph, 4
tree, 66
Dissimilar subgraphs, 94
Digraph, 4
acyclic, 18
complement of, 151
complete, 131
condensation of, 126
connected, 123
converse, 150
eulerian, 26
functional, 69
self-converse, 150
strong, 126, 217
strongly connected, 126
transitive, 218
unilateral, 218
unilaterally connected, 218

E
Eccentricity, 222
A-equivalent, 38
r-sets, 46
Equivalent with respect to (B,,...,B,), 160

Eulerian digraph, 26
graph, 11
trail, in a digraph, 26
Even graph, 11
Exit arc, 28
Exponential generating function, 7

Exponentiation, of permutation groups, 98

Extention, of a digraph, 18

F

Forest, 58
Functional digraph, 69

G

General graph, 172
Generalized composition group, 179
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Genus. 225 ordered pair, 123

Girth, 223 pair, 83

Graph, of order p, 2 permutation, 33
balanced signed, 118 point-line, 105
bicolorable, 99 power, 41
bicolored, 93 product, 37
block, 71 reduced ordered pair, 120
clique, 222 triad, 230

colored, 16
k-colored, 16

complement of, 34, 138 H

complete, 24

complete bipartite, 95 Hamiltonian, graph, digraph, 217
complete m-partite, 108 Height, of a rooted tree, 80
connected, 6 Homeomorphically irreducible tree, 61

n-connected, 224
eulerian, 11

even, 11 I

general, 172

identity, 206 Identical, permutation groups, 35

interval, 222 Identity graph, 206

knot, 232 group, 37

labeled, 2 tree, 64

line, 221 Incidence, in a digraph, 4

line-symmetric, 221 in a graph, 2

locally restricted, 88 Indegree, 5

mixed, 129 Independent points, 224

nonseparable, 9 lines, 224

plane, 30 Induced subgraph, 100

point-symmetric, 118 Initial state, 148

rigid circuit, 222 Input alphabet, 146

rooted, 6 function, 146

self-complementary, 138 Intersection number, 225

self-negational signed, 156 Interval graph, 222

signed, 29, 118 Isomorphic, automata, 147

super, 104 k-colored graphs, 16

symmetric, 221 groups, 34

total, 222 labeled graphs, 2
Group, alternating, 36 rooted graphs, 6

automorphism, 34 Isomorphism, of graphs, 4

composition, 97

derived, 164

of a digraph, 5 J
dihedral, 37

exponentiation, 98 Join, 9

generalized composition, 179

of a graph, 4, 34

identity, 37 K
line-, 83

matrix, 168 Knot-graph, 232
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Labeled graph, 2

Latin square, 231

Line, of a graph, 2
symmetry, 56

Line graph, 221

Line-chromatic number, 225

Line-connectivity, 223

Line-covering number, 224

Line-group, 83

Line-independence number, 224

Line-symmetric graph, 221

Locally restricted graph, 88

Loops, 2

M

Matrix, adjacency, of a graph, 24
Matrix group, 168

Mixed graph, 129

Multigraph, 88

N

Nonseparable graph, 9
Number of dissimilar points, in a graph, 55
in a 2-tree, 74

Object set, 33
Orbits, 38
Order, of a graph, 2
of a permutation group, 33
Ordered pair group, 123
Orientation of a graph, 127
Oriented graph, 127
Oriented tree, 59
Orthogonal Latin squares, 231
Outdegree, 5
Output alphabet, 146
function, 146

Pair group, 83
reduced ordered, 120

INDEX OF DEFINITIONS

Partition, of a graph, 88

of a tree, 79
Path, in a graph, 6
Permutation group, 33
Plane graph, 30

tree, 66

Planted trees, 60
Point of a digraph, 4

of a graph, 2

of a 2-tree, 74

of a simplicial complex, 230
Point-covering number, 224
Point-independence number, 224
Point-line group, 105
Point-symmetric graph, 118
Power group, 41
Product, of two groups, 37
Pure n-complex, 230
Pure two-dimensional simplicial complex, 117

R

Radius, of a graph, 222

Reduced ordered pair group, 120
Removal of a point, 9

Rigid circuit graph, 222

Rook’s problem 234

Root, 6

Rooted graph, 6

S

Self-complementary graph, 138
Self-converse, cycles, 125
digraph, 150
Self-negational signed graph, 156
Signed graph, 29, 118
tree, 66, 79
Similar, 38
Simplex, 230
Simplicial complex, 230
Sink, 218
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Source, in a digraph, 218
in an automaton, 148
Spans, 24
Square of a graph, 221
States, of an automaton, 146
Strength, of a multigraph, 117
of a tree, 66
Strong component, 126
Strong digraph, 126, 217

Strongly connected digraph, 126

Subgraph, 6
induced, 100
spanning, 24
Super graph, 104
Superposition, 160
Symmetric graph, 221
Symmetry line, 56

Terminal state, 149
Thickness, 225
Total-chromatic number, 225
Total graph, 222
Tournament, 5
Trail, in a graph, 6
Transitive digraph, 218
Transitive triple, 124
Transitivity systems, 38
Tree, 20
bc-tree, 70
block-cutpoint, 70
directed, 66

27

homeomorphically irreducible, 61

identity, 64

oriented, 59

plane, 66

planted, 60

from a point, 25

to a point, 25

signed, 66, 79

2-tree, 74
Triad group, 230
Triangulations of a polygon, 76
Triangular cacti, 72

U

Unilateral digraph, 218
Unilaterally connected, 218

A%

Vacuously transitive relation, 156

w

Walk, in a graph, 6
in a digraph, 18
closed, 18
Weight function, 40, 42, 141
Weight, of a function, 42, 141
of an orbit, 40, 42, 141
of a tree, 66, 79
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