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1. Introduction

In all areas of mathematics, questions arise of the form “Given a description of a finite
set, what is its cardinality?” Enumerative combinatorics deals with questions of this
sort in which the sets to be counted have a fairly simple structure, and come in indexed
families, where the index set is most often the set of nonnegative integers. The two
branches of enumerative combinatorics discussed in this book are asymptotic enumeration
and algebraic enumeration. In asymptotic enumeration, the basic goal is an approximate
but simple formula which describes the order of growth of the cardinalities as a function of
their parameters. Algebraic enumeration deals with exact results, either explicit formulas
for the numbers in question, or more often, generating functions or recurrences from which
the numbers can be computed.

The two fundamental tools in enumeration are bijections and generating functions,
which we introduce in the next two sections. If there is a simple formula for the cardinality
of a set, we would like to find a “reason” for the existence of such a formula. For example,
if a set S has cardinality 2", we may hope to prove this by finding a bijection between S
and the set of subsets of an n-element set. The method of generating functions has a long
history, but has often been regarded as an ad hoc device. One of the main themes of this
article is to explain how generating functions arise naturally in enumeration problems.

I Partially supported by NSF Grant DMS-8902666
2 Partially supported by NSF Grant DMS-8401376
This paper will appear in the Handbook of Combinatorics, edited by Ronald Graham,
Martin Grotschel, and Laszlé Lovasz, to be published by North-Holland.
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Further information and references on the topics discussed here may be found in the
books of Comtet (1972), Goulden and Jackson (1983), Riordan (1958), Stanley (1986), and
Stanton and White (1986).

2. Bijections

The method of bijections is really nothing more than the definition of cardinality: two sets
have the same number of elements if there is a bijection from one to the other. Thus if
we find a bijection between two sets, we have a proof that their cardinalities are equal;
and conversely, if we know that two sets have the same cardinality, we may hope to
find an explanation in the existence of an easily describable bijection between them. For
example, it is very easy to construct bijections between the following three sets: the
set of 0-1 sequences of length n, the set of subsets of [n] = {1,2,...,n}, and the set
of compositions of n + 1. (A composition of an integer is an expression of that integer
as sum of positive integers. For example, the compositions of 3 are 1 + 1+ 1, 1 + 2,
2+ 1, and 3.) The composition a; + ay + -+ 4+ a; of n + 1 corresponds to the subset
S={a,a1+as,...,a1+as+---+ar_1} of {1,2,...,n} and to the 0-1 sequence ujus - - - u,
in which u; = 1 if and only if 7 € S. Moreover, in our example, a composition with k parts
corresponds to a subset of cardinality £ — 1 and to a 0-1 sequence with k — 1 ones and thus
there are (k’_ll) of each of these.

It is easy to give a bijective proof that the set of compositions of n with parts 1 and
2 is equinumerous with the set of compositions of n + 2 with all parts at least 2: given a
composition a1 +as+- - -+ag of n+2 with all a; > 2, we replace each a; with 2+1+---+1

T
and then we remove the initial 2. If we let f,, be the number of compositions of n with
parts 1 and 2, then f, is easily seen to satisfy the recurrence f, = f,_1 + f._2 for n > 2,
with the initial conditions fy = 1 and f; = 1. Thus f, is a Fibonacci number. (The
Fibonacci numbers are usually normalized by Fy = 0 and F; = 1, we have f, = F,1.)

As another example, if 7 is a permutation of [n], then we can express 7 as a product of
cycles, where each cycle is of the form (i (i) w2(i) --- 7°(i)). We can also express m
as the linear arrangement of [n], (1) w(2) - - - w(n). Thus the set of cycles {(1 4),(2),(35)}
corresponds to the linear arrangement 42513. So we have a bijection between sets of
cycles and linear arrangements.

This simple bijection turns out to be useful. We use it to give a proof, due to Joyal
(1981, p. 16), of Cayley’s formula for labeled trees. First note that the bijection implies that
for any finite set S the number of sets of cycles of elements of S (each element appearing
exactly once in some cycle) is equal to the number of linear arrangements of elements of S.

The number of functions from [n] to [n] is clearly n". To each such function f we
may associate its functional digraph which has an arc from i to f(i) for each ¢ in [n]. Now
every weakly connected component of a functional digraph (i.e., connected component of
the underlying undirected graph) can be represented by a cycle of rooted trees. So by the
correspondence just given, n” is also the number of linear arrangements of rooted trees on
[n]. We claim now that n" = n?t,, where t, is the number of trees on [n].

It is clear that n’t, is the number of triples (z,y,T), where z,y € [n] and T is a tree
on [n]. Given such a triple, we obtain a linear arrangement of rooted trees by removing all
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arcs on the unique path from z to y and taking the nodes on this path to be the roots of
the trees that remain. This correspondence is bijective, and thus ¢, = n" 2.

Priifer (1918) gave a different bijection for Cayley’s formula, which is easier to describe
but harder to justify. Given a labeled tree on [n], let i; be the least leaf (node of degree
1), and suppose that i; is adjacent to j;. Now remove i; from the tree and let is be the
least leaf of the new tree, and suppose that i is adjacent to jo. Repeat this procedure
until only two nodes are left. Then the original tree is uniquely determined by j; - - j,_o
and conversely any sequence j; - - - j,—2 of elements of [n] is obtained from some tree. Thus
the number of trees is n" 2.

Both proofs of Cayley’s formula sketched above can be refined to count trees according
to the number of nodes of each degree, and thereby to prove the Lagrange inversion formula,
which we shall discuss in Section 6. (See Labelle (1981).)

There is another useful bijection between sets of cycles and linear arrangements which
we shall call Foata’s transformation (see, for example, Foata (1983)) that has interesting
properties. Given a permutation in cycle notation, we write each cycle with its least element
first, and then we arrange the cycles in decreasing order by their least elements. Thus in
our example above, we would have 7 = (35)(2)(14). Then we remove the parentheses to
obtain a new permutation whose 1-line notation is 7 =35214.

If o is a permutation of [n], then a left-right minimum (or lower record) of o is an
index i such that o(i) < o(j) for all j < i. It is clear that i is a left-right minimum of 7 if
and only if 7(7) is the least element in its cycle in 7. Thus we have the following:

(2.1) Theorem. The number of permutations of [n] with k left-right minima is equal to
the number of permutations of [n| with k cycles. W

This number is (up to sign) a Stirling number of the first kind. We shall see them
again in Sections 3 and 9.

In Section 10 we shall need a variant of Foata’s transformation in which left-right
mazima are used instead of left-right minima.

3. Generating Functions

The basic idea of generating functions is the following: instead of finding the cardinality of
a set S, we assign to each a in S a weight w(«). Then the generating function G(S) for S
(with respect to the weighting function w) is ) .qw(a). Thus the concept of generating
function for a set is a generalization of the concept of cardinality. Note that S may be
infinite as long as the sum converges (often as a formal power series).

The weights may be elements of any abelian group, but they are usually monomials
in a ring of polynomials or power series. In a typical application each element « of S will
have a ‘length’ I(c) and we take the weight of a to be z/(*), where z is an indeterminate.
Then knowing the generating function g 2! is equivalent to knowing the number of
elements of S of each length.

Analogous to the product rule for cardinalities, |A||B| = |A x B], is the product rule
for generating functions, G(A)G(B) = G(A x B), where we take the ‘product weight’ on
A x B, defined by w((a, 8)) = w(a)w(8).



As an example, suppose we want to count sequences of zeros and ones of length n
according to the number of zeros they contain. We can identify the set of 0-1 sequences of
length n with the Cartesian product {0,1}". If we weight {0,1} by w(0) =z and w(l) =y
then the product weight on {0, 1}" assigns to a sequence with j zeros and k (= n — j) ones

the weight z/y*. Thus
n n j
wror = Y (7)ai

j+k=n J

is the generating function for sequences of zeros and ones of length n by the number of
zeros and the number of ones. If we want to count sequences of zeros and ones of all
lengths with this weighting, we sum on n to obtain the generating function

o0 .
kN . 1
> (‘7+ )x]y’“=71 :
i N\ 7 -ty

Now suppose we want to count compositions with parts 1 and 2. Rather than picking
an integer n and considering the compositions of n, we pick an integer k£ and consider the
set C} of all compositions of any integer with exactly k parts (each part being 1 or 2). We

may identify C} with {1,2}*. If we assign 1 the weight x and 2 the weight 22, where z is
an indeterminate, then the product weight of a composition of n in Cj is ™. Thus

2k
k
G0 = 9124 =G({1. 21 = o+t =3 ()
Thus there are (nﬁ k) compositions of n with k parts, each part 1 or 2. As before, if we don’t

care about the number of parts, we sum on k to obtain Y o (z +2?)" = (1 — 2z — 2?) 7! as
the generating function for all partitions into parts 1 and 2. By the same kind of reasoning,
if A is any set of positive integers, then the generating function for compositions with &

parts, all in A, is (Zl cA :c7) " and the generating function for compositions with any number
of parts, all in A, is (1 — D ica x")fl. In particular, if A is the set of positive integers then
> iea® = /(1 — x) so the generating function for compositions with k parts is

(i) -2 G

n=k

for £ > 0 and the generating function for all compositions is

,1 o0
x 11—z x
1— — =1 =1 2n71 n
( 1—;;;) -2z 1-22 +; v

The generating function for compositions with parts greater than 1 is

22 \ ' 11—z x? =
1- = =1+ — =1 F, 12"
( l—m) 1—xz—a? +1—x—m2 +Z not®

n=1




Similarly, the generating function for compositions with odd parts is

71 o0
x _ Xz . n

n=1

Thus we have proved using generating functions two of the results we proved using bi-
jections in the preceding section. Notice that the generating functions take into account
initial cases which did not arise in the bijective approach.

For our next two examples, we consider another bijection for permutations. Suppose
that 7 is a permutation of [n]. We associate to 7 a sequence ajas - - - a,, of integers satisfying
0 < a; < j—1 for each j as follows: a; is the number of indices ¢ < j for which 7 (i) > 7(j).
The sequence ajas - - - a, is called the inversion table of 7: an inversion of 7 is a pair (i, j)
with ¢ < j and 7(i) > 7(j), and thus a; is the number of inversions of 7 of the form
(i,7). It is not difficult to show that the correspondence between permutations and their
inversion tables gives a bijection between the set S, of permutations of [n] and the set T},
of sequences ajas - - - a, of integers satisfying 0 < a; < j —1 for each j. Note that T;, is the
Cartesian product {0} x {0,1} x --- x {0,1,---,n — 1}. We shall use the inversion table
to count permutations by inversions and also by cycles.

Let I(m) be the number of inversions of 7. We would like to find the generating function
G(S,) for permutations of [n] where each permutation  is assigned the weight ¢/(™). To
do this we note that I(m) is the sum of the entries of the inversion table of 7, and thus if
we assign the weight w(a) = ¢™ 1™ to a = ajas - - - a, € T, then we have

GS)=6(T)=1-(14+q) - (1+qg+-+¢"").

Next we count permutations by left-right minima. It is clear that j is a left-right
minimum of 7 if and only if a; = j — 1. Thus if we assign the weight t* to a permutation
in §,, with £ left-right minima, and to a sequence in 7T}, with & occurrences of a; = j — 1,
then we have

n

G(S)) =G(T,) =tlt+1)(t+2)-- (t+n—-1)=> c(n, k)t

k=0

where ¢(n, k) is (by definition) the unsigned Stirling number of the first kind. By Theorem
2.1, it follows that c(n, k) is also the number of permutations in S, with k cycles.

4. Free Monoids

Free monoids provide a useful way of organizing many simple applications of generating

functions. Let A be a set of “letters.” The free monoid A* is the set of all finite sequences
(including the empty sequence) of elements of A, usually called words, with the operation
of concatenation. We can construct an algebra from A* by taking formal sums of elements
of A* with coefficients in some ring. We write 1 for the empty sequence, which is the
unit of this algebra. These formal sums are then formal power series in noncommuting
variables. The generating function G(S) for a subset S of A* is the sum of its elements.
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If S and T are subsets of A*, we write ST for the set {st | s € Sandt € T}. We
say that the product ST is unique if every element of ST has only one such factorization.
The fundamental fact about generating functions is that if the product ST is unique, then
G(ST) = G(S)9(T).

More generally, we may define a free monoid to be a set together with an associative
binary operation which is isomorphic to a free monoid as defined above. Let AT = A*\ {1}
and suppose that S is a subset of AT such that for each k, every element of S* has a
unique factorization siss---s; with each s; in S. Such a set S is sometimes called a
uniquely decodable code, or simply a code. Then S* = |J;2, S is a free monoid. We call
the elements of S the primes of the free monoid S*. In this case

o
G(S)=>6(8) = (1-3(8)) .
i=0
In particular, G(A*) = (1 — Q(A))_l.

Among the simplest free monoid problems are those dealing with compositions of
integers, as we saw in the previous section. A composition of an integer is simply an
element of the free monoid P*, where P is the set of positive integers.

As a more interesting example, let A = {X,Y}, let S be the subset of A* consisting
of words with equal numbers of X’s and Y’s, and let T" be the subset of A* of words with
no nonempty initial segment in S. Then A* = ST uniquely, so G(A4*) = (1 - X —Y) 1 =
G(S)G(T). Moreover, S is a free monoid U*, where U is the set of words in S which cannot
be factored nontrivially in S. The sets S, T, and U have simple interpretations in terms
of walks in the plane, starting at the origin. If X and Y are represented by unit steps in
the x and y directions, then S corresponds to walks which end on the main diagonal, T
corresponds to walks that never return to the main diagonal, and U corresponds to walks
that return to the main diagonal only at the end.

It is often useful to replace the noncommuting variables by commuting variables. If
we replace the letter X by the variable x, we are assigning X the weight x. (More formally,
we are applying a homomorphism in which the image of X is z.)

In our example, if we weight X and Y by commuting variables = and y, then G(A*)
becomes 1/(1 — z — y) and G(S) becomes > 7, ( May" = (1 — 4zy)~Y/? since there are

(2:) ways of arranging n X’s and n Y’s. Thus G(T') becomes /1 — 4zy/(1 —x —y). It can
be shown that this is equal to

Im —n| (m+n
4.1 My
(4.1) Z el I LA

m,n=>0

where the constant term is 1. The coefficients in (4.1) are called ballot numbers and we
shall see them again in Section 6.
If we replace x and y by the same variable z, the generating function for 7" becomes

V1 —422 1422

1-22  V1—422




2n
n

Thus the number of words in 7" of length 2n is (
2n +11s 2(*").

Although we usually work with formal power series, it is sometimes useful for variables
to take on real values. We derive an inequality called McMillan’s inequality which is useful
in information theory. (See McMillan (1956).) Let A be an alphabet (set of letters) of size

r, and let S be a code in A*, so that S* is a free monoid. Let us weight each letter of A
by t, and let G(S) = p(t).

) and the number of words in T of length

k

We know that G(S*) = (1—p(t)) ! as formal power series in t. Since there are r* words

in A* of length k, the coefficient of t* in (1 —p(t))_1 is at most r*. If 0 < a < 1/r then the
series > - r*a® converges absolutely to (1 —ra)™!, and thus (1 — p(a))*1 <(1-ra)t
which implies p(a) < ra. Taking the limit as o approaches 1/r from below, we obtain
p(1/r) < 1.

Thus we have proved the following:

(4.2) Theorem. Let S be a uniquely decodable code in an alphabet of size r, and for
each k let py be the number of words in S of length k. Then > ;= pir " <1. n

In some applications of free monoids, the ‘letters’ have some internal structure. For
example, consider the set of permutations 7 of [n] = {1,2,...n} satisfying |r (i) —i| < 1.
We can represent a permutation of [n] as a digraph with node set [n] with an arc from 7 to
m(7) for each i. If we draw the digraph with the nodes in increasing order, we get a picture
like this one, which corresponds to the permutation 214357 6:

® o o o o
“«* e \
It is clear that these permutations form a free monoid with the two ‘letters,” or primes

.O and .K \.

Thus the generating function (by length) for these permutations is (1 — z — z*)™", and
there is an obvious bijection between these permutations and compositions with parts 1
and 2.

Sometimes it is easier to count all the elements of a free monoid than just the primes.
If we represent arbitrary permutations as in the previous example, then we have a free
monoid in which the primes, called indecomposable permutations, are those permutations
7 of [n] (for some n) such that for 1 < i < n, 7 restricted to [i] is not a permutation of [i].

2>71
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For example, 421 3 is indecomposable:

0\00 o °

but 21534 is not:

“\..\0\.

w

Thus if g(z) is the generating function for indecomposable permutations, we have

o

Zn!a:” = (1 — g(:z:))fl,

n=0

glr)=1-— (Z n!a:”) ,

SO

as shown by Comtet (1972).

5. Circular words
We now study some properties of words in which the letters are thought of as arranged
in a circle, so that the last letter is considered to be followed by the first. (This should
not be confused with the problem of counting equivalence classes of words under cyclic
permutation, which we discuss in Section 14.)

We define the cyclic shift operator C' on words by

Caiay - ap = asas -+ - apaq.

A conjugate or cyclic permutation of a word w is a word of the form C™w for some m. If
S is a set of words, then we define S° to be the set of all conjugates of words in S.

Suppose that S* is a free submonoid of the free monoid A*, and let w = s1s9--- s be
an element of S*, where each s; is in S. It is clear that C'w € S* whenever i takes on any
of the k values 0, I(s1), I(s182), ..., l(s182- - Sg—1), where [(v) denotes the length of the
word v. If these are the only values of i, with 0 < i < [(w), for which C'w € S*, then we
call S* cyclically free'. For example, {ab, b}* is cyclically free, but {aa}* is not.

If S* is cyclically free then it is clear that for w € (S*)°, there are exactly k values of
i, with 0 < i < I(w), for which C'w € S*.

1 In the theory of codes, S is called a circular code and S* is called a very pure free
monoid. See, for example, Berstel and Perrin (1983).
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(5.1) Theorem. Suppose that S* is cyclically free and let Q = S* N A". Then k|Q°| =
n|@Q|.

Proof. We count pairs (i, w), where C'w € Q and 0 < i < n. First we may choose C'w in
|Q| ways. Then w is determined by ¢, which may be chosen arbitrarily in {0,1,---,n—1}.
Thus there are n|@| pairs. On the other hand, we may choose w first as an arbitrary
element of ()° and by the remark above, there are k choices for i. m

In the next section we shall use a weighted version of Theorem (5.1) which is proved
exactly the same way.

From Theorem (5.1) we can easily derive a generating function for (5%)°:

(5.2) Corollary. Suppose that S* is cyclically free and let g(2) = >,cq 2'). Then

o0

, , tzg'
Z ‘(Sk‘)o ﬂArL|thn _ <9 (Z) '
et 1 —tg(2)
Equivalently,
00 n 1
SkoﬂAntkz—zl _.
> IS A < og 1

n,k=1

We can use Theorem (5.1) to count the number of k-subsets of [n] with no two con-
secutive elements, where 1 and n are considered consecutive. We take S = {ab,b}. The
subsets we want correspond to words in (S"‘k N{a, b}”)o. These words contain n letters,
of which n — k are b’s, and hence k are a’s. The positions of the a’s in one of these words

determines the subset. S* is clearly cyclically free, so by Theorem (5.1), the number of

. n (n—k
such subsets is ﬂ( . )

Our next example will be useful in proving the Lagrange inversion formula in the next
section. Let ¢ be any function from A to the real numbers. Extend ¢ to all of A* by
defining ¢(ajas - - - ax) = ¢(ar) + - - - + ¢(ay). Define R by

(5.3) R={w]|if w=wv with v # 1 then ¢(u) < 0}.

It is easily verified that R is a cyclically free submonoid of A*.

The following description of R° is the key step in our proof of the Lagrange inversion
formula in the next section:

(5.4) Lemma. Let R and ¢ be as above. Then R° = {1} U{w | ¢(w) < 0}.

Proof. We need only show that if ¢(w) < 0 then for some i, then C'w € R. Of the heads
(initial segments) h of w which maximize ¢(h), let u be the longest, and let w = uwv. Then
vu is easily verified to be in R. n

6. Lagrange inversion
In the last example, let A = {x_1,x0, 21,22, -} and define ¢ : A* — Z by

Py -+ @i,) =0+ + i



Let R be as in (5.3) and let S = {w | w € R and ¢(w) = —1.}. We claim that R = S*.
Since we know that R is a free monoid, we need only show that if w is a prime of R then
o) = 1.

To see this, let w be a prime of R. Since ¢(w) < 0 and ¢(z;) > —1 for each x; € A,
w must have a head h with ¢(h) = —1. Let w = uv, where u is the longest head of w for
which ¢(u) = —1. Then v must be in R, since otherwise w would have a longer head h
with ¢(h) > —1. Since w is a prime of R, this means w = u. It follows that if v is any
word in R with ¢(v) = —k then v € S*.

Now let v be any word in S and suppose v = uz;. Then u is in R with ¢(u) +i = —1,
so ¢(u) = —1 — i, and thus u € S*™. It follows that

(6.1) S=|]J ",

i=—1

where the union is disjoint. We are now ready to prove the Lagrange inversion formula.
We use the notation [z"|F(z) to denote the coefficient of 2" in F(z).

(6.2) Theorem. Let g(u) =Y ", g.u", where the g, are indeterminates. Then there is
a unique formal power series f in the g, satistying f = g(f), and for k > 0,

(6.3) =3 S gt

n=1

Proof. It is easily seen that the equation f = g(f) has a unique solution. Let us assign to
the letter z; the weight g;11 and let f be the image of G(S) under this assignment. Then
from (6.1) we have

F=Y gin=g(f).

i=—1

By the weighted version of Theorem (5.1), the sum of the weights of the words of length
n in S* is k/n times the sum of the weights of the words in (S* N A")°. But by Lemma
(5.4), the sum of the weights of the words in (S* N A")° is

[u™"] (MY =" Fg(w)".

u

The proof we have just given is essentially that of Raney (1960). It is clear that if
the g; are assigned values that are not necessarily indeterminates, then the theorem still
holds as long as the sum in (6.3) converges as a formal power series and f is uniquely
determined as a formal power series by f = ¢(f). The usual formulation of Lagrange
inversion is obtained by taking g(u) = z Y~ rou”, where z is an indeterminate and the
r, are arbitrary.
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One of the most important applications of Lagrange inversion is to the enumeration
of ordered trees. (An ordered tree is a rooted unlabeled tree in which the children of any
node are linearly ordered.) Let us weight a node with ¢ children in an ordered tree by
gi, and weight the tree by the product of the weights of its nodes. If f is the sum of the
weights of all ordered trees, then since an ordered tree consists of a root together with
some number (possibly zero) of children, each of which may be an arbitrary ordered tree,
we have

F=> gif =g(f).
=0

where g(u) = > ;2 giu’. The Lagrange inversion formula then yields the following:

(6.4) Theorem. The number of k-tuples of ordered trees in which a total of n; nodes
have i children is

k
—( " ), where n =) . n,,

o \T0, 1, T2, " "+
if ny +2ns 4+ 3ng--- =n — k, and 0 otherwise. ®

It is not hard to derive Theorem (6.2) from Theorem (6.4), so any other proof of
Theorem (6.4) (for example, by induction), yields a proof of the Lagrange inversion formula.
Our approach can also be used to give a purely combinatorial proof of (6.4) without the
use of generating functions.

A few special cases of Theorems (6.2) and (6.4) are especially important. If there are
a nodes with 2 children, b nodes with no children, and no other nodes, then with b = a+k
the number of k-tuples of such trees is

E ny k 2a + k
n\a) 2a+k a '

These numbers are called ballot numbers. The special case k = 1 gives the Catalan numbers

1 20+1Y\ 1 2a
2a + 1 a Ca+1\a )’
To apply (6.2) directly to this case, we may take gy = 1, go = x, and g; = 0 for i # 0, 2.
Then f satisfies f =1+ 2f2,s0 f = (1 — 11— 4x)/2x, and we obtain

(1—M)k:§: k (Qa—l—k)xa.

2x 2a + k a
a=0

To count all ordered trees we set g; = x for all i, to obtain the equation f(x) =
z/(1 — f(z)), with the solution

k 00 00
@)t = 1—-+v1—-4zx :ZE 2n—k—-1 x”:Z k 2n+k s
2 n n—=k 02n+k‘ n

n=0
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so we again obtain the Catalan and ballot numbers. It is an instructive exercise to find a
bijection between these classes of trees, and to relate these results to formula (4.1).

Our analysis gives a well-known bijection between ordered trees and words in S. The
code c(t) for a tree T may be defined as follows: If the root of 7" has no children, then
c(T) = x_1. Otherwise, if the children of the root of 7" are (in order) the roots of trees 71,
TQ, ey Tk, then

c(T)=c(Th) - c(T)xp-1-

For another example, we define a binary tree to be a rooted tree in which every node
has a left child, a right child, neither, or both. Thus

Fn O

are different binary trees. Let us weight a binary tree with n nodes, ¢ left children, and j
right children by " L'R’. Then if f is the generating function for these trees, we have

f=z(1+Lf)(1+Rf),

and thus by Lagrange inversion we have

oo n—k
k(n n - <
k _ v Lt n—k—i n
P ()

n==k i=

1
For k = 1, the numbers — (n) ( Z 1) are called Runyon numbers or Narayana numbers.
n\i)\i

7. The transfer matrix method

Many enumeration problems can be transformed into problems of counting walks in di-
graphs, which can be solved by the transfer matrix method. Suppose D is a finite digraph.
To every arc of D we associate a weight. Let M be the matrix in which rows and columns
are indexed by the nodes of D and the (i, j) entry of M is the sum of the weights of the
arcs from 7 to j. Then by the definition of matrix multiplication, the (i, ;) entry in M* is
the sum of the weights of all walks of k arcs from i to j. It follows that (as long as the
infinite sums exist) > po, M* = (I — M) ™! counts all walks, where I is the identity matrix,
and trace (I — M)~! counts walks that end where they begin.

For example, consider the following problem: Given integers n and ¢, what is the
number ¢(n, ) of sequences ajasy - - - a, of 0’s, 1’s, and —1’s with a1 +---+a, =i (mod 6)7
Here we take D to be the digraph with node set {0,1,2,3,4,5} and an arc from each j to
j—1,7,and j + 1, reduced modulo 6. We weight each arc by . So M is

z x 0 0 0 =z
z x x 0 0 O
0O z z o 0 0
0O 0z =z = O
0 0 0 =z x =«
z 0 0 0 x =z

12



We find that (I — M)™! is the circulant matrix with first column
1 2 1

2
1—3:1:+1—2:1:+1—|-:1:+
1 N 1 1
1-3z 1—-2z 14z
1 1 n 1
1 113x ]*5%’ 1Tx
6 - - +2
1-3z 1—-2z 14z
1 1 N 1
1-3z 1—-2z 1+4+=z
1 N 1 1 1
1—-3z 1—-2x 1+=x
Thus for n > 0,
t(n,0) = (3" + 2" + (=1)") /6
t(n,1) =t(n,5) = 3" +2" - (-1)")/6
t(n,2) =t(n,4) = 3" —-2"+(-1)")/6
t(n,3) = (3" — 2"t — (—=1)")/6.

As another example, how many 0-1 sequences are there with specified numbers of
occurrences of 00, 01, 10, and 117 Here we take D to be the weighted digraph

X1

X0

Then

—r10 1—an1

11—z o1
B i 1=z
(1 - 9500)(1 - 9011) — 201710

Thus, for example, the generating function for 0-1 sequences beginning with 0 and ending
with 1 is

(I—My4:<1—%0 _%1)4

i+1

Lo1 _ i o1 T
(1= 2oo)(L —211) —zonwno = (1 —200) ™+ (1 — )
it+7\ [+ k
:Z oy Tox 005’511( , )( i )
ok J
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SO (“J”) (”];k) is the number of 0-1 sequences beginning with 0 and ending with 1, with
occurrences of 10 (and thus ¢4 1 occurrences of 01), j occurrences of 00, and k occurrences
of 11 (and thus i + 7 4+ 1 zeros and i + k + 1 ones).

The transfer matrix method can often be used to show that a generating function is
rational. For example, consider the problem of counting the number of ways of covering
an m X n rectangle with a fixed finite set of polyominos. It is not hard to show, using
the transfer matrix method, that for fixed m the generating function on n is rational,
although it is difficult to give an explicit formula. We will see another example of this type
in Section 10.

8. Multisets and partitions

We have so far considered problems involving linear arrangements. In this and the next
section we turn to unordered collections. We first consider the problem of counting mul-
tisets, which are sets with repeated elements allowed. More formally, a multiset on a set
S is a function from S to the nonnegative integers; if v is a multiset then v(s) represents
the multiplicity of s. If each element s in S has a weight w(s), then we define the weight

of the multiset v to be [],cqw(s)"¥).
For each s in S, let M, be a set of positive integers. Then the sum of the weights of
all multisets v on S such that v(s) is in M for each s in S is easily seen to be

1> wis

seS ieM;

We give a few examples. Let us take w(s) = z for all s in S, and assume |S| = n. If
M, ={0,1} for each s, we are counting subsets, and the generating function is

(1+z)" = kz: (Z)xk

If M, is the set of all nonnegative integers for each s, we are counting unrestricted multisets,
and the generating function is

(1+w+x2+--->"=(1—w)‘"=2(n+5_1>xk'
k=0

If My ={0,1,...,m} for each s, the generating function is
1— xm+1

oo (G2 SR ()

A multiset of positive integers with sum k is called a partition of k. The elements of
a partition are called its parts. It is customary to list the parts of a partition in decreasing
order, so a partition of k is often defined as a (weakly) decreasing sequence of positive

14



integers with sum k. To count partitions, we weight 7 by ¢’, where ¢ is an indeterminate.
Then the generating function for all partitions is [[;=,(1—¢') " and the generating function
for partitions with distinct parts is [[;=; (1 + ¢°).

Many theorems in the theory of partitions assert that one set of partitions is equinu-
merous with another. The simplest of these, due to Euler, is that the number of partitions
of n with odd parts is equal to the number of partitions of n with distinct parts. To prove
this, we note that the generating function for partitions with odd parts is

o0 o )
[Ta-aH"=1[a-"J[a—-¢)
7 odd i=1 j=1

=TI =Tl0 o)

which is the generating function for partitions with distinct parts.

It is not difficult to give a combinatorial proof of this result: Suppose 7 is a partition
with odd parts. If 7 contains the odd part ¢ with multiplicity k, let & = 2% + 2% 4

-+ 2% where 0 < e; < e < --- < e5. We now replace the k copies of part ¢ by the

distinct parts 24,2%4,...,2%i. Doing this to every part of @ we obtain a partition 7’
with distinct parts. The correspondence is easily seen to be a bijection. For example, if
m={9,9,7,7,7,1,1,1,1}, then ' = {18,14,7,4}.

One of the most famous results in the theory of partitions is the following;:

(8.1) Theorem. The number of partitions of n with distinct parts in which any two parts
differ by at least 2 is equal to the number of partitions of n with parts congruent to 1 or 4
(mod 5).

This result follows easily from the Rogers-Ramanujan identity

.¢] q o
Z I—g)(1—¢?)-- H _ 0]+1 — ity

1=0 jIO

No simple bijective proof of (8.1) is known. A complicated bijective proof was found by
Garsia and Milne (1981).

We now prove an identity called the g-binomial theorem, which has many applications
to partitions. We introduce the notation (a), for (1 —a)(1 —aq)--- (1 — ag"™ '), where q
is understood. In particular, (¢), = (1 — q)(1 — ¢*)---(1 — ¢"). We also write (a), for

H?io(l - aqi)-

(8.2) Theorem. (The g-binomial theorem.)

00 CL )Oo
; q )oo.
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Proof. Let

[e.e]
= fut".
n=0

Then

R DI

But also,

(al)s W (atq)oe _ C S
(tq)oo_u t) (1 t)%fnqt.

Equating coefficients of t", we have
fn_fnflzqnfn_aqnilfnflv TLZ]_,

and thus f,(1 —¢") = f,_1(1 —ag™!). Since fy = 1, this gives

fnznl_GQi-_l _ (@ g

i=1 11— qZ (Q)w

Two cases are particularly worth noting. If a = ¢, where m is a positive integer,
then we have

S m 0o 1
(8:3) > L =

The g-binomial coefficient is defined to be

o=

Since (¢")n = (Q)m+n-1/(q)m-1, we may rewrite (8.3) as

“[m+n—-1 n 1
(84) Z[ n ]t 00 —tg) (1 tgm )

n=0

It follows from (8.4) that [}] is a polynomial in ¢ that reduces to the binomial coefficient

(Z) for ¢ = 1.
We can use (8.4) to count partitions with at most n parts, each part at most m. It is
clear that the desired generating function is the coefficient of t" in

1 1

(I—t)(1—tq)--- (1 —tq™)  (t)ms1’
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and by (8.4) this is ["1"].
The case a = ¢-™ of the g-binomial theorem yields similarly (after changing q to ¢=*
and t to —t/q)

(8.5) Em:t”q(;) {ﬂ = (1+t)(1+tg) - (L+tg" ),
n=0

which implies that the generating function for partitions with n distinct parts, all less
than m, where 0 is allowed as a part, is q(g) ['s] This result may be derived directly from
our previous generating function for partitions with repeated parts allowed, since every
partition with distinct parts is obtained uniquely from an unrestricted partition by adding
0 to the smallest part, 1 to the next smallest, and so on.

There is an important interpretation for ¢-binomial coefficients in terms of vector
spaces over finite fields. (See, for example, Stanley (1986), p. 28, for the proof.)

(8.6) Theorem. Let g be a prime power. Then the number of k-dimensional subspaces
of an n-dimensional vector space over a field with q elements is m [ ]

A comprehensive reference on the theory of partitions is Andrews (1976).

9. Exponential generating functions

If ag, ay, ...is a sequence of numbers, the power series

is called the exponential generating function for the sequence. Exponential generating
functions arise in counting ‘labeled objects.” Their usefulness comes from the fact that

l.m le” m + n CL'”H_”
m! n! ( m >(m—|—n)!'

If A is an object with label set [m] and B is an object with label set [n], we can combine
them in (") ways to get an object (A’, B') with label set [m +n]: We first choose an m-
element subset S of [m 4 n| and replace the labels of A with the elements of S (preserving
their order) to get A’, and in the same way we get B’ from B and [m +n|\ S.

Thus if f(z) and g(z) are exponential generating functions for classes of labeled ob-
jects, then their product f(z)g(z) will be the exponential generating function for ordered
pairs of these objects. For example, the exponential generating function for nonempty sets

1S
0 n
X
el —1 = E —'
n!
n=1
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since the elements of [n| can be arranged as a nonempty set in one way if n > 0 and in no
ways if n = 0. Thus

(=17 =3 (2" —2)=

n!

is the exponential generating function for ordered partitions of a set into two nonempty
blocks. More generally, (e — 1)* is the exponential generating function for ordered parti-
tions of a set into £ nonempty blocks, and

1

o0
kz_oe—l 5 or

is the exponential generating function for all ordered partitions of a set.

Now suppose that f(z) is the exponential generating function for a class of labeled
objects and that f(0) = 0. As we have seen, f(z)" is the exponential generating function
for k-tuples of these objects. Every k-set can be arranged into a k-tuple in k! ways, so
f(x)*/E! is the exponential generating function for k-sets of these objects.

Thus, for example, (e” — 1)¥/k! is the exponential generating function for partitions
of a set into k blocks. The numbers S(n, k) defined by

et — k o0 "
(9.1) =1 _ > S(n, k)

[
k! —

are called Stirling numbers of the second kind. If we sum on k we obtain the exponential
generating function exp(e” — 1) for all partitions of a set. The coefficients B,, defined by

o0
TR
— n

are called Bell numbers.

In general e/(*) counts sets of labeled objects each counted by f(z). Another important
application of this principle (often called the ‘exponential formula’) is to the enumeration
of permutations by cycle structure. A permutation may be considered as a set of cycles. If
we weight a cycle of length ¢ by u; and weight a permutation by the product of the weights
of its cycles, then the exponential generating function for cycles is

o0

Z(n—l Zun ,

n=1

and thus the exponential generating function for permutations by cycle structure is

exp(z upx” /n).

n=1

18



If we set u,, = u for all n, then we are counting permutations by the number of cycles, and
we obtain the generating function for the (unsigned) Stirling numbers of the first kind,

n N

o n o
z k
(1—xz)" ;uu+1 u—l—n—l)ﬁ ZEZc(n,k’)u,

n=0 k=0

which we derived in a different way in Section 3.
In some cases, there is a simpler expression for e/®) than for f (z). For example,
any labeled graph is a set of connected labeled graphs. Thus if g(x) is the exponential

generating function for connected labeled graphs, then e?(*) is the exponential generating

function for all labeled graphs. But there are 2(2) labeled graphs on [n], so

= log (Z 2(2)%) .
n=0 ’

Exponential generating functions often satisfy simple differential equations which can
be explained combinatorially. If

then
(o) xn
= § f7L+1_'a
n
n=0

so an object counted by f’(x) with label set [n] is the same as an object counted by f(z)
with label set [n + 1]. For example, let

be the exponential generating function for permutations (considered as linear arrangements
of numbers). Then f’(z) counts permutations of [n + 1] in which only the numbers in [n]
are considered to be labels. We can consider n + 1 to be a ‘marker’ that separates the
original permutation into a pair of permutations on [n], and we obtain the differential
equation f’(z) = f(x)®. This decomposition can be used to obtain more information
about permutations, as we shall see next.

A descent of the permutation ajas - - - a, is an i for which a; > a;,1. It is convenient
to count n as a descent also, if n > 0. Let

_ i A=
n=0

be the exponential generating function for permutations by descents, where a permutation
with k descents is weighted t*. If we take a permutation 7 = ajas---a,s; on [n + 1]
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and remove the element n 4 1, we are left with two permutations, m = ajas---a;—1 and
T9 = Qjt1 - Ant1, Where a; = n+1. The number of descents of 7 is the sum of the number
of descents of m; and 7y unless m; is empty, when 7 has an additional descent. Thus we
obtain the differential equation

A'(2) = (A@) = 1) Alx) + tA(),

together with the initial condition A(0) = 1. The differential equation is easily solved by
separation of variables, yielding

1—-1¢

A@) = Tt

The polynomials A, (t) are called Eulerian polynomials and their coefficients are called
FEulerian numbers.

As another example, let us define an up-down permutation to be a permutation
aias - --a, satisfying ay < as > a3 < aq4--- zan. Let D,, be the number of up-down
permutations of [n] and let

2n+1

Dn “a_ ., a1
Z 2+1(2 +1)

Removing 2n+1 from an up-down permutation of [2n+1] for n > 1 leaves a pair of up-down

permutations of odd length. Taking into account the exceptional case n = 0, we obtain the

differential equation T"(z) = T'(z)? + 1, with the initial condition 7'(0) = 0. Solving the

differential equation yields 7'(x) = tanx. The numbers Dy, are called tangent numbers.
For the generating function

Z-DZTL 2TL '7

n=0

a similar analysis yields the differential equation S’(x) = T'(z)S(z), with the initial con-
dition S(0) = 1, which has the solution S(z) = secz. The numbers Dy, are called secant
numbers. We will show that S(z) = secz by a different method in Section 11.

Another application of exponential generating functions is to the enumeration of la-
beled rooted trees. Since a rooted tree can be represented as a root together with a set of
subtrees, the exponential generating function ¢(x) for rooted trees satisfies

t(z) = ze!™@.

We can solve this equation by the Lagrange inversion formula, and we obtain

Znnk(”‘l)n,,

n=k
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which for k = 1 gives a formula equivalent to Cayley’s.

10. Permutations with restricted position

In this and the next several sections we discuss methods for dealing with formulas that
involve subtraction. One way to deal with such formulas is to replace them with equivalent
formulas having only positive terms. The example we give here is based on the fact that the
formula Y, Apt* =37, Bi(t — 1)* is equivalent to the formula Y, A(t + 1)* =3, Bit*.

(10.1) Theorem. Let R be a subset of [n] X [n]. For any permutation m of [n], let r(m)
be the number of values of i € [n] for which (i,7(i)) € R. Let

k=0

TES,

where S, is the set of permutations of [n]. Let by be the number of k-subsets of R in which
no two pairs agree in either coordinate. Then

Zbkn— t—l)

In particular,

Proof. We prove that
a(t +1) =) be(n— k)"
k=0

by counting in two ways pairs (7, @), in which 7 € §,, and @ C G(7w) N R, where G(7) =
{ (i,7(i)) | i € [n] }. We weight such a pair by ¢/¢..
First, we have

NSy Z 19 = 3t 4 1)/ SR = gt 4 1)

(m,Q) T QEG(w ™

Second, we have

Y =N {7 | G(m) 2 QY.

(m,Q) QCR

If G(m) 2 @ then @ does not contain two ordered pairs which agree in either coordinate,
and if this condition is satisfied, () can be expanded to the graph of a permutation in
(n — |Q|)! ways. Thus the sum is equal to > ;_,br(n — k)!t*.  m
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Theorem 10.1 is often proved by inclusion-exclusion, which we discuss in Section 12.
See, for example, Riordan (1958), chapters 7 and 8.

For our first example, let R = {(i,i) | ¢ € [n]}. Then a(t) counts permutations by
fixed points. Here b(k) = (2), SO

and in particular, ag = n!> j_,(—1)*/k! is the number of derangements (permutations
without fixed points) of [n], denoted d,,.

Next we consider the case R = { (i,7) | i—j =0 or 1 (mod n) }, which is the classical
probléeme des ménages. Here we can evaluate b, by a simple trick, but the generalizations

in which i —j =0,1,...,s (mod n) could be solved by the transfer matrix method.
Let us set po;—1 = (i,7) for 1 <i < mn, py = (i,i+1) for 1 <i<n—1and psy, = (n,1).
Then by, is the number of k-subsets of {p1,...,p2,} containing no p; and p;.; (or py, and

p1). Then as we saw in Section 5,
b — 2n [(2n—k
YTk k)

a5 = Z(—l)kzﬁ . (Q”k_ k) (n— k).

k=0

and thus

Finally, let us take R = {(¢,7) | ¢ > j }. Then by is the Stirling number S(n,n — k).
We prove this by giving a bijection between k-subsets of R counted by by and partitions
of [n] with n — k blocks: to the subset {(i1,71), (i2,72),- - -, (i, Jx)} of R counted by b we
associate the finest partition in which ¢; and j; are in the same block for each s. Thus

= zn:S(n,n —k)(n— k) (t—1)".
k=0

If we call this polynomial a,(t), then a straightforward computation using (9.1) shows
that

i (1&)"'3—71—i—1+t*1 14— Lo 1+Zt1A
O R S P l—telt

n=0 n=1

where A, (t) is the Eulerian polynomial.

Similarly, if we had taken R = {(¢,7) | ¢ > j }, we would have found a(t) = A,(t) for
all n.

Thus for n > 1 the three polynomials

Zt1+|{ i|w(@)>m(i+1) } Zt|{ i|i>m(i) , and Zt1+\{i|i>7r(i)}

TesS, TES, TES,
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are all equal. A combinatorial proof is easily found through Foata’s transformation: For
example, if
m™=57216-384

(where the dots represent descents) then Foata’s transformation takes 7 to
m = (57)(2-)(16-38:4-),

in which occurrences of 7(i) > 7(i + 1) together with the extra descent at the end have
been transformed into occurrences of i > ().
The variant of Foata’s transformation with left-right maxima instead of minima trans-

forms 7 to
o = (5)(7-2:16-3)(8:4),

in which occurrences of 7(i) > 7m(i+1) have been transformed into occurrences of i > my(i).

11. Cancellation

In this section we consider a technique for simplifying sums of positive and negative
terms by cancellation. We have two sets A" and A~, which we think of as ‘positive
objects’ with sign +1 and ‘negative objects’ with sign —1. We want to find a combinatorial
interpretation to |[AT| —|A~|. We do this by finding a partial pairing of positive objects
with negative objects; then |A*|—|A~| will be equal to the contribution from the unpaired
objects.

(11.1) Theorem. Let A = A* U A~ and suppose that there is subset B of A and an
involution w defined on A\ B which is sign reversing: if w(z) is defined, then x € A" if
and only if w(z) € A~. Then |AT|—|A7|=|ATNB|—|A"NDB|. n

In most (but not all) applications, B is a subset of either AT or A~.
As an example, we give a combinatorial proof of the identity

So (L)ool

Let us first consider the special case m = 0, which we may write as

u ey 1, n=0;
2 (1) <k:) B {0, n > 0.
k=0
It is clear that we should take A to be the set of subsets of [n], with A" the subsets of
even cardinality and A~ the subsets of odd cardinality. For n > 0 we want to find a sign-
reversing involution on all of A, so that B = (). Clearly the map given by w(K) = K A{1}
has the right properties, where A denotes the symmetric difference.
Now we consider the general case. Let R be an r-element set disjoint from [n]. We

may take A to be the set of all pairs (K, M), where K is a subset of [n] and M is an

m-subset of RU K. Then the number of such pairs with |[K| = k is (}) (T:;k) We take
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the sign of (K, M) to be (=1)%l. It is not immediately obvious what B should be, but
we may try to construct a sign-reversing involution on as large a subset of A as possible,
and B will be whatever is left over. Given a pair (K, M) € A, let j be the least element of
[n] \ M if [n] \ M is nonempty. Then we set w((K, M)) = (K A {j}, M). This is clearly a
sign-reversing involution. The only pairs (K, M) for which it is not defined are those for
which [n] € M. But if [n] € M then since M N [n] C K, we must have K = [n] and M
must consist of [n] together with an (m — n)-subset of R. There are (| " ) of these and
they all have sign (—1)". Thus the identity is proved.

For our next example, let D,, be the number of up-down permutations of [n], as defined
in Section 9. We give a completely different proof that

> w2n
(11.2) ZDZ” = secx.
n=0

(2n)!

If we multiply both sides of (11.2) by cos x and equate coefficients of %" /(2n)!, we see that
(11.2) is equivalent to the recurrence

" . 2n 1, ifn=0;
_1\n—k — ’ !
(11.3) ;?o( 1) (2k> Doy, { 0, otherwise.

The case n = 0 of (11.3) is clear. To interpret (11.3) for n > 0, let A be the set of all
ordered pairs («, 3) such that for some subset S C [2n] of even cardinality, « is an up-down
permutation of S and f is the increasing permutation of [2n] \ S. If | S| has cardinality 2k
then we give (a, 8) the sign (—1)*. Thus for n = 8, a typical element of A is (1427, 3568).
Now let v = (ajas...as, biby...boyy_or) be an element of A. If agr, > by or kK = 0, we
define w(7) to be (ajas...aybibe,bs ... by, o) and if agy < by or k = n we define w(7) to
be (a1as . .. asg_2, agp_1a2;:b1b2b3 . . . bay_or). It is clear that w is a sign-reversing involution
defined on all of A, and thus (11.3) is proved. The formula

0 $2n+1
Z Do, 4 m =tanx

n=0

can be proved similarly.

Following Zeilberger (1985), we now use a sign-reversing involution to prove the ‘ma-
trix tree theorem,” which gives a determinantal formula for the number of spanning ar-
borescences of a digraph, rooted at a given node. Similar proofs have been found by several
people, of whom the first seems to be Temperley (1981).

For each ¢, j, with 1 <,j < n, let w;; be an arbitrary weight. We define the weight
of a digraph on [n] to be the product []w;; over all arcs (4, j) of the digraph. We shall find
a formula for the sum of the weights of all arborescences on [n], rooted at n. (Then given
any digraph D on [n], the number of spanning arborescences of D is obtaining by set w;;
equal to 1 for arcs (i,7) in D and to 0 for arcs not in D.)
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First we observe that a determinant can be interpreted as a sum of signed weights
of digraphs. A permutation digraph is a digraph in which every vertex has indegree and
outdegree 1, or equivalently, in which every weakly connected component is a directed
cycle. Any permutation 7w of a set corresponds to the permutation digraph in which the
arcs are (i,ﬂ'(i)), and conversely, every permutation digraph is of this form. Now let M
be the matrix (—w;;);j=1.n—1. Then the determinant of M is equal to the sum over all
permutations 7 of [n — 1] of

(11.4) (sgnm) H(_wiw(i))'

This product is clearly, up to sign, the weight of the permutation digraph corresponding
to m. Now suppose that 7 has r cycles, of lengths l1, ls, ..., l,. Then sgnm = [[_, (1)
and (—1)"t = [['_,(=1)%, so (11.4) is (—1)" times the weight of the permutation digraph
corresponding to .

Now consider the determinant

wop + -+ Wp —Wa1 e —Wp—1,1
—W12 wi2 +W3o + - F Wpa - —Wp—12
W =
—W1p-1 —W2 -1 s Wip-1 o F Wh—2p-1 + Whp—1

This is the determinant of M above, with w;; replaced by

— E wﬂ.

1<j<n
J#i

The digraphs that W counts will be obtained from permutation digraphs by replacing
each loop (i,7) with an arc (j,4) for some j # i (with j = n allowed), and the sign of
such a digraph is (—1)", where 7 is the number of cycles length at least 2 in the original
permutation digraph. More precisely, W is the sum of the signed weights of all pairs (P, T')
of digraphs on [n] such that

(1) P is a permutation digraph, with every cycle of length at least 2, on a set of nodes
N P g [n - 1]

(2) T is a digraph without loops on [n] in which every node in [n — 1] \ Np has indegree
1 and every node in Np U {n} has indegree 0.

The signed weight of the pair (P, T) is (—1)" times the product of the weights of P and T,
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where r is the number of cycles of P. Here is a typical pair (P,T):

? o,
. -
¥ d o ‘D ie
- % .
% " ‘_.
®
£ T --------

We now define the sign-reversing involution w on all pairs (P,T') such that either P or T
contains a cycle: take the cycle containing the least vertex and transfer it from P to T or
from T to P. Then w is a weight-preserving sign-reversing involution that cancels all pairs
except those in which P is empty and 7' is an arborescence rooted at n.

Further examples of cancellation can be found in Stanton and White (1986).

12. Inclusion-exclusion

The inclusion-exclusion principle is probably the most well-known technique for dealing
with subtraction.

(12.1) Theorem. Let f and g be two functions defined on the subsets of a finite set S
such that f(A) = ZBgAg(B). Then g(A) = ZBQA(—l)M‘B'f(B).

Proof. We have

> Y)HERB) = (-1 Plg(0)

BCA BCA
CCB
=390 3 ()P = g(a). w
CCA CCBCA

A dual form of inclusion-exclusion may be proved the same way as Theorem (12.1):

(12.2) f(Ay= > g(B) ifandonlyif g(4)= Y (-)Pf(B). =

SOBDA So>BDA
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An important special case of inclusion-exclusion occurs when f(A) and g(A) depend
only on |A|, so we may write f(A) = fi4 and g(A) = gj4;. Then the relation between f
and g may be written

T R S

k=0 k=0

These relations may be expressed in terms of exponential generating functions: if F'(x) =
oo o fax"/nland G(z) =307 gnax™/n! then F(x) = e"G(z) and G(x) = e *F(z).

Another form of inclusion-exclusion is often used: Suppose we have a finite set X of
elements, each of which has certain ‘properties,” and let S be the set of all such properties.
For each subset A of S let f(A) be the number of elements of X having all the properties
in A (and possibly others).

(12.3) Theorem. Let M; = 7 ,_; f(A) and let N; be the number of elements of X
having exactly © properties. Then

N; = Z(—l)l_i (i) My,

>0

and in particular,
No=My— My + My —---.

Proof. For A C S, let g(A) be the number of elements of X having the proper-
ties in A and no others. Then f(A) = > 55, 9(B), so by inclusion-exclusion, g(A) =
S poa(—D)BAf(B). Thus N; = > 14— 9(A) and the result follows by a straightforward
calculation. m

Our first example of inclusion-exclusion is to permutation enumeration. The descent
set D(m) of a permutation 7 of [n] is {4 | (i) > 7(i + 1) }. Fix n, and for A C [n — 1],
let g(A) be the set of permutations with descent set A. We shall find a simple formula
for f(A) = > pca9(B). Let A ={a; < az < --- < a;}. Then D(mw) C A if and only
if (1) < 7(2)--- < w(a1), w(ay +1) < -+ < w(ag), -+, wlap +1) < -+ < w(n). To
construct such a permutation m, we choose a; elements of [n] to be {n(1),...,7(a;)} and
arrange them in increasing order, then choose as — a; of the remaining elements to be
{m(a1 +1),...,7m(az2)}, and so on. Thus f(A) is the multinomial coefficient

< . )
ap,aa — @1, ,a — Qg—1,M — ag

so g(A) is given explicitly by g(4) = Y 4(—1) 4Bl f(B).
If we set ag = 0 and a1 = n, then g(A) can be expressed compactly as the determi-
nant

1

(12.4) n! @ e

ij=1,..k+1
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where we interpret 1/r! as 0 for r < 0. To see this, suppose that (m;;) is an 7 x r matrix
for which m;; = 0if j <i—1. Then if [[}_, m;;) # 0, every cycle of 7 must be of the form
(tt—1 ---s+1s). If in addition m;;—; = 1 for 2 < i < r then the contribution to the
determinant |m;;| from the permutation (¢ t; —1 ---2 1) (to --- t1+1) --- (& ---t_1+1),
where t; < ty < -+ < t; = 7, is (=1)"'myymy 14, - My 11, We obtain (12.4) by
taking r=k+ 1, m;; = 1/(CL] — ai_l)!.

As another example, we find a formula for the number ¢, of cyclic permutations 7 of
[n] satisfying w(i) 2 i+ 1 (mod n). For any subset A of [n] let f(A) be the number of
permutations 7 with 7(i) =i+ 1 (mod n) for all i in A and let g(A) be the number of
permutations 7 with (i) = i+1 (mod n) for all i in A but for no other i. Thus ¢, = g().
Then it is clear that f(A) =55, 9(B), so by (12.2), g(A) = > 5o (1) f(B). Tt is
easily seen that f(A) = (n —1— |A])! for |A| < n, with f([n]) = 1. Thus

:(—1)k(Z> (n—1—Fk).

If instead of considering only cyclic permutations, we counted all permutations 7 satisfying
w(i) Zi4+1 (mod n), we would have obtained the derangement number d,,. The numbers
¢, are closely related to the derangement numbers; it can be shown that d,, = ¢, + ¢,41
and ¢, = (—1)" + S0 (—1)"Fdy.

Cp = (_1)n +
k=

13. Mobius inversion

Consider the following problem: out of 100 students who are taking Algebra, Biology,
and Chemistry, 23 have Algebra and Biology at the same time, 40 have Algebra and
Chemistry at the same time, 42 have Biology and Chemistry at the same time, and 15
have all three courses at the same time. How many students have no schedule conflict?

We can solve this problem by inclusion-exclusion. Let U be the set of all 100 students.
Let S; be the subset of students with an Algebra-Biology conflict, and similarly for S, and
S3. Then the answer is

U= ISil+ ) 150 Sj| = [S1 1 Sy N S

i 1<j

But in this case
|S1 N Se| =151 N Ss| =1[S2NS3| =[S1 NSy N Ss

so the formula reduces to

(13.1) U] — |S1] — || — [S5] 4+ 2|S1 (1 S5 N 85| = 20.

The theory of Mé&bius inversion explains formulas like (13.1), and in particular explains
the significance of the coefficient 2. In this problem there are 5 possibilities for a student’s
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schedule conflict: no conflict, A-B conflict, A-C conflict, B-C conflict, and A-B-C conflict.
These conflicts are partially ordered in a natural way as follows:

A-B-C Conflict

A-B Conflict A-C C@

No Conflict

Then if we let g(x) be the number of students with conflict of type  (but no worse), then
we want to determine g(no conflict) given f(zx) for all z, where f(z) = ZyZm 9(y).

In the general situation, we have a finite poset P and two functions f and g on P
related by

(13.2) Fl)=>Y_gv),

y=z

and we want to find the coefficients m(z,y) which express g in terms of f;

(13.3) g(x) =>_m(xz,y)f(y).

y>x

It is convenient to consider the problem from a slightly different point of view. First
let P be a finite poset. The incidence algebra Z(P) of P is the set of all complex-valued
functions f on P x P such that f(x,y) = 0 unless < y. Addition of these functions is
pointwise and multiplication is defined by the formula

(fo)(zy) = D f(z,2)9(z ).

r<z<y

Z(P) is isomorphic to an algebra of matrices in which the rows and columns are
indexed by the elements of P; the function f corresponds to the matrix in which the (z,y)
entry is f(x,y). If the rows and columns are ordered consistently with P, then these
matrices will all be upper triangular. In particular, if f(z,x) is nonzero for all = then f is
invertible.
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There are three particularly important elements of the incidence algebra. First there
is the identity element 0 defined by

|1 ifx=y
5($,y)—{0 if © #£y.
Next is the zeta function ¢ defined by

1 ifx<y
C(@,y) = {O otherwise.

The Mobius function p of P is the inverse of (. By the remark above, p must exist. An
easy way to compute p is from the recurrence

p(zy)=— > p(,2),

r<z<y

for x < y, with the initial condition u(x,z) = 1. This recurrence follows immediately from
the formula u¢ = 6.

It is easy to give a formula for u(z,y). We have (71 = (6 + ¢ — §) . Tt is clear that
(¢ — 6)*(x,y) is the number of chains x = xp < 71 < --+ < x; = y and thus is zero for k
sufficiently large. So we have the explicit formula

p=(+C-0)" =D (=D -,

k>0

where only finitely many terms on the right are nonzero. If we define the length of a chain
to be one less than its cardinality, we have P. Hall’s theorem:

(13.4) Theorem. u(x,y) = Cy—Cy1+Cs---, where C; is the number of chains of length i
from x to y.

Hall’s theorem implies that u(z,y) depends only on the interval [z,y] = {z | v <
z < y}. An important, but less obvious, aspect of Hall’s theorem is that it provides an
interpretation of the Mobius function of a poset P as the reduced Euler characteristic of a
topological space associated with P, and thus allows the machinery of algebraic topology
to be applied to the study of posets. (See, for example, Stanley (1986), pp. 120-124 and
137-138.)

Let us return to our original problem. We claim that in (13.3) we should take m(z,y) =
p(x,y). To see that this works, set

g(@) =Yz, ) f(v)-

Then we have

S i) =SS w2 =Y £ S ety 2) = f(@).

y>x y>x 2>y 22T r<y<z

Since g is uniquely determined by (13.2), we must have g = g.
There is a dual form of M6bius inversion in which y > x is replace by y < x. We state
both forms in the following theorem.
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(13.5) Theorem. Let f, g, and h be complex-valued functions on the finite poset P.
Then

(a) f(z) =>_,5,9(y) if and only if g(x) =>_ -, w(z,y) f(y)

(b) h(x) =3_,<, g(y) if and only if g(z) =3 ., My)u(y,z). ®

If P and @ are posets then the product order on P x @ is given by (p1,q1) < (p2, ¢2)
if and only if p; < py and ¢; < ¢». The Mobius function of P x () is easily expressed in
terms of the M&bius functions of P and @ (the straightforward proof is omitted):

(13.6) Theorem. Let P and @ be finite posets. Then

MPXQ((ph(Il)» (pQ,Q2)) = wup(p1,p2)iqQ(qi, g2). M

It is easily seen that if we consider the set [n] as a poset under the usual order, so
that it is a chain, then

1 ifi=jy
,u(i,j):{—l ifi+1=y
0 otherwise

Since the poset of subsets of a set is a product of 2-element chains, we find that its Mobius
function is given by u(A, B) = (—1)/BI714l which with Theorem (13.5) is the inclusion-
exclusion formula.

We now prove two theorems on Mobius functions of lattices. A poset P is a lattice if
any two elements x,y € P have a unique join, or least upper bound, denoted = V y, and a
unique meet, or greatest lower bound. We assume that all posets are finite, so any set S
of elements of a lattice has a join which we denote by \/ S. We denote the unique minimal
element of a lattice by 0, and the unique maximal element by 1. An atom is an element
that covers 0.

In our example we computed a Mobius function by using inclusion-exclusion. The
next theorem generalizes that example, though we give a different proof.

(13.7) Theorem. Let P be a lattice. Then u(0,x) = 3" ¢(—1)I, where S ranges over all
sets of atoms with join x.

Proof. For each = in P, let g(x) = 3, ¢_,(—1)¥], where S ranges over sets of atoms.
Define f(z) by f(z) =2, 9(y) = szgx(—l)‘s‘. Then if A is the set of atoms less than
or equal to x, we have

Ny 1 ifA:Q):{l if =0
f(x)—sg( 2 {0 ifA#0 " 0 ifz#0.
Then by Mébius inversion, g(z) =>_ o, f(y)u(y,z) = 1(0,2). m

(13.8) Corollary. Under the above hypothesis, if z is not a join of atoms, then p(0,z) =
0.

Next we prove another basic result on Mobius functions of lattices, called Weisner’s
theorem.
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(13.9) Theorem. Let P be a lattice. Fix a and x in P, with a > 0. Then

Z 1(0, z) = 0.

zVa=x

Proof. For fixed a, let g(x) = >_.,,_, #(0, 2), and set

Fl@)y=> gly) = > w0,2).

y<z zVa<z

We shall show that f(z) = 0 for all z, which implies that g(z) = 0. If @ £ = then f(x) is
clearly 0. If @ <  then = > a > 0, so f(z) = Zzgx,u(f), 2)=0. =

(13.10) Corollary. Let P be a lattice. Suppose that
(i) P has a rank function p with the property that if a is an atom then for all x in P,
plaV ) <p(x)+1.
(ii) Every element of P is a join of atoms.

Then (—1)?Mp(0,1) > 0.

Proof. The assertion is trivially true if 0 = 1. Otherwise, in Theorem (13.9) let a be an
atom and take z = 1. Then if 2V a = 1, z must be 1 or a coatom (of rank p(1) — 1). So
1(0,1) = =32 u(0, 2), where the sum is over all coatoms z with 2z V a = 1. The assertion
will follow by induction if we can show that a may be chosen so that there is at least one
such coatom. But if the sum is empty for all a, then every atom is less than or equal to
every coatom, contradicting (ii).

Lattices satisfying the conditions of Corollary (13.10) are called geometric lattices.
(There are many other equivalent characterizations of geometric lattices.)

We can use Theorem (13.9) to compute the Mobius function for the lattice L,, of
subspaces of the vector space V,, of dimension n over a finite field of g elements. Since the
interval [z,y] is isomorphic to L,,, where m = dimy — dimz, it is sufficient to compute
1(0,1) in L, which we denote by s,,.

As in Corollary (13.10), let us take a to be an atom and take z = 1. Then if z is a
coatom for which zV a = 1, z must be a subspace of V,, of dimension n — 1 which does not
contain a, and the number of these is [nfl} — [Z:ﬂ = ¢"!. Thus we have the recurrence
tn = —q¢" ' pt,—1. From this recurrence and the initial condition pg = 1, we obtain

(13.11) pn = (—1)g(3).

As an application of (13.11), we compute the number g(z) of m-tuples of elements of
V, which span a given subspace z. Let f(z) = >, _, g(y). Then if dimz = d, we have

f(x) = ¢, so by Mobius inversion we have

g(@) = " Fuly.a) = 3 g™ (1) (%) m |

y<w k=0
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Using (8.5), we can simplify this to

which can also be found directly. Similarly, the number of m-subsets of V,, with span z (of

dimension d) is
£ ()]

k=0

Rota (1964) initiated the systematic use of M6bius functions in combinatorics. Further
information about them may be found in Chapter 3 of Stanley (1986).

14. Symmetric functions

A formal power series in the variables x1, s, ..., x, is called symmetric if it is invariant
under any permutation of the variables. It is convenient to work with infinitely many
variables, allowing sums such as z; + x9 + - --. These symmetric formal power series are

traditionally (but somewhat misleadingly) called symmetric functions.

A symmetric function is homogeneous of degree k if every monomial in it has total
degree k. It is clear that every symmetric function can be expressed as a (possibly infinite)
sum of homogeneous symmetric functions. If we take our coefficients to be complex num-
bers, then the homogenous symmetric functions of degree k form a vector space, denoted
A*. There are several important bases for A*, which are indexed by partitions of k. If
A = (A, -+, A\) is a partition of k (with the parts listed in decreasing order), then the
monomial symmetric function m) is defined to be the sum of all distinct monomials of
the form zj'---xj" for permutations (ai,...,q;,) of A. It is clear that the m,, over all

partitions \ of k, form a basis for A*.
For each integer r» > 0, the rth elementary symmetric function e, is the sum of all
products of r distinct variables, so ¢y = 1, and for r» > 0,

€p = E LijyLijy *** Tj,. -
11 <ig<---<ip

For any partition A = (A1, Ag,...) we define ey = ey, ey, - --. The ‘fundamental theorem of
symmetric functions’ implies that the ey over all partitions A of k form a basis for A¥, or
equivalently, that every element of A¥ can be expressed uniquely as a polynomial in the
ér.

The rth complete symmetric function h, is the sum of all monomials of degree r, so

ho = 1 and for r > 0,
hT = Z Ly Ly * * = Ty, -

11 <ig <<y

The rth power sum symmetric function is
Dr = Z xZT
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For any partition A = (A1, g, ...), we define hy = hy hy, --- and py = py, Py, - - - -
The generating functions

thr Hl_lmt_exp<zﬁtr)

r=1

and

~ -1
Ze,,ﬂ:H (1+ait) = (Zh >
r=0 i=1
are easy to derive. They imply that e, can be expressed as a polynomial in the h; and also
in the p;, and thus {h)},-r and {p\}\-x are both bases for A*. (Here A - k means that A
is a partition of k.)

There is another important basis for A* which is less obvious. If A is a partition with
n parts, we define the Schur function (or S-function) sy by

(14.1) sx = det(hy—ivj)1<ij<n,

where we take h,, = 0 for m < 0.

The Schur functions (in a finite number of variables) arise very naturally from irre-
ducible representations of general linear groups. The irreducible polynomial representa-
tions of the general linear group GL, (over the complex numbers) may be indexed in a
natural way by partitions with at most n parts. If x* is the character of the representation
associated with A, then for any matrix M in GL, with eigenvalues x1, xo, ..., x,, we have
XNM) = sy(z1, ..., 1)

The expansions of the sy in the other bases for A* are all interesting. The expansion
in elementary symmetric functions is a determinant similar to (14.1).

The expansions of Schur functions in power sum symmetric functions are related to
irreducible representations of symmetric groups. There is a natural way of associating to
each partition of k an irreducible representation of the symmetric group Sy. Let us denote
by x* the character of the representation associated with X\, and by X;)\ its value at an
element of Sy of cycle type p. Then if A is a partition of k,

S\ = ZX)\ppa

pHE

where if p has m; parts equal to i then z, = [[,., i""m;!.

The coefficients of s, (which give its expansion into monomial symmetric functions)
have an interesting combinatorial interpretation. The Ferrers diagram of a partition A
is an arrangements of cells with \; cells, left justified, in the ith row. Thus the Ferrers
diagram of the partition (4,3,1) is
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A column-strict plane partition of shape X is a filling of the Ferrers diagram of A with
positive integers which decrease weakly from left to right and strictly from top to bottom.
For example,

5141411
331
1

is a column-strict plane partition of shape (4,3,1). Then the coefficient of z}'x5? - - - 2] in
sy is the number of column-strict plane partitions of shape A containing r; entries equal to
i.

The weight of a plane partition is the sum of its entries. If we set z; = ¢’ in s), we get
the generating function by weight for column-strict plane partitions of shape A. There is a
very nice explicit formula for this generating function, which can be stated most elegantly
in terms of the hook lengths of \. We define the hook length of a cell in a Ferrers diagram
to be the number of cells to its right plus the number of cells below it plus one. Thus the

hook lengths for the partition (4,3,1) are

6 141311
4121
1

(14.2) Theorem. The generating function by weight for column-strict plane partitions

of shape X is
1
NOTT ——
q H 1— qh(c) ’

where the product is over all cells ¢ of the Ferrers diagram of A, h(c) is the hook length of
c,and N(A) =) .i\i. W

For the proof of this theorem, and other results on plane partitions, see Stanley (1971)
or Macdonald (1979).

One of the most famous theorems of enumerative combinatorics is the theorem of
Pélya (1937) on counting orbits under a group action. (See also Pélya and Read (1987).)
Pélya’s theorem can be stated in several different ways, but one of the most useful is in
terms of symmetric functions.

Suppose that a finite group G acts on a finite set A. Then G also acts on functions
f A — N, where N is the set of positive integers: for ¢ € G and f : A — N, we define
g-fby (g-f)(a)=f(g7' a). We define the weight of a function f : A — N to be the
monomial [],c 4 Zf@). It is clear that two functions in the same orbit of G' have the same
weight, so we may define the weight of an orbit to be the weight of any of its elements.
Poélya’s theorem gives a formula for the sum of the weights of all orbits of functions. We
may think of a function A — N as a ‘coloring’ of the elements of A, so Pélya’s theorem
enables us to count colorings which are distinct with respect to the action of G.
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Pélya’s theorem is a consequence of an elementary result in group theory, often called
Burnside’s lemma:

(14.3) Lemma. Suppose that a finite group acts on a weighted set X, and that weights
are constant on orbits. Define the weight of an orbit to be the weight of any of its elements.
For each g in G let ®(g) be the sum of the weights of the elements of X fixed by G. Then
the sum of the weights of the orbits is

ﬁ > 0g). m

geG

If G acts on a finite set A, then to each element g of G we may associate a permutation
7y of A by my(a) = g -« for v in A. We define the cycle index for the action of G on A to
be the symmetric function

1 o
(14.4) Z(G) = el ijll(g)p;z(g) .
geqG

where ji(g) is the number of k-cycles in the cycle decomposition of m,. We may now state
Pélya’s theorem:

(14.5) Theorem. The sum of the weights of the orbits of functions on A under the action
of G is Z(Q).

Proof. It is not hard to see that a function f : A — N is fixed by g € G if and only if f
is constant on each cycle of m,. Thus the sum of the weights of the functions fixed by g is

p{l(g)p?(g) -+-. Then the theorem follows by applying Lemma (14.3) to the action of G on

the set X of functions from A to N. m

One of the simplest applications of Pélya’s theorem is to counting equivalence classes
of words under the relation of conjugacy introduced in Section 5. If we take A to be the
set [n], then the functions A — N may be identified with words of length n in N*. Let G
be the cyclic group C,, acting in the usual way on [n]. Then two words are in the same
orbit under the action of C,, if and only if they are conjugates. To evaluate the cycle index
of G, let g be a generator for C,,. Then 7y has d cycles, each of length n/d, where d is
the greatest common divisor of m and n. There are ¢(n/d) values of m corresponding to
each divisor d of n, where ¢ is Euler’s totient function, and thus

(14.6) Z(C,) = % > d(n/d)p,.

dln

In particular, the number of equivalence classes under conjugation of words in [k]" is
obtained by setting 1 = o = --- = xp = 1, x; = 0 for i > k, in (14.6), so that p; = k, and
(14.6) becomes n~' 3, p(n/d)k".

For a more complicated example, we count isomorphism classes of graphs on n vertices.
We start with the action of the symmetric group S, on [n]|. This action yields in a natural
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way an action on the set A of unordered pairs of distinct elements of [n], which are the
edges of the complete graph K,, on [n]. Then a function from A to N may be thought of
as a coloring of the edges of K,,. There is a bijection between 2-colorings of edges of K,
and all graphs on [n]: given a graph G on [n], we assign an edge of K, color 1 if it is in G
and color 2 if it is not in G. Two graphs are isomorphic if and only if their corresponding
2-colorings of K, are in the same orbit. Thus to count isomorphism classes of graphs we
need only find the cycle index for this action of S,,, then substitute x1 = 29 = 1; 2; =0
for ¢ > 2, which gives p; = 2 for all i.
We shall show that the cycle index is

1 m km, ng( j)mim;
(14.7) Z 1mimy! 2memyl - - H pkak ” l_Ip%fi+1 Hpk " 11 Premij) £
! ! .

i<j

where the sum is over all my, mo, ... satisfying m; 4+2ms+--- = n, and lem and ged denote
the least common multiple and greatest common divisor. To see this, we first observe that
the cycle type of m, for g in S, depends only on the cycle type of g. The number of
permutations in S, with m; cycles of length i for each i, where ). im; = n is

n!
1m1m1! 2m2m2! o

For such a permutation g we must determine the cycle type of m,, the permutation on
pairs induced by g.

First we consider pairs in which both elements lie in the same cycle of g. It turns
out that we must consider separately cycles of even length and of odd length. In a cycle
of g of even length 2k, the pairs {a, g"(a)} constitute a single cycle of length k; all the
other pairs lie in cycles of length 2k, and there are k — 1 of these cycles. Thus this cycle
of g contributes a factor pk.pgk’l to the product in (14.7); since there are altogether myy,

cycles of this length, their contribution is (pyp5,*)™*. For cycles of g of odd length 2k + 1,
every pair is in a cycle of 7, of length 2k + 1, and there are k of these, yielding the second
product in (14.7).

Next we consider pairs in which the two elements lie in different cycles of g. First
suppose that « and (8 lie in two different cycles of g of the same length k. Then {«, 5} is
in a cycle of length k of m,. The pairs obtained from these two cycles of g will constitute
k cycles of m,, and there are (”;") ways to choose two cycles of g of length k. This explains
the third product in (14.7). Finally, the last product in (14.7) corresponds to the case of a
pair of elements from two cycles of g of lengths ¢ and 7, with ¢ < j. Each pair will lie in a
cycle of 7, of length lem(i, j). The pairs obtained from these two cycles of g will constitute
ged(i, j) cycles of m,, and there are m;m; ways to choose two cycles of g of these lengths.

Although (14.7) looks rather complicated, it is actually useful in computing the num-
ber of unlabeled graphs on n vertices, as long as n is not too large. For a comprehen-
sive account of applications of Pdlya’s theorem to graphical enumeration, see Harary and
Palmer (1973).
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