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Chapter 1

The Fibonacci Numbers From a
Combinatorial Perspective

1.1 A Simple Counting Problem

Let n be a positive integer. A composition of n is a way of writing n as an ordered sum of one or
more positive integers (called parts). For example, the compositions of 3 are 1+1+1,1+2,2+1,
and 3. Let f(n) := the number of compositions of n in which all parts belong to the set {1,2}

Problem. Determine f(n).

What does it mean to “determine” the solution to a counting problem? In elementary combi-
natorics, such solutions are usually given by a formula (a.k.a. a closed form solution ) involving
the variable n. To find the solution for a particular value of n, one simply “plugs in” that value
for n in the formula. Many of the counting problems that we encounter will have closed form
solutions. But there are other ways to determine the solution to counting problems. The present
problem was chosen to illustrate one such way, the recurrence relation method, which yields a
recursive formula, or recursive solution to a counting problem. This approach is described below.

Let us determine the value of f(n) for some small values of n by “brute force,” i.e., by listing
and counting all of the acceptable compositions. We have:

f(1) =1, the acceptable compositions being 1

f(2) = 2, the acceptable compositions being 1412

f(3) =3, the acceptable compositions being 14+ 1+1,142;2+1

f(4) =5, the acceptable compositions being 14+ 1+14+1,1+14+2,14+24+1;
24 1+1,242

Further listing and counting reveals that f(5) = 8 and f(6) = 13. On the basis of this, we might
conjecture, that for all n > 3,

(+) fn) = fln=1)+ f(n-2).

i.e., that f(n) is the nth Fibonacci number .
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But how can we prove this if we don’t have a formula for f(n)? We prove it by a combinatorial
argument, i.e., an argument that makes use of the combinatorial (i.e., counting) interpretation of
the quantities f(n), f(n — 1)), and f(n — 2). Specifically, we argue that each side of (x) counts
the same thing, namely the collection of all compositions of n in which all parts belong to {1, 2}.
That the LHS (left hand side) of () counts this collection follows from the very definition of
f(n). Now the RHS of (%) counts this same collection, but in two disjoint, exhaustive categories:

(i) The category of acceptable compositions with initial part equal to 1. There are f(n — 1)
such compositions, for they all consist of 1, followed by a composition of n — 1 in which all
parts belong to {1, 2}.

(ii) The category of acceptable compositions with initial part equal to 2. There are f(n — 2)
such compositions, for they all consist of 2, followed by a composition of n — 2 in which all
parts belong to {1, 2}.

The recursive solution to our problem thus consists of the initial conditions f(1) = 1, f(2) = 2,
along with the recurrence relation

fn)=fn—=1)+f(n—-2), Vn=3.

Using this recurrence relation we can calculate f(n) for any value of n that we like. Of course it
is not a “one-shot calculation.” We wind up calculating all of the values f(1), f(2), f(3),... f(n)
in order to get f(n), and there is no way around this if we must rely on a recursive formula.

1.2 A Closed Form Expression for f(n)

Despite the simplicity of our recursive formula for f(n), you may be wondering if there is a
closed form expression for f(n). There is indeed such an expression, and it is given by the rather
formidable formula

1 1—}—\/5 n+1 1_\/5 n+1
- -2 ((25) - (55

It is pretty mind-boggling that the simplest formula for f(n), which we know is a positive
integer, involves the irrational real number /5. How might you go about proving (x*)? Well,
you could show that the RHS of (xx) takes the value 1 when n = 1 and 2 when n = 2 and
satisfies the same recurrence relation as f(n) [try it]. But that would be an unenlightening proof
(like inductive proofs of identities that don’t explain how those identities were discovered, but
merely verify them in plodding, bookkeeping fashion).

In what follows, we derive (xx) from (*) and the initial conditions f(1) = 1 and f(2) = 2.
In the process we’ll use a result from the theory of infinite series, which shows that although
elementary combinatorics may be categorized as “discrete math,” advanced combinatorics draws
on continuous as well as discrete mathematics.
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1.3 The Method of Generating Functions

To get a closed form expression for f(n) from (%) we use the so- called method of generating
functions . We'll go into this in much more detail later in the course, so don’t be concerned if
you don’t follow all the details. This chapter is designed to be flashy and entertaining, to pique
your interest, not to intimidate you. What we do is to consider the “generating function” F'(x)
defined by

( * *) F(z) = f(0)+ f()x + f(2)2* + f(3)x* +
where we define f(0) = 1 to fit in with the general recurrence (x). How do we know that this
infinite series converges for some nonzero 7 Well, it’s easy to prove by induction using (*) that
f(n) < 2" for all n > 0 [try it] and since > - ,2"z" = Y 2 (2z)" converges absolutely for
|z| < 1/2, and dominates Y -, f(n)z™, it follows that > ° f(n)z" converges absolutely on this
interval.

Now we use a little trick:

Rewrite

(1) F(x) = f(0) + f(Da + f(2)a* + -+ f(n)a" + -
Multiply by z, then 22, getting

(ii) vF(z) = f(0)r + f(D)z* 4+ -+ f(n — Da™ + - -
(iii) 2’ F(z) = f(0)2® + -+ f(n—2)2" +

Take (i) - (ii) - (iii), getting
(1 =2 —a")F(z) = f(0) + (f(1) = f(0)) = + (£(2) — f(1) — f(0)) 2”

(iv) +o A+ (f(n) = f(n=1) = f(n—2))z"

_|_...:1,
since f(0) =1, f(1)— f(0)=1—-1=0, and f(n) — f(n—1) — f(n—2) =0 for n > 2. So
) Fio) = ==

Now we just find the Taylor series of 1/1 — x — x?; the coefficient of 2™ in this series will be
f(n). Finding this Taylor series is just tedious algebra involving partial fractions. We’ll look at
the details later when we study generating functions more carefully. For now let’s just note that
one can write

1 A B
(vi) =

1—2—2a2 1—ax+1—ﬁx

_ 1+f )« _ 1-/5 _ 1 (1+v5 _ 1 (1=/5
where a = (the Greeks golden ratio” ) f = 5=, A = 7 ( ) ,and B = — ( )
Now from (Vl) we get ((using - =Y ju" for [u| < 1)

(vii) -
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So

) oo (1T (1-vE)T
(vii) f(n) = A« —i—Bﬁ—ﬁ ( 5 > —( 5 )

by plugging in the above values of a, 3, A, and B.
This formula was first derived (in the first application of generating functions) by Abraham
De Moivre (1667-1754) , and independently by Daniel Bernoulli (1700-1782)

1.4 Approximation of f(n)

n+1 n+1
Note that 1+T\/g =~ 1.618 and % = —0.618, so (%) — 00 asn — oo and <1_2*/5) — 0

as n — oo Two easily proved consequences of this are

1 (1+v3)"
(viil) ﬂmN;E< 5 )
and
. . fln) 1+V5
(i) nlLHOlo fln—1) 2

In fact, if g(n) is any sequence satisfying ¢(0) = a and g(1) = b, where, say, a and b are positive
reals, and g(n) = g(n — 1) + g(n — 2) for all n > 2, then

. gln) 1+V5
(x) =1 2

Try to prove this using (ix).



Chapter 2

Functions, Sequences, Words, and
Distributions

2.1 Multisets and sets

A multiset is a collection of objects, taken without regard to order, and with repetitions of the
same object allowed. For example, M = {1,1,1,2,2,2,2 3} is a multiset. Since the order in
which objects in M are listed is immaterial, we could also write, among many other possibilities,
M ={1,3,2,2,1,2,2,1}. One sometimes encounters multisets written in “exponential” notation,
where the “exponent” indicates the frequency of occurrence of an object in the multiset. With
this notation, one would write M = {13,2% 3'}. The list of objects belonging to a multiset
is always enclosed by a pair of curly brackets. The cardinality (i.e., number of elements) of a
multiset takes account of repetitions. So, for example, the multiset M has cardinality 8.

A set is simply a multiset in which there are no repetitions of the same object. For example,
S={1,2,3} ={1,3,2} ={2,1,3} = {2,3,1} = {3,1,2} = {3,2,1} is a set. As an alternative to
listing the elements of a set, one can specify them by a characterizing property. So, for example,
one could write S = {z : 3 — 62% + 11z — 6 = 0}.

The following sets occur with such frequency as to warrant special symbols:

(a) P={1,2,3,...}, the set of positive integers
(b) N={0,1,2,...}, the set of nonnegative integers

(c) Z ={0,£1,+2,...}, the set of integers

(d) Q={m/n:m,n € Z and n # 0}, the set of rational numbers
(e) R, the set of real numbers

(f) C, the set of complex numbers

As usual, the empty set is denoted by (). Following notation introduced by Richard Stanley, which
has been adopted by many combinatorists, we shall also write [0] = @) and [n] = {1,2,...,n} for
n € P. Note that for all n € N, [n] contains n elements.

5
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Remark. Tt is advisable to avoid using the term “natural number,” since this term is used by
some to denote elements of P and by others to denote elements of N.

Remark. In elementary mathematics courses one writes A C B when A is a subset of B and
A C B when A is a proper subset of B (i.e., when A C B, but A # B). Most mathematicians,
however, write A C B when A is a subset of B and A C B when A is a proper subset of B. We
shall follow the latter practice.

2.2 Functions

If A and B are sets, a function f from A to B is a rule which assigns to each element a € A a
single element f(a) € B. In such a case, one writes f : A — B, reading this symbolic expression
as “f is a function from A to B” or “f maps A to B”. The set A is called the domain of f and
the set B is called the codomain of f. Functions are also called maps, mappings, transformations,
or functionals in certain contexts.

The function f: A — B is injective (in older terminology, one-to-one ) if ay # as = f(a1) #
f(az), i.e., if distinct elements of A are always mapped by f to distinct elements of B. Taking
the contrapositive of the above definition, we get an occasionally useful equivalent formulation
of injectivity of f, namely, that f(a;) = f(as) = a1 = as.

The function f : R — R defined for all z € R by f(x) = 22 is not injective since distinct
real numbers need not have distinct squares (e.g., f(1) = f(—1) = 1). On the other hand,
the function g : [0,00) — R defined for all x € [0,00) by g(x) = x? is injective, since distinct
nonnegative real numbers have distinct squares. This example illustrates the general principle
that one can always “repair” a non-injective function by cutting down its domain to a set on
which the resulting function is injective. This can in general by done in many ways. In the
foregoing case, for example, we might have cut down the domain of f to (—o0,0]. In the case of
a constant function (a function mapping every element of its domain to the same element of its
codomain) one needs, of course, to cut down the domain to a single element!

If f: A — B the range of f (also called the image of A under f - an expression that is
often confusingly abbreviated by careless textbook authors to “the image of f”) consists of all
members of B that occur as values of f(a) as a runs through A, i.e., range(f) = {f(a) : a € A}.
Of course, range(f) C B. If range(f) = B, i.e., if the range and codomain of f coincide, then
f is surjective (in older terminology, onto ). Equivalently, f : A — B is surjective if, for every
b € B, there exists at least one a € A such that f(a) = b.

The function f: R — R defined for all z € R by f(z) = 22 is not surjective, since range(f) =
[0,00) is a proper subset of the codomain R. On the other hand, the function h : R — [0, c0)
defined for all x € R by h(z) = x* is surjective. This example illustrates the general principle
that one can always “repair” a non-surjective function by cutting down its codomain to include
only elements of its range. If f is a constant function one needs, of course, to cut down the
codomain to a single element.

The domain of a function is often fixed by practical or theoretical considerations. If the
function in question is not injective, we may not wish to “repair” it by cutting down its domain,
because we want to know the behavior of the function on the entire domain. On the other hand,
there would appear to be no reason for putting up with nonsurjective functions. So why do we
ever employ codomains that properly contain the ranges of the functions we are considering?
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The answer is that it can be difficult to determine the range of a function given by a complicated
formula. In the case of the following function, we would need to know whether Goldbach’s
conjecture (which asserts that every even number greater than 2 is the sum of two primes)
is true in order to determine its range. Let A = {4,6,8,10,...} and B = {0, 1}, and define
f: A — B by the rule

1, if a is the sum of two primes
fla) = : :
0, otherwise

No one presently knows what the range of f is.

The function f : A — B is bijective (in older terminology, one-to-one onto , or a one-to-one
correspondence) if it is both injective and surjective. That is, f is bijective if, for each b € B,
there exists a unique a € A (denoted f~'(b)) such that f(a) =b. The function f~': B — A is
called the inverse of f, and is itself bijective. In this situation f~' o f is the identity function
on A (f7Y(f(a)) =afor alla € A) and fo f~!is the identity function on B (f(f~*(b)) = b for
all b € B). For example, the function f : [0,00) — [0,00) given by f(z) = z? is bijective, with
inverse f~!(y) = \/y, and the function g : (—o0, 0] — [0, 00) given by g(z) = 2 is bijective, with
inverse g~ (y) = —\/y.

2.3 Sequences and words

Let f: A— B. If ACZ, fis called a sequence in B. Usually, A = P, N, or [k], for some
k € P. Sequences are usually denoted using ordered lists, enclosed in parentheses, instead of
using functional notation. Thus, with t; = f(7), a sequence f : P — B is usually denoted
(t1,t2,...), a sequence f : N — B is usually denoted (to,?1,12,...), and a sequence f : [k] — B
is usually denoted (1, %, ...,tx). The latter is called a sequence of length k in B.

A sequence of length k in B is also called a word of length k in the “alphabet” B. When a
sequence is construed as a word it is typically written without enclosing parentheses and with no
commas. Thus, the sequence (t1,t,..., 1) is written t;ts - - - t;, when construed as a word. Also,
whereas one refers to t; as the i*" term in the sequence (t,ts, ..., %), it is called the i*® letter of
the word tqty - - - ty.

The function f : [k] — B associated with the sequence (t1,%s,...,t;) by the rule f(i) = ¢,
is injective if and only if all the terms in the sequence are distinct. Similarly, injectivity of the
function associated with the word tit, - t; is equivalent to there being no repeated letters in
the word. Sequences and words associated with injective functions from [k] to B are also called
permutations of length k in B, or permutations of the members of B taken k at a time.

The function f : [k] — B associated with the sequence (ti,...,t;) by the rule f(i) = ¢,
is surjective if and only if each element of B occurs at least once as a term in the sequence.
Similarly, surjectivity of the function associated with the word t;ts - - - t; is equivalent to the fact
that each element of B occurs at least once as a letter of the word.

2.4 Distributions

Let A be a set of apples and B be a set of bowls. Assume that the apples bear the labels
ai, . ..,ar and the bowls the labels by, ...,b,. Consider a function f : A — B. Associated with

7
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any such function is a distribution of the apples in A among the bowls of B according to the rule:
apple a; is placed in bowl f(a;). Along with sequences and words, distributions provide another
nicely concrete interpretation of functions.

In the above context f : A — B is injective if and only if at most one apple is placed in each
bowl and surjective if and only if at least one apple is placed in each bowl.

Of course one can employ instead of a set of apples any set of labeled (also called “distinct”
or “distinguishable”) objects and instead of a set of bowls any set of labeled “containers.” The
usual models employed in texts on combinatorics and probability take A to be a set of labeled
balls and B to be a set of labeled urns, and are termed “urn models.” We shall use the language
of balls and urns whenever we construe functions as distributions.

It is perhaps worth noting in conclusion that there is a subtle conceptual difference between
sequences and distributions. In the case of a sequence f : [k] — B, object f(i) from the codomain
B is placed in position (or “slot”) i of the sequence. In the case of a distribution f : A — B,
object a; from the domain is placed in “container” f(a;) of the codomain.

Careful readers may wonder why we have made a point of speaking of, for example, a set
of labeled (a.k.a., distinct or distinguishable) balls or urns. Aren’t members of a set distinct by
definition, making such modifiers redundant? In fact, such modifiers are redundant, but it is
traditional in combinatorics to use them for extra emphasis, to distinguish this case from the case
where the balls or urns are indistinguishable. In the latter case it has been traditional to refer to
a “set” of indistinguishable balls or urns, even though such collections are best conceptualized
as multisets. Distributions with indistinguishable balls (resp., urns) will be treated in Chapter 5
(resp., 10).

2.5 The cardinality of a set

Let A be a set and let n € P. If there exists a bijection f : [n] — A, we say that A is finite and
has cardinality n, symbolizing this by |A| = n. Less formally, if |A] = n, we say that A has n
elements, or that A is an n-set. Note that a bijection f : [n] — A amounts simply to a way of
counting the elements in A, with f(7) being the element of A that we count as we say “i.”

The empty set is considered to be finite, with || = 0. It is the only set of cardinality 0.
(Incidentally, if we had made sense of functions with empty domain, something we shall do in a
later section, we could have included this case in our original definition of cardinality, by allowing
n € N. For it turns out that the so-called empty function is a bijection from [0] = () to ().)

The following theorems are intuitively obvious, although their rigorous proof would require a
careful study of the sets [n] based on an axiomatic analysis of the nonnegative integers. (See, for
example, Modern Algebra, vol I, Chapter III, by Seth Warner , Prentice Hall 1965. Both volumes
I and IT of this outstanding text have been reprinted by Dover in a single volume paperback.)

Theorem 2.1. If A and B are finite sets, then
1° there exists a bijective function f: A — B if and only if |A| = |B|,
2° there exists an injective function f: A — B if and only if |A| < |B|, and

3° there ezists a surjective function f: A — B if and only if |A| > |B].
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Theorem 2.2. If A and B are finite sets and |A| = |B|, then a function f: A — B is injective
if and only if it is surjective.

It is perhaps worth noting here that the notion of cardinality has been extended by Georg
Cantor (1845-1918) to the realm of infinite sets. In particular, one writes |A| = R, (aleph-null,
or aleph nought) if there exists a bijection f : P — A, and |A| = ¢ (for “continuum”) if there
exists a bijection f : R — A. There is an infinite number of “infinite cardinals” such as Ry and c.
In the infinite realm, Theorem 2.1 defines an ordering of the infinite cardinals. As for Theorem
2.2, it is no longer true for infinite sets. For example, |P| = |E| = X where E is the set of even
positive integers, since the map f : P — FE defined by f(i) = 2i is a bijection. On the other
hand, the map g : E — P defined by g(i) = i is injective, but not surjective.

2.6 The addition and multiplication rules

Enumerative combinatorics deals with the theory and practice of determining the cardinalities of
finite sets or certain natural classes thereof. Though many counting problems appear daunting
when viewed in their entirety, the following two rules frequently enable one to decompose such
problems into manageable parts.

The addition rule simply asserts that if A and B are finite, disjoint sets (AN B = @) then
|AU B| = |A| + |B|. Using this rule it is easy to prove by induction that if (Ay,..., Ag) is any
sequence of pairwise disjoint sets (i # j = A, N A; =0) then |[A; U--- U Ag| = [Ay| + -+ -+ | Axl.
We shall make extensive use of these rules, which enable us to count a set by “partitioning”
it into a collection of pairwise disjoint, exhaustive subsets, counting these subsets, and adding
the results. The addition rule is used extensively to establish recurrence relations. Recall, for
example, our proof (in Chapter 1) of the recurrence relation f(n) = f(n — 1) + f(n — 2), where
f(n) is the number of compositions of n with all parts in {1, 2}.

The addition rule can also be used to prove that for any finite sets A and B

|AU B[ = [A]+|B| - |[AN B,
and this result can in turn be used to prove that
|JAUBUC| =|A|+|B|+|C]—=|ANB|—|ANC|—|BNnC|+|AnBNC|,
for any finite sets A, B, C, that

|JAUBUCUD|=|A|+ |B|+|C|+|D| = |ANnB| - [|ANC]|
—|AnD|—|BNC|—|BND|—|CnD|
+ANBNC|+|ANBND|+[|ANCND|
+|BNnCND|—|ANnBNCND],

etc., etc. These generalizations of the addition rule are special cases of what is called the principle
of inclusion and exclusion, a powerful counting technique that will be developed in Chapter 14.

The multiplication rule is a rule for counting functions (and, hence, sequences, words, and
distributions) subject to various restrictions on the values assigned by the functions to elements

9
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in their domains. Specifically, suppose that A = {ay,...,ax} and B = {by,...,b,}. Suppose
that there is a family F of functions from A to B and that in constructing a typical function
f € F, there are n; choices for f(ay), and (whatever the value chosen for f(ai)) ns choices for
f(az), and (whatever the values chosen for f(a;) and f(as)) ns choices for f(as), and ..., and
(whatever the values chosen for f(ai),..., f(ag—1)) ng choices for f(ay). Then the family F
contains n; X ng X - -+ X ng functions.

Theorem 2.3. Let A = {ay,...,a;} and B = {by,...,b,}, and let F be the family of all
functions from A to B. Then |F| = n*. In particular, letting A = [k], it follows that there are
n* sequences of length k in B or, equivalently, n* words of length k in the “alphabet” B. Letting
A be a set of k labeled balls and B a set of n labeled wrns, it follows that there are n* possible

distributions of k labeled balls among n labeled urns.
Proof. Apply the multiplication rule with ny =ny = --- = ng = n. O

Remark. If A and B are any sets, the family of all functions from A to B is often denoted B“.
This notation is a nice mnemonic for Theorem 2.3, for this theorem asserts that when A and B
are finite, |B4| = | B|I4.

Next, we use the multiplication rule to count the injective functions from a k-set to an n-set.
The following new notation will prove to be very useful throughout the course. Let x be any real
number and define

¥ =1 (in particular, 0% = 1)
k=ar—1) - (z—k+1)ifkeP

The expression 2% is called the k" falling factorial power of z, and is often read as “x to the

k falling.” Note that when z = n, a nonnegative integer, and n < k, then nf = 0, since
one of the terms in the product n(n — 1)---(n — k + 1) is equal to zero in such a case (e.g.,

3»=3-2:1-0-(—=1)=0,and 02 =0-(—1) = 0). Also, for all n € N, n” = n!, if we define 0! = 1.

Theorem 2.4. Let A ={ay,...,ax} and B = {by,...,b,}. There are

nt =n(n—1)---(n—k+ 1) injective functions from A to B. In particular, letting A = [k] it
follows that there are nE permutations of the n things in B taken k at a time. Letting A be a set
of k labeled balls and B a set of n labeled urns, it follows that there are n* possible distributions

of k labeled balls among n labeled urns with at most one ball per urn.

Proof. Suppose first that n > k. In constructing an injective function f : A — B, there are n
choices for f(ay), n—1 choices for f(ay), n — 2 choices for f(a3),...,andn—(k—1)=n—k+1
choices for f(a,). The theorem follows by the multiplication rule in this case.

Suppose that n < k. By Theorem 2.1 (2°) there are then no injective functions from A to B.
But by the remarks preceding the statement of this theorem n* = 0 when n < k. So n* is the
correct formula for the number of injections from a k-set to an n-set for any positive integers k
and n. O

The following theorem combines Theorem 2.2 with the case k = n of Theorem 2.4.

10
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Theorem 2.5. Let A ={ay,...,a,} and B = {by,...,b,}. There are n = n! bijections from A
to B. In particular, letting A = [n], it follows that there are n! permutations of the n things in
B taken n at a time. Letting A be a set of n labeled balls and B a set of n labeled urns, it follows
that there are n! possible distributions of n labeled balls among n labeled urns with exactly one
ball per urn.

Proof. There are n® = n! injective functions from A to B by Theorem 2.4 with £k = n. But
by Theorem 2.2, when |A| = |B| = n, as is the case here, the family of injective functions, the
family of surjective functions, and the family of bijective functions from A to B coincide. O

It would be nice at this point to enumerate the surjections from a finite set A to a finite
set B. Unfortunely, we must defer this problem until Chapter 9. For now, we shall have to be
content with the following partial results, based on Theorems 2.2 and 2.4:

1° If |A| < | B, there are no surjections from A to B.
2° If |A| = | B| = n, there are n = n! surjections from A to B.

Of course, 1° and 2° above can be specialized to the case of sequences, words, or distributions.

2.7 Useful counting strategies

In counting a family of functions f with domain A = {aq,...,ax}, it is useful to begin with k
slots, (optionally) labeled ay, ..., a:

a; a; az --- ap

One then fills in the slot labeled a; with the number n; of possible values of f(a;), given the
restrictions of the problem, and multiplies:

ny X Ng X Ng X -+ X Ny
ay ay as ak

Example 1. There are 3 highways from Knoxville to Nashville, and 4 from Nashville to Memphis.
How many roundtrip itineraries are there from Knoxville to Memphis via Nashville? How many
itineraries are there if one never travels the same highway?

Solution. A round trip itinerary is a sequence of length 4, the i*® term of which designates the
highway taken on the i*® leg of the trip. The solution to the first problem is thus 3x4 x4 x3 = 144,
and the solution to the second problem is 3 x 4 x 3 x 2 = 72.

Remark. If there are 2 highways from Knoxville to Asheville and 5 from Asheville to Durham,
the number of itineraries one could follow in making a round trip from Knoxville to Memphis
via Nashville or from Knoxville to Durham via Asheville would be calculated, using both the
addition and multiplication rules as

Ix4x4x3 4+ 2xbHxHx2 = 244

11
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In employing the multiplication rule, one need not fill in the slots from left to right (the
labeling of elements of A as {ay,...,a;} in the statement of the rule was completely arbitrary).
In fact one should always fill in the number of alternatives so that the slot subject to the most
restrictions s filled in first, the slot subject to the next most restrictions is filled in next, etc.

Example 2. How many odd, 4-digit numbers are there having no repeated digits?
Solution. Fill in the slots below in the order indicated and multiply:

8 X &8 x 7 x b
@) @ 1

@ B @

(The position marked (1) can be occupied by any of the 5 odd digits; the position marked (2)
can be occupied by any of the 8 digits that are different from 0 and from the digit in position
(1); etc.; ete.).

Note what happens if we try to work the above problem left to right.

—~
~—

x 9 x 8 x 7

9
(1) (2) (3) (4)

We get off to a flying start, but cannot fill in the last blank, since the number of choices here
depends on how many odd digits have been chosen to occupy slots (1), (2), and (3).

Sometimes, no matter how cleverly we choose the order in which slots are filled in, a counting
problem simply must be decomposed into two or more subproblems.

Example 3. How many even, 4 digit numbers are there having no repeated digits?

Solution. Following the strategy of the above example, we can easily fill in slot (1) below, but
the entry in slot (2) depends on whether the digit 0 or one of the digits 2, 4, 6, 8 is chosen as

the last digit:
? 5

2 3 @ qQ)
So we decompose the problem into two subproblems. First we count the 4 digit numbers in
question with the last digit equal to zero:

9 x 8 x 7 x 1 = 504.

(2) (3) (4) (1)
Then we count those with last digit equal to 2, 4, 6, or 8:

8 X & x 7 X

4
2 B (4) (1)

The total number of even, 4-digit numbers with no repeated digits is thus 504 + 1792 = 2296.

= 1792.

Problems involving the enumeration of sequences with prescribed or forbidden adjacencies
may be solved by “pasting” together objects that must be adjacent, so that they form a single
object.

12
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Example 4. In how many ways may Graham, Knuth, Stanley, and Wilf line up for a photograph
if Graham wishes to stand next to Knuth?

Solution. There are 3! permutations of GK, S, and W and 3! permutations of KG, S, and W. So

there are 3!+ 3! = 12 ways to arrange these individuals (all of whom are famous combinatorists)
under the given restriction.

Remark. To count arrangements with forbidden adjacencies, simply count the arrangements in
which those adjacencies occur, and subtract from the total number of arrangements. Thus, the
number of ways in which the 4 combinatorists can line up for a photograph with Graham and
Knuth not adjacent is 4! — 12 = 12.

2.8 The pigeonhole principle

Theorem 2.1, 2°; asserts in part that, given finite sets A and B, if there is an injection f : A — B,
then |A| < |B|. The contrapositive of this assertion is called the pigeonhole principle: Given
finite sets A and B, if |A| > |B|, then there is no injection f : A — B. Equivalently, if |A| > |B],
then for every function f : A — B, there exists aj,ay € A with a; # ay and f(a1) = f(ag). In
less abstract language, if we have a set of pigeons and a set of pigeonholes and there are more
pigeons than pigeonholes, then, for every way of distributing the pigeons among the pigeonholes,
there will always be a pigeonhole occupied by at least two pigeons.

This simple observation can be used to prove a number of interesting “existence” theorems
(theorems that assert the existence of some type of combinatorial configuration, but do not
specify the exact number of such configurations).

Here is a trivial example: Among any set of 13 people there must be at least two with the
same astrological sign.

Here is a less trivial example:

Theorem 2.6. Among any set of n people (n > 2) there must be at least two having the same
number of acquaintances within that set of people.

Proof. (Acquaintanceship is taken to be an irreflexive, symmetric relation.) Case 1. Some-
body knows everybody else. Hence, by symmetry, everybody knows somebody else. Denot-
ing the set of n people by S, it follows that the function f defined for all s € S by f(s) =
the number of acquaintances of s in S takes its values in the codomain [n — 1]. Since |S| =n >
n —1 = |[n — 1]|, there exist, by the pigeonhole principle, s; and s, € S with s; # sy and
f(s1) = [(s2).

Case 2. Nobody knows everybody. In this case, the function f defined above takes its values
in the codomain {0,1,...,n—2}, an (n— 1)-set, and the desired result once again follows by the
pigeonhole principle. O

Remark. The above theorem often appears expressed in the language of graph theory. A graph
on a set of points is simply an irreflexive, symmetric relation on that set, usually represented
geometrically by connecting two related points with an edge. The degree is the number of edges
connecting that point to other points

For example, degree(d) = 4 in Figure 2.1. Theorem 2.6 asserts that for any graph on n > 2
points there must be at least two points having the same degree.
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Figure 2.1: Graph (degree(d) = 4)

2.9 Functions with empty domain and/or codomain

We have shown that if |[A| = k and |B| = n, where k,n € P, then there are n* functions from
A to B, of which nk are injective. By making sense of functions with empty domain and/or
codomain, we shall show in this section that the aforementioned formulas in fact hold for all
k,n € N, given that we define
0°=0"=0!=1.
We have defined a function from A to B (where A and B are nonempty sets) as a rule which

assigns to each element a € A a single element f(a) € B. Given such a function f, the graph of
f, graph (f), is defined as follows:

graph(f) := {(a, f(a)) - a € A}.

That is, the graph of f consists of all ordered pairs comprised of elements of A and their images
in B under f. Note that graph(f) C A x B, the Cartesian product of A and B, where

Ax B:={(a,b):a€ Aand b e B}.

When A, B C R, graph(f) is the graph of f in the familiar sense, i.e., a certain set of “points”
in the Cartesian plane R? = R x R.

When is a subset G C A x B the graph of a function from A to B? This will be the case if
and only if for each a € A, there is exactly one b € B such that (a,b) € G.

Since a function is fully characterized by its domain, codomain, and graph, many authors
identify a function with its graph, using instead of the “intensional” concept of function (function-
as-rule) the following “extensional” concept of function (function-as-set-of-ordered-pairs):

(¥) A function from A to B is a subset G C A x B such that for all a € A there is exactly one
b € B such that (a,b) € G.

Under the extensional concept of function, injectivity and surjectivity are defined as follows:

(x%) A function G C A x B is injective if for all a;,ay € A with a1 # as, (a1,b1) € G and
(a2,b2) c G = b1 §£ bg.

14
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(x % %) A function G C A x B is surjective if for all b € B, there exists at least one a € A such
that (a,b) € G.

Note that there is no assumption in (), (x%), or (% * %) that A and B are nonempty.
Before considering the case where A and/or B is empty we need to review a concept known
among mathematicians and logicians as vacuous truth. The statement

“All things with property P have property ().”

is said to be wvacuously true when there are no things with property P. The case for regarding
such a statement as true is that a universally quantified statement is true so long as one cannot
find a counterexample, i.e., so long as one cannot find a thing that has property P but does
not have property Q. Of course, if P = (), one cannot find a thing with property P at all, and
hence one cannot find a thing with property P that does not have property (). So, for example,
if I have no daughters, then I am making a (vacuously) true statement if I assert that all my
daughters have red hair. Similarly, it is vacuously true that all even prime numbers greater than
10 are perfect squares.
Now let us consider the case of functions with empty domain.

Theorem 2.7. If B is any set, empty or nonempty, there is exactly one function from () to
B, namely the empty set () (also called the “empty function” ). This function is injective. It is
surjective if and only if B = (.

Proof. Since ) x B =0, ) C () x B. Moreover, it is vacuously true that for all a € (), there is
exactly one b € B such that (a,b) € (). Similarly, (x*) holds vacuously when G = () and A = (), so
() is injective. Also () is (vacuously) true when G = () if and only if B = (). So 0 is surjective
if and only if B = 0. O

Next we consider functions with empty codomain.

Theorem 2.8. If A # (), there are no functions (hence, no injective or surjective functions)
from A to 0. There is just one function from 0 to (), namely O, and it is bijective.

Proof. Since A x () = () and the only subset of () is (}, the only candidate for a function from A
to 0 is (. But if A # ), () does not qualify as a function from A to (). For given a € A (and there
are such a’s if A # ()) there fails to exist exactly one b € () such that (a,b) € ) (because there
fails to exist any b € (). The second assertion is included in the case b = () of Theorem 2.7. [

Combining Theorem 2.3, 2.4, 2.5, 2.7, and 2.8, we get the following summary theorem.

Theorem 2.9. Define 0° = 02 = 0! = 1. For all k,n € N, if |A| = k and |B| = n, then there
are n* functions from A to B, of which n® are injective. If |A| = |B| = n, there are n! bijections
from A to B.

Proof. Check, using the aforementioned theorems, that these formulas work for all n,k € N. O

Remark. When Theorems 2.1 and 2.2 were stated it was implicit that A and B were nonempty.
In fact, by Theorems 2.7 and 2.8, it is clear that Theorems 2.1 (1° and 2°, but not 3°) and 2.2
hold for arbitrary finite sets.
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Remark. 1t is a worthwhile exercise to cast Theorem 2.7, 2.8, and 2.9 in the language of sequences,
words, and distributions. In particular, there is just one sequence (word) of length 0 in an
arbitrary set B, the empty sequence (empty word). And there is just one way to distribute an
empty set of balls among an arbitrary set of urns (the empty distribution).
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Chapter 3

Subsets with Prescribed Cardinality

3.1 The power set of a set

The power set of a set A, denoted 24 (we’ll see why shortly) is the set of all subsets of A, i.e.,
24 ={B: B c A}.

For example, 2{%< = {) {a}, {b}, {c}, {a,b}, {a,c}, {b,c}, {a,b,c}}.

Theorem 3.1. If |A| = n, where n € N, then A has 2" subsets, i.e., |24 = 214

Proof. The assertion is true for n = 0, since 2° = {#}. Suppose n € P. Let A = {ay,aq,...,a,}.
Define a function f : 24 — {0, 1}/ by

f(B) = (t1,ta, ... tp)

where t; = 0if a; ¢ B and t; = 1 if a; € B (For example f()) = (0,0,...,0), f({a1,a3}) =
(1,0,1,0,...,0), f(A) =(1,1,...,1), etc.]. This function f is clearly a bijection. So by Theorem
2.1 (1°), [24] = [{0,1}["]|. But by Theorem 2.3, |{0,1}["]| = 27, O

The sequence f(B) = (t1,ts,...,t,) is called the bit string representation (or binary word
representation ) of the subset B. Subsets are represented in a computer by means of such
sequences in the set of “bits” {0,1}.

Note that just as the notation B4 furnishes a mnemonic for the combinatorial result |B4| =
| B|I4!, the notation 24 furnishes a mnemonic for the result [24| = 2/4l.

3.2 Binomial coefficients

Let |A| = n, where n € N. For every k € N, let (}) denote the number of subsets of A that have
k elements, i.e.,

<Z) = |{B:BC Aand |B| = k}|.

The symbol (Z) is read “ n choose k,” or “the k' binomial coefficient of order n.” Certain
values of (Z) are immediately obvious. For example, (3) = 1, since the only subset of an n-set
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having cardinality 0 is the empty set. Also, (Z) = 1, since the only subset of an n-set A having
cardinality n is A itself. Moreover, it is clear that (Z) = 0 if £ > n, for the subsets of an n-set
must have cardinality less than or equal to n.

Theorem 3.2. For alln € N and all k € N,
wy
k)] kU

Proof. Let A be an n-set. All of the n¥ permutations of the n things in A taken k at a time arise
from (i°) choosing a subset B C A with |B| = k and (4i°) permuting the elements of B in one of

the k! possible ways. Hence
& n
F= k!.
k

Solving for (Z) yields (Z) = O

where n® =1 and 0! = 1.

Remark. A subset of cardinality k& of the n-set A is sometimes called a combination of the n
things in A taken k at a time. The essence of the above proof is that every combination of n
things taken k at a time gives rise to k! permutations of n things taken % at a time. Hence there
are k! times as many permutations of n things taken k at a time as there are combinations of n
things taken k at a time.

k

Since nf = 0 if k > n, it follows that (Z) = 77 = 0if k > n, as we previously observed. If

0 < k < n, there is an alternative formula for Z) We have in this case

(n) nE nn—1)--(n—k+1) (n— k) n!

k) TR k! n—Fk)!  Kn-k

Let us make a partial table of the binomial coefficients, the so-called Pascal’s Triangle (Blaise
Pascal, 1623-1662).

n\k|0]1]2[3]4]|5][6
0 [1[o]Jofo][O0]O]O
1 |[1|1[0]0|0]0]O
2 [1]2/1]0]0/|0]0
3 (1331000
4 |1|/4]6|4]1]0]0
5 |1]5[10[10[5|1]0
6 |1]6]15[20[15]|6]|1

Table 3.1: Binomial Coefficients

Theorem 3.3. For all n,k € N such that 0 < k < n, (Z) = (nfk)
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n

Proof. There is an easy algebraic proof of this, using the formula (7) = n!/k!(n — k)!. But we
prefer a combinatorial proof. Let |A| = n, and let £ be the set of all k-element subsets of A and
F the set of all (n — k)-element subsets of A. By the addition rule, the function f that maps
each B € £ to B, the complement of B in A, is a function from & to F. It is easy to prove that
f is a bijection. Hence [£] = |F|. But [€] = (}) and |F| = (") O

Pascal’s triangle is generated by a simple recurrence relation.

Theorem 3.4. For alln €N, () =1 and for allk € P, (}) = 0. For alln,k € P,

ny (n—1 n—1
() =G+ (%)
Proof. Let A ={ay,...,a,}. The k-element subsets of A belong to one of two disjoint, exhaustive
classes (i) the class of k-element subsets which contain a; as a member, and (ii) the class of k-
element subsets, which do not contain a; as a member. There are clearly (Zj) subsets in the
first class (choose k — 1 additional elements from {as,...,a,} to go along with a;) and (",")

subsets in the second class (since a; is excluded as a member, choose all k elements of the subset

from {as,...,a,}). By the addition rule it follows that (7) = (7_}) + ("."). O

Theorem 3.5. For alln € N,
k=0

Proof. You are probably familiar with the proof of Theorem 3.5 based on the binomial theo-
rem, which we shall prove later. Actually, there is a much simpler combinatorial proof. By
Theorem 3.1, 2" counts the total number of subsets of an n-set. But so does ) ;_, (Z),
counting these subsets in n + 1 disjoint exhaustive classes, the class of subsets of cardinality
k=0,k=1,...,k = n. By the extended addition rule we must have, therefore, Y ,_, (Z) =
the total number of subsets of an n-set = 2".

The following is an extremely useful identity rarely mentioned in combinatorics texts.

ny _n n—1
k) k\k—-1)
Proof. By Theorem 3.2,

(n) ok (- D(n-2)-(n—k+1)

Theorem 3.6. For all n, k € P,

Tk Ok (k—1)!

nn-—1(n-1)-1)-(n-1)—(k—1)+1)
(k—1)!

k
:z%i%;:%@:D'
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Here is a combinatorial proof. It is equivalent to prove that for all n, k € P

n n—1
k= .
()=o)
But each side of the above counts the number of ways to choose from n people a committee of £
people, with one committee member designated as chair. The LHS counts such committees by
first choosing the k& members ((}) ways) and then one of these k as chair (k ways). The RHS

counts them by first choosing the chair (n ways), then k — 1 additional members from the n — 1

remaining people ((Zj) ways). O

Here is an application of the above theorem.

Corollary (3.6.1). For alln € N,

k(:) =n-2" 1
k=0

Proof. One can prove this identity by induction on n, but that is not very enlightening. We
give a proof that discovers the result as well as proving it. First note that the identity holds for
n =0. So assume n > 1. Then

oi) - 2o() - 23 G)

n—1 «— (n—1
e e e -2"/_1.
n; <k: — 1) let j=k—1 " / ( j ) n

—_

<
Il
=)

O

Remark. One can obviously iterate Theorem 3.6, proving, for example, that if n,k € P with

nk>2, (Z) = %(z:g) This observation is relevant to Problem 5.

Remark. There is also a combinatorial proof of Corollary 3.6.1 in the spirit of the combinatorial
proof of Theorem 3.6.

Our next theorem provides a formula for the sum of a “vertical” sequence of binomial coeffi-
cients.
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#1. By Theorem 3.4, with 5 +1 replacmg n and k + 1 replacing k, we have (iﬁ) = (i) + (kil)

for all j,k € N, i.e., (i) = (iﬁ)

> ()=o) - GE[6) - ()] [62) - ()]
+Kk+1) (21)] Kﬁi)‘(%—tl)}

(k 11)- Substituting this expression for (k) we get

n+1 0 n+1 by “el -
= — = elescoping.
k+1 k+1 k+1)’ Y s
[
#2. Clearly (Zﬁ) counts the class of all (k + 1)-element subsets of [n + 1]. But this class of
subsets may be partitioned into subclasses corresponding to 7 = k,k+ 1,...,n as follows. The

subclass of subsets with largest element equal to k + 1 is counted by (:) (why?), the subclass of

subsets with largest element equal to k + 2 is counted by (kH) (why?), ..., and the subclass of
subsets with largest element equal to n + 1 is counted by ( ) (why?). The identity in question
follows by the extended addition rule. O

Theorem 3.7 may seem rather esoteric, but it yields a discrete analogue of the integration
formula fob v¥dr = b**1/k + 1 that plays a basic role in the theory of finite summation. The
following corollary elaborates this point.

Corollary (3.7.1). For alln € N and for all k € N

D it=2 it = Pl
=0 =k

Proof. Multiply the result of Theorem 3.7 by k. O

n + 1)L

Remark. If we set k =1 in the above corollary, we get

n(n+1)

~ 1
Sot=l424 e dn =St

the familiar formula for the sum of the first n positive integers. If we set k = 2, we get

ij:ZJ —J—ZJ —ZJ— (n+1)>
=0

Thus
nn+1) n(n+1)2n+1)
2 6 ’

D =424 0’ = g(n+1)§+
the familiar formula for the sum of the squares of the first n positive integers. One can continue
in this fashion and find formulas for sums of cubes, fourth powers, etc. of the first n positive

integers. See §11.2 (3°) for an elaboration of this idea.
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CHAPTER 3. SUBSETS WITH PRESCRIBED CARDINALITY

Combining Theorem 3.7 with Theorem 3.3 yields the following corollary, which provides a

formula for the sum of a “diagonal” sequence of binomial coefficients.
~(n+i n n+1 n+r n+r+1
) =1,]+ TRt = .
> (7)) () ()=
1=0

Proof. By Theorem 3.3,

ji n+i\ = (n+i\ Sf i\ _ (n+r+1\  [(n+r+1
i ) < n ) j=n+i‘=\n) 37\ n+1 ) Th 33 r '

=0 =0 j=n

Corollary (3.7.2). For alln € N andr € N

O

We conclude this section with a famous binomial coefficient identity known as Vandermonde’s
identity (Abnit-Theophile Vandermonde, 1735-1796).

Theorem 3.8. Fb? all m, mn, and re N7
T =0 ] r —j .

Proof. Given a set of m men and n women, there are (m:") ways to select a committee with r
members from this set. The RHS of the above identity counts these committees in subclasses
corresponding to j = 0,...,r, when j denotes the number of men on a committee. O

Remark. A noncombinatorial proof of Theorem 3.8, based on the binomial theorem, expands
(1 + )™, (1 + )", and multiplies, comparing the coefficient of 2" in the product with the
coefficient of 2" in the expansion of (1 + x)™*™. This proof is considerably more tedious than
the combinatorial proof.

Corollary (3.8.1). For alln € N

>~ (0) - (%)

J

Proof. Let m = r = n in Theorem 3.8, and use Theorem 3.3:

> () =2 ()(m) =)

J=0 J=0
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Chapter 4

Sequences of Two Sorts of Things with
Prescribed Frequency

4.1 A special sequence counting problem

In how many ways may 3 (indistinguishable) z’s and 4 (indistinguishable) y’s be arranged in
a row? Equivalently, how many words of length 7 in the alphabet {z,y} are there in which x
appears 3 times and y appears 4 times? The multiplication rule is not helpful here. One can fill
in the number of possible choices in the first 3 slots of the word

2 x 2 x 2 7

m @ 6 @ ©6 6 @O

but the number of choices for slot (4) depends on how many z’s were chosen to occupy the first
3 slots. Going back and decomposing the problem into subcases results in virtually listing all
the possible arrangements, something we want to avoid.

The solution to this problem requires a different approach. Consider the slots

1 @ 6 @ 6 © (@

Once we have chosen the three slots to be occupied by z’s, we have completely specified a word
of the required type, for we must put the y’s in the remaining slots. And how many ways are
there to choose 3 of the 7 slots in which to place x’s? The question answers itself, “7 choose 37,
ie., (g) ways. So there are (;) linear arrangements of 3 x’s and 4 y’s. Of course, we could also

write the answer as (Z) or as 7!/3!4!. The general rule is given by the following theorem.

Theorem 4.1. The number of words of length n, consisting of ny letters of one sort and no

letters of another sort, where n = ny + no, is (:1) = (T’;) = %

Proof. Obvious. O

Remark. Theorem 4.1 may be formulated as a result about distributions, as follows: The number
of ways to distribute n labeled balls among 2 urns, labeled u; and us, so that n; balls are placed
in u;, i=1,2(ng +ng =n)is (:1) = (:2) = (%TE!)!. This sort of distribution is called a
distribution with prescribed occupancy numbers.
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CHAPTER 4. SEQUENCES OF TWO SORTS OF THINGS WITH PRESCRIBED FREQUENCY

Remark. Theorem 4.1 may also be formulated as a result about functions. Given a function
f:A— B, and an arbitrary b € B, let

f7 () ={a € A: fla) = b}

The set f(b) is called the preimage (or inverse image) of b under f. If b ¢ range(f), then
f=(b) = (0. The mapping f is a function with domain B and codomain 24, and is defined for
any f : A — B. It should not be confused with f~!, which is only defined if f is bijective.

The function-with-prescribed-preimage cardinalities version of Theorem 4.1 is as follows: If
n = nj + ng, the number of functions f : {ay,as,...,a,} — {b1,b2} such that |f—(b;)| = n,,
=125 () = () = S5

no ni'no!

4.2 The binomial theorem
If we expand (z +y)? = (z + y)(z + y), we get, before simplification,
(x +y)* = zz +xy +yo + yy,
the sum of all 4 words of length 2 in the alphabet {z,y}. Similarly
(z 4 y)* = zax + zzy + vyx + zyy + yax + yzy + yyx + yyy,

the sum of all 8 words of length 3 in the alphabet {x,y}. After simplification, we get the familiar
formulas

(x+1)* = 2%+ 22y + %, and
(x +1)% =2 + 32%y + 3z9° + o>

Where did the coefficient 3 of x?y come from? It came from the 3 underlined words in the
presimplified expansion of (z+y)3. And how could we have predicted that this coefficient would
be 3, without writing out the presimplified expansion? Well, the number of words of length 3
comprised of 2 x’s and 1 y is (?) = (;’) = 3, that’s how. This leads to a proof of the binomial
theorem:

Theorem 4.2. For alln € N,

(z+y)" = (Z) atynh,
k=0

Proof. Proof. Before simplification the expansion of (x 4 y)" consists of the sum of all 2" words
of length n in the alphabet {z,y}. The number of such words comprised of k z’s and n — k y’s
is (Z) by Theorem 4.1. O

The formula
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CHAPTER 4. SEQUENCES OF TWO SORTS OF THINGS WITH PRESCRIBED FREQUENCY

is an expansion in ascending powers of x. We can of course also express the binomial theorem as
n - n n—k, k n n n—1 n n—2,62 n
T+ = x =x —+ x + €T + ..+ ,
(z +y) ; < k) y (1) y (2) y y

an expansion in descending powers of x.
By substituting various numerical values for x and y in the binomial theorem, one can generate
various binomial coefficient identities:

(i) Setting =y = 1 in Theorem 4.2 yields

k=0
which yields an alternative proof of Theorem 3.5.

(ii) Setting z = —1 and y = 1 yields, for n € P,

2 (1) = (0) ()= () () o

()6 =) )

= () 5 ) o

k<n 0<k<n
k even k odd

ie.,

It is important to learn to recognize when a sum is in fact a binomial expansion, or nearly
so. The following illustrates a few tricks of the trade

(iii) Simplify >, (})a*. Solution:

zn: (Z) aF = k; (Z) ak1"* = (a + 1)".

k=0

(iv) Simplify Z,l;l(—l)k(f) 13*. Solution:

g(—l)k@) 13 = :1 <1k7) (—13)F(1)'7*
- Z ()= () caser
= (-1B3+ 1) —1=(-12)" -1
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(v) Simplify 2,17:1(—1)’“(1,:) 1317=*_ Solution:

i(_w(lk?) - i (1/:) DR - (107) (=1)°(13)"
- = ?iol +13)7 — 1317 = 1217 — 1317,

4.3 Counting lattice paths in the plane

How many paths from A to B are there on the “lattice” shown in Figure 4.3 if we must always

move east or north?
. ° ° ° ° I B
[ ] [ ] [ ] [ ] q

Figure 4.1: Path EENEENEN

Solution: Any lattice path from A to B involves 3 moves north and 5 moves east in some
sequence. Indeed the lattice paths in question are in one-to-one correspondence with all possible
words of length 8 consisting of 3 N’s and 5 E’s. By Theorem 4.1, there are (2) = (g) = 8!/315!
such words, and thus that number of lattice paths.

If asked for the number of lattice paths A to B that pass through C', we would simply count
paths from A to C' and paths from C' to B and multiply:

(1)« ()

In general, the number of lattice paths in R? from (0,0) to (p, q) is

<p+q) B <p+Q) _(p+q)
p q plg

The solution to the above problem is easy, once you look at it the right way. But one doesn’t
always have an immediate clever insight into the simplest solution to a problem. One of the nice
things about elementary enumerative combinatorics is that one can often approach problems by
making a table of values for small values of the relevant parameters by brute force enumeration.
To approach the above problem we could make the table below, where the entry in row p and

column ¢ is the number of lattice paths from (0,0) to (p, ¢), determined by listing and counting.
The numbers we are getting support the conjecture that the solution is a binomial coefficient of
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CHAPTER 4. SEQUENCES OF TWO SORTS OF THINGS WITH PRESCRIBED FREQUENCY

p\q 0111213
0 1111
1 1123 |4
2 1136 |10
3 114110120

Table 4.1: Lattice Path Enumeration

some sort, and it is not too hard to guess that it is (p ;q). Of course, one then has to give a proof.
But in the process of listing and counting, one may well have discovered the key representation
of a lattice path as a word in the alphabet {N, E'}.

Another approach to this problem uses recursion. From the table it appears that, letting
L(p, q) denote the number of lattice paths from (0,0) to (p, q), we have L(p,0) = L(0,q) =1 for
all p,g € N and

L(p,q) = L(p,q— 1)+ L(p—1,q)

if p,q € P. There is an easy combinatorial proof of this recurrence: We categorize the lattice
paths in question in two classes (i) those paths in which the last point we visit before reaching
(p,q) is (p,¢—1) and (ii) those in which the last point visited before (p,q) is (p—1, q). It is easy
to check that L(p,q) = (” ;q) satisfies the above boundary values and recurrence. Since there

is clearly a unique function of p and ¢ satisfying those boundary values and that recurrence, it

_ (p+
must be that L(p,q) = (ppq).

Using the above strategy, you should be able to solve Honors Problem III.
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Chapter 5

Sequences of Integers with Prescribed
Sum

5.1 Urn problems with indistinguishable balls

We know from Theorem 2.3 that there are 52 ways to distribute 12 labeled balls among 5 labeled
urns. Suppose, however, that the balls are unlabeled and thus indistinguishable. If such balls
are distributed among urns uy, us, . . . , u5, we cannot tell which balls occupy urn u;, but only how
many balls, n;, occupy wu;, for i = 1,...,5. It is thus clear that the following are two different
ways of asking the same question:

(i) In how many ways may 12 indistinguishable balls be distributed among 5 urns labeled
Uty .. ,U5?

(i) How many sequences (n1,na, ..., ns) in N are there satisfying
ny +ng + -+ +mns = 12, i.e., in how many ways may we write 12 as an ordered sum of 5
nonnegative integers?

A pictorial representation of several distributions suggests how to solve this problem.

1000|00] |0000[000 |

3+240+4+3=12
| 100000/00[00000 |

O+5+2+5+0=12

We see that distributions correspond in one-to-one fashion with sequences of 6 vertical lines
and 12 0’s, with the stipulation that the first and last entry of the sequence is a vertical line.
Ignoring these two vertical lines, we see that distributions correspond in one-to-one fashion with
arbitrary sequences of 4 vertical lines and 12 0’s, of which there are (146) by Theorem 4.1.

More generally the distributions of n indistinguishable balls among & labeled urns correspond
in one-to-one fashion with sequences of k — 1 vertical lines and n 0’s, which leads to the following
theorem.
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CHAPTER 5. SEQUENCES OF INTEGERS WITH PRESCRIBED SUM

Theorem 5.1. For alln € N and all k € P, there are ("Zﬁl) distributions of n indistinguishable

n+k—1

il ) sequences (ny,ng, ..., ng) in N such

balls among k labeled urns. Equivalently, there are (
that ny +ng +---+np =n.

Proof. Use above remarks and Theorem 4.1. O

A sequence (ny,ns, ...,ng) in N such that ny +ng + - - -+ ny = n is called a weak composition
of n with k parts. If all of the parts n; are positive, then (nq,...,n;) is called a composition of n
with k parts. A composition of n with k parts corresponds to a distribution of n indistinguishable
balls among k labeled urns with at least one ball per urn.

Theorem 5.2. There are (Zj) distributions of n indistinguishable balls among k labeled urns
with at least one ball per urn, and hence (Z:i) compositions of n with k parts.

#1. Place one ball in each of the k urns, fulfilling the requirement of at least one ball per urn.
Since balls are indistinguishable, there is one way to do this. Next, distribute the remaining n—k

balls among the k& urns. By Theorem 5.1, there are (("_Z)jlk_l) = (Zj) ways to do this. O

#2. Insert k — 1 vertical lines below, choosing from the n — 1 spaces between balls for their
position

n — 1 possible locations of

k — 1 vertical lines
O

In the preceding theorem we counted distributions subject to the requirement that at least
one ball be placed in each urn. Obviously this can be generalized, with lower bounds of a general
sort placed on the “occupancy numbers” of each urn.

Theorem 5.3. Ifby + by + -+ by < n, there are

n—b—by—---—by+k—1
E—1
distributions of n indistinguishable balls among k urns labeled w1, . . ., uy such that at least b; balls
are placed in urn u;, 1 =1,... k.
Proof. Place b; balls in urn u;, ¢ = 1,...,k and proceed as in the proof of Theorem 5.2. O

Remark. 1t is natural in the above formulation to think of the b; as nonnegative integers. But
the result is actually more general. This general result is best expressed in terms of sequences of
integers with prescribed sum and integer lower bounds on the individual terms.
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Theorem 5.4. Ifn € N, k € P, and (b1, ba, ..., bx) is a sequence in Z such that by +bs+- - -+by, <
n, then there are

k—1

sequences (ny,Na, ..., ng) in Z such that n; > b;, i =1,... k, and
ny+no+-+-+np=n.

Proof. Corresponding to each such sequence (nj,no,...,ny) is a sequence (mq,...,my) in N,
where m; = n; —b;, satisfying mq +mo+- - -+my = n—by —by—- - - —by. Since this correspondence
is clearly one-to-one and there are ("_bl_'];_f”k_l) sequences (myq, ..., my) in N summing to the

nonnegative integer n — by — - -+ — by by Theorem 5.1, the desired result follows. O

Remark. Given Theorem 5.4, Theorem 5.3 is superfluous, since it merely represents the special
case where (by,...,by) is a sequence in N, phrased in the language of distributions. Theorem 5.3
was included for pedagogical, not logical reasons.

5.2 The family of all compositions of n

n—1 n—1

Given n € P, there are by Theorem 5.2 ( 0 )

of n with 2 parts, ..., and (Zj) compositions of n with n parts. There are no compositions of n

with k parts if k£ > n (then k—1 >n—1 and so (Zj) = 0, so our formula works for all n, k € P).

) compositions of n with 1 part, ( ) compositions

Theorem 5.5. There are 2"~! compositions of the positive integer n.

Proof. Sum the number of compositions of n with k parts for k = 1,...,n, getting

<n51)+<n11)+...+<2:1) _ gt

Remark. There is an infinite number of weak compositions of the nonnegative integer n, since
(") > 0 for all k € P.

k—1

Remark. One can also prove Theorem 5.5 without using Theorem 5.2. Let C(n) denote the
number of compositions of n. Then clearly C(1) = 1 and for all n > 2

Cn)=Cn—=1)+Cn—=2)+---+C(1)+ 1,
as one sees by categorizing compositions according to the size (1,2,...,n — 1, or n) of the first

term of the composition. Using this recurrence relation, it is straightforward to prove by (course-
of-values) induction on n that C(n) = 2" for all n € P.
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5.3 Upper bounds on the terms of sequences with pre-
scribed sum

In contrast to the case of lower bounds, determining the number of sequences with prescribed
sum subject to upper bounds on individual terms is much more difficult. In Chapter 14 we will
exhibit a general solution to this problem. In the mean time, however, we wish to introduce a
powerful method for solving concrete cases of enumeration problems of this sort, indeed a method
that accomodates virtually any restrictions that we like on the individual terms.

We begin with a simple example. If a red die and a clear die are tossed, in how many ways
may the sum 9 be attained? Elementary probability texts usually solve this problem by brute
force, deriving the answer 4. Here is another approach, which not only solves the problem for
the sum 9, but for all possible sums.

Simply multiply the polynomials

(x+2®+ 23+ 2 +2° + 2% (z + 2% + 23 + 2* + 25 + 29)
= 22 + 203 + 32" + 42® + 525 + 627
+ 52% + 42° + 321 4 221 4 212

Note that the coefficient of 2° is 4, the answer to our problem. More generally, the coefficient of
" (for n =2,...,12) is the number of ways to get sum n, i.e., the number of sequences (7, ¢) in
N such that 1 <r,¢ <6 and r + ¢ = n.

If there were a third (say, blue) die we would expand

(x4 +2° =2+ 32"+ + 2%,

where the coefficient of ™ is the number of ways to get sum n with 3 dice. If k£ dice were rolled,
the “generating function” of the solution would be (z + - - - + 2%)F.

In general to determine the number of sequences (ny,ns,...,ng) such that ny; +- -+ ng = n,
with various restrictions on the n;’s, we form k polynomials, each corresponding to a term n;,
with the i*" polynomial consisting of a sum of powers of x, the powers being the allowable values
of the term n;. We multiply these k& polynomials. The coefficient of ™ is the solution. Of course,
we wind up solving a lot of other counting problems by this method, not just the problem of
counting the ways to get a particular sum n.

Ezample. How many sequences (nq,ng,ng) of integers are there such that ny + ng + ng = 12,
subject to the restrictions that n; is odd and 1 < n; <5, ny is even and 0 < ny < 8, and ng is
prime and 3 < n3 < 117

Solution: Multiply the polynomials

(z+ 2%+ 2°)(1 + 2 + 2" + 2% 4+ 2°) (2 + 2° + 27 + 2™).

The answer is the coefficient of 2. (If no term involving the power x'? appears in the expansion
of this product, the answer is 0.)

Remark. Polynomial multiplication can be done on a computer using any of a number of math-
ematical packages.

31
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Remark. One can use negative powers of x with the above method when negative integers are
allowed as values of the terms in the integer sequences under consideration. It is also possible
to have an infinite number of nonnegative powers appearing in a sum of powers of . One can
often derive general formulas by this technique. For example, the number of weak compositions
of n with k parts is the coefficient of 2™ in the expansion

(1+x+$2+---)k=( ! )kZ(l—x)_k

11—z
- i () - ni;)(—l)"(jf)

by Newton’s generalization of the binomial theorem. But

ap(F) - ap Rk e

n!
n+k—1n+k—2) (k)
n!

(k=12 [(n4+k-1\ (n+k-1
B n! B n S\ k=1 )’

which provides an alternative proof of Theorem 5.1.
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Chapter 6

Sequences of £ Sorts of Things with
Prescribed Frequency

6.1 Trinomial Coefficients

Recall from Chapter 4 (Theorem 4.1 ff.) that if ny +ny = n, then (") = (") = —% counts

ni no n1!ns!

(i) the number of sequences of n; x’s and ny y’s,

(ii) the number of distributions of n labeled balls among 2 urns, u; and wus, such that n; balls
are placed in u;, i = 1, 2,

(iii) the number of functions f : {ay,...,a,} — {b1,b2} such that |f(b;)| = n, i = 1, 2.

We wish to generalize these results in this chapter. This generalization will preserve the paral-
lels between sequences with prescribed frequency of types of terms, distributions with prescribed
occupancy numbers, and functions with prescribed preimage cardinalities.

We start with a concrete example: In how many ways may 2 z’s, 3 y’s, and 5 z’s be arranged
in a sequence? Using the strategy of Chapter 4, consider the problem of filling the 10 slots below
with appropriate letters.

First we choose 2 of the slots (in any of the (120) possible ways) in which to place the 2 z’s. Then,
from the remaining 8 slots we choose 3 slots (in any of the (g) possible ways) in which to place
the 3 y’s. The 5 2’s go in the remaining 5 slots. The solution is therefore

10\ /8 10! 8 10!
2 J\3) 218 351 2135
Clearly, this is also the number of ways to distribute 10 labeled balls among 3 urns, uq, us

and wug, such that 2 balls are placed in uy, 3 balls in us, and 5 balls in u3. It is also the number
of functions f . {Cll, .. .,alo} — {bl, bg,bg} with ‘fu_(bl)‘ = 2, |f<_(b2)| = 3, and ‘fu_(bg)‘ = 5.
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10
2,3,5

The number #0,'5, is a trinomial coefficient of order 10, often denoted (

n,ni,ng,ng € N and nqy + ng + n3z = n,

( n )'_ (n)(n—m)_ n!
niy,Na, N3 nq N9 nq 'n2'n3'

is termed a trinomial coefficient of order n.

). In general, if

n
ni,n2,n3

Theorem 6.1. If n,ny,ny,ng € N and ny + ny +ng = n, then ( ) counts
(i) the number of sequences of ny ©’s, ny y’s, and ng z’s,

(i) the number of distributions of n labeled balls among 3 urns, labeled uy, us and us, such that
n; balls are placed in u;, 1 = 1,2,3, and

(7ii) the number of functions f : {a1,...,a,} — {b1,ba, b3} such that |f~(b;)| =n;, 1 =1,2,3.

Proof. Choose n; of the n slots (balls; elements of {a,...,a,}) in which to place the ny z’s
(which will be placed in uy; which will be mapped to b1) in any of the (7?1) possible ways. Choose
ny of the remaining n — ny slots (balls, elements of {a4,...,a,}) in which to place the ns y‘s

n—ni

(which will be placed in us, which will be mapped to by) in any of the ( s ) possible ways.
Place the ng 2’s in the remaining n — ny — ny = ng slots (place the remaining n — n; — ng = ng

balls in u3; map the remaining n — ny; — ny = n3 elements of {ay,...,a,} to bs3.) Multiply
n\(n—n\ n! (n —mnq)!
1y N9 N nll(n—nl)!ngl(n—nl —’n,g)'
B n! B n
B n1!n2!n3! B niy,Na, N3 )

O

Remark. Statisticians often use the abbreviated notation (m”nz) for the above trinomial coeffi-
cient, in analogy with the binomial coefficient notation (7?1) We shall not follow this practice. If
we write (m"m), it will be the case that n; + ny = n, with (m"m) simply being a more elaborate

notation for (:1) = (") ==

no nilng!”

There are n + 1 notationally distinct binomial coefficients of order n, namely (g) = (Onn)’

(?) = (17:_1), ce (Z) = (n%). Of course notationally distinct binomial coefficients need not

take distinct values. We know, for example, that (Z) = (nﬁk), which could also be expressed

in more elaborate notation (nfm) = (n;fm), where n; + no = n. This symmetry property of
binomial coefficients accounts for all of the repeated values in a given row of Pascal’s triangle,
ie., (?) = (7) for 1 <i4,j <nif and only if j =i or j = n — ¢ (It is an interesting exercise to
prove this. Try it.)

How many notationally distinct trinomial coefficients of order n are there? There is one such
coefficient (m’nwg) corresponding to each sequence (nq,ng,n3) in N with n; + ny + n3 = n. By

Theorem 5.1, the answer to this question is therefore
n+3-1\  (n+2\ n°+3n+2
3-1 ) \ 2 ) 2 '
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Of course, notationally distinct trinomial coefficients need not take distinct values. Correspond-
ing to the symmetry property of binomial coefficients, we have

ny, Ng, N3 my,ms,ms

whenever (mq, mg, m3) is a rearrangement of (ny, ng, ng).

Question. Does the above symmetry property of trinomial coefficients account for all repeated
values among trinomial coefficients of order n?

The sum of all binomial coefficients of order n is 2". The sum of all trinomial coefficients of
order n is given by the following theorem.

Theorem 6.2. For alln € N,

n n
Z (nl,nz,nza) =5

ni+nz2+n3z=n
n;EN

Proof. Each side of the above equation counts the class of distributions of n labeled balls among
3 urns uy, us and uz. The RHS counts this family of distributions by Theorem 2.3. The LHS
counts this family in ("+2) subclasses, one for each sequence (nq,ns, ng) of occupancy numbers

2
for uy, usg, and uz. For by Theorem 6.1, there are ( distributions with occupancy numbers

nl,ng,ng)
(nl, N9, 7’L3). ]

Remark. One can also give a sequence counting or function counting argument for the above
identity.

6.2 The trinomial theorem

If we expand (z +y+ 2)? = (z +y + 2)(z + y + 2), we get, before simplification,
(r+y+2)? =z +ay+azt+yr+yy+yz+zr+zy+ 2z,
the sum of all 32 = 9 words of length 2 in the alphabet {z,y, z}. Similarly,

(1’+y+z)3 =xzr + 22y + T2 + xYy*r + rYY + Y2 + 020 + T2Y + 22 + YITO
+ Yry + YTz + Yyr + yyy + Yyz + Yzx + Yy + Y2z + z2xx + 22y
+ zxz + 2yr + 2Yyy + 2Yyz + zzx + 22y + 222,

the sum of all 3% = 27 words of length 3 in the alphabet {z,y, z}. After simplification, we get
(z+y+2)* =2° + 20y + 222 + y* + 2yz + 2°
and
(x +y+2)% = 2® + 32%y + 3272 + 3xy® + 6yz + 3222 + 9° + 3yz + 3y + 25

More generally, before simplification, the expansion of (z + y + 2)" involves the sum of all
3" words of length n in the alphabet {x,y, z}. The following “trinomial theorem” describes the
situation after simplification.
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Theorem 6.3. For alln € N,

n .
(& +y+2)" = Z (nl ns ns)xmymzm'

ni+nz2+n3=n
n; N
Proof. By Theorem 6.1, there are (m ey ns) words of length n in the alphabet {x,y, 2z} in which
x appears n; times, y appears ns times, and z appears ns times. O

Remark. As noted above, before simplification, the expansion of (z + y + 2)" involves a sum of
3™ terms. After simplification, there are as many terms as there are weak compositions of n with

3 parts, namely (";2)

In the foregoing, we have written the expansions of (x+y+2)? and (z+y+2)? in a particular
order. But that order is not dictated by the formula

n
(x+y+2)" = Z ( )x"ly"22"3,
ny, N2, N3
ni+n2+nz=n
n;EN
which simply tells us to find all weak compositions (n1,ns, ng) of n, form the associated terms
( " )x"lymz”S, and sum these terms in whatever order we like.

ni,n2,n3
In contrast, writing the binomial theorem in the form

(z+y)" = Zn: (7;) wly"

=0

dictates that the expansion be written in the order y™ + (71‘) zy" 4+ ( " )x"‘ly + 2" We

n—1
could write the binomial theorem, in such a way that the ordering of terms is not dictated, as

n n n n
e = 3 (")

ni1+ngs=n
n; €N

although this is rarely done.
Can we write the trinomial theorem in such a way that the ordering of the terms is dictated?
The answer is affirmative, but we require double summation, as follows:

(z+y+2)" = Xn:z ( " ,)xiyjz"ﬂ'*j

— Zvjyn_i_]
n OOn( n )01n71 ...(n)0n0:|
(o,o,n)xyz om0V s Tt o) Y?
n 1,0, n—1 ( n )1177,72 ( n )1n71o
[(1,o,n—1)myz AT TPy L o ST Y L

[(2,0,Z - 2)m2yozn72 A } +ot [(ng 0)x7ly0z0:|

In this expansion we first set ¢ = 0 and run j from 0 to n, then set ¢ = 1 and run j from 0 to
n — 1, then set 1 = 2 and run j from 0 to n — 2, etc.

Just as we can generate various binomial coefficient identities from the binomial theorem by
substituting particular values for  and y, we can generate various identities involving trinomial

+
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coefficients from the trinomial theorem. For example, setting + = y = z = 1 in Theorem 6.3

: : ( n ) = 3 )
nl,n2,n3

ni+n2+n3=n
n; EN

which provides an alternative to the combinatorial proof of this identity offered in Theorem 6.2.

6.3 Multinomial coefficients and the multinomial theo-
rem

For all n € N, all k£ € P, and for every weak composition (ny,ns,...,nx) of n with k parts, the

k-nomial coefficient of order n, (n1 m"m nk) is defined by

( n ) (n)(n—m)(n—nl—ng) <n—n1—n2—---—nk_2)
Ny, N2, ..., N n1 N2 ns Ng—1

n!

The following three theorems generalize Theorems 6.1, 6.2, and 6.3.

Theorem 6.4. For alln € N, all k € P, and for every weak composition (ni,ns,...,ng) of n
with k parts, the k-nomial coefficient (m o nk) counts
(i) the number of sequences of nq x1’s, ng x3’s, ..., and ny s,
(ii) the number of distributions of n labeled balls among k urns, labeled wy, us, . . ., ux, such that
n; balls are placed in u;, i1 =1,...,k, and

(7ii) the number of functions f : {ai,aq,...,a,} — {b1,ba, ..., bx} such that |f~(b;)| = ny,
i=1,.. .k

Proof. Straightforward generalization of the proof of Theorem 6.1. O
Theorem 6.5. For alln € N and all k € P,

n n
Z (nl,ng,...,nk):k'

nit+na+-+ng=n
n; €N

That is, the sum of all k-nomial coefficients of order n is k™.
Proof. Straightforward generalization of the proof of Theorem 6.2. O
Theorem 6.6 (Multinomial Theorem). For alln € N and all k € P,

n
n n1 .12 g
(1 + a0+ +ap)" = E (m o nk)xllxz st
N,

ni+nz+--+ng=n
n;EN
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Proof. The proof is straightforward generalization of the proof of Theorem 6.3. 0

Remark. Before simplification, the expansion of (x4 x5+ - -+ ;)™ consists of the sum of all £"
words of length n in the alphabet {1, xs, ...,z }. After simplification there are as many terms

as there are weak compositions of n with k parts, namely ("Zﬁl)

Remark. Theorem 6.6 does not dictate the order in which the terms of the simplified expansion
of (xy + 29 + -+ -+ x)" appear. One way to dictate that order is to use (k — 1)-fold summation,

Y

(T1+x2+ -+ xp)" =

n n—njn—nji—ng n—mnjg—--—Ng_2

n N — N—N] = —MNp_
E E E E ( )x?lxgz__.xkillxk 1 k-1
N1, N2, .o Mg 1,M — M1 — - — N1

n1=0n,=0 n3=0 ng_1=0
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Chapter 7

Combinatorics and Probability

Enumerative combinatorics provides one of the basic foundations of probability theory. For if S
is a finite set with subset E and one chooses an element of S at random, the probability that
the element chosen actually belongs to E is given by the formula |E|/|S|. The determination
of the cardinalities of various sets thus underlies this probability model (the so-called “uniform
model”) in a crucial way.

The applications of enumerative combinatorics are by no means limited to uniform models.
Indeed, they permeate all of discrete probability theory. This chapter outlines a few particularly
basic applications.

7.1 The Multinomial Distribution

We begin by reviewing the binomial distribution, which arises in the case of n independent
trials, each having two possible outcomes, called arbitrarily “success” and “failure.” On each
trial the probability of success is p and the probability of failure is ¢, where p + ¢ = 1. If the
“random variable” X records the total number of successes on n trials, X is said to be binomially
distributed with parameters n and p (abbreviated X ~ binomial (n,p)). For each £ =0,1,...,n

P(X = k) = the probability of exactly k successes in n trials

(MY kopk
‘(k) T

The proof of this assertion is essentially that of the binomial theorem: Any sequence of k successes
and (hence) n — k failures has probability p*¢"~* by the independence of outcomes from trial to
trial. By Theorem 4.1, there are (Z) such sequences. Of course,

;P(x = k) = ki:o (Z)pkq"‘k =(p+q" =1,

as one would expect from probabilistic considerations.
Suppose that on each trial there are three possible outcomes 01, 09,and o3, with respective
probabilities pi, po, and ps3, where p; + po + p3 = 1. Trials are again independent. Let X; record
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the number of occurrences of outcome o; in n trials, ¢ = 1,2,3. Then, clearly, for each weak
composition (ny,ns, ng) of n,

n

P(X;=n1,Xo=n9, X5 =n3) = ( )P?lpgng3~
ni,Na, N3

The “jointly distributed” random variables X, X5, and X3 are said to be trinomially distributed
with parameters n, p1, ps, p3 (abbreviated (X7, Xs, X3) ~ trinomial(n; p1, p2, p3)). Of course,

n
Z P(Xl =ny, Xo =ng, X3 = n3) = Z ( )p?1p§2p§3

. _ ni,Ng, N3
ni+n2+nz=n ni+n2+nz=n
niEN mEN

=(p1+p2+ps3)" =1,

as one would expect on probabilistic grounds.

Remark. Statisticians often delete the random variable X3, since X3 =n — X; — X, writing

n

ny, N2

P(Xi =n1, X5 =ny) = < )p?lpgn(l —pr— )t

for all ny,ny € N with ny + no < n, where (m”m) = n!/ni!ns!(n — ny — na)!. They refer to X,
and X, as being trinomially distributed with parameters n, p, and ps.

Example. Suppose that we toss a pair of dice 12 times, with o, denoting the outcome that the
sum on a given toss is even, oy the outcome that the sum is odd and < 3, and o3 the outcome
that the sum is odd and > 5.

By expanding (z + -+ + 25)? we can readily determine the probabilities p; of outcomes o,
i=1,2,3. We get p; = 18/36 = 1/2, po = 2/36 = 1/18, and p3 = 16/36 = 4/9. Consequently,

for example,
12 N> /1Y 74\’
P(X:1=2,X=3X3=7)= - — Z
m=zx=nn-n- (50 (3) (5) G)

where X; records the number of occurrences of outcome o;, © = 1, 2, 3.

If, on each of n independent trials, there are k possible outcomes o4, ..., 0, with respective
probabilities py,...,pr (p1 + -+ 4+ pr = 1), and if X; records the number of occurrences of o; in
these n trials, then for every weak composition (nq,...,ng) of n,

n T 3 T
P(X1=mn1,Xo =mng,..., Xp =np) = ( )p11p22"'pkk-
Ny, N2, ..., N
Here the jointly distributed random variables X7, ..., X} are k-nomially distributed with param-
eters n; p1, ..., Pk

Remark. To test the hypothesis that Xi,..., X, are k-nomially distributed with parameters
n;pi, - .., Pk, one uses a so-called chi-squared test (see Larsen & Marx, An Introduction to Math-
ematical Statistics and its Applications, Prentice-Hall, Chapter 9). Multinomial distributions also
underlie other “goodness of fit” tests in statistics. To test the hypothesis that a continuous ran-
dom variable Y has density function f, for example, one can choose values y1 < yo < -+ < yp_1,
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let 0, denote the outcome Y < w1, o; the outcome vy, 1 <Y < y;, 1 = 2,...,k—1, and o
the outcome Y > y,_1. If we make n independent observations of the value of Y, letting X;
record the number of occurrences of o;, then (X7, ..., X}) should be k-nomially distributed with
parameters n; pq, ..., g, Where

Y1 Yi
- Yi—1

and p;, = fyjl f(y)dy. If this hypothesis regarding (X1, ..., X}) is rejected by the appropriate
chi-squared test, doubt is accordingly cast on the hypothesis that Y has density function f.

7.2 Moments and factorial moments

Generalizing Corollary 3.6.1, you showed in Problem 5 that

Z k" <Z) =n"2""" for all n,r € N.
k=0
In particular,

32 <Z> — n22"2 for all n € N,
k=0

In general sums involving falling factorial powers are easier to evaluate than sums involving
ordinary powers. Fortunately, the former can be used to evaluate the latter. For example, to

evaluate "
_ 2T
s = Z k < k)
k=0

one notes that k% = k2 + kL (kX = k), so

5 = kzi%(k:z + kb <Z)
-2 ()24 ()

= n22n=2 4 plon-t
=n(n—1)2""2+n2"*
=n(n+1)2"2
Problem 15 yields to a similar strategy.
With the above nonprobabilistic introduction to sums involving powers and falling factorial
powers, we now consider the calculation of moments and factorial moments of a random variable.

If X is a random variable taking the values x1, xo, . . ., x,, then the expected value (also called
the mean or the first moment) of X, E(X), is defined by

E(X) = Z 2 P(X = ;).

41



CHAPTER 7. COMBINATORICS AND PROBABILITY

If h is any function of X and Y = h(X), then, by a basic result of probability theory,

In particular for all r € N

and

E(X")=EX(X-1)--- (X —r+1))
= foP(X = ;).

The quantity F(X") is called the r*® moment of X , and the quantity E(X7) is called the rt®
(falling) factorial moment of X. The variance of X, var(X), is defined by

Var(X) = E(X — E(X))?),
but most easily calculated by the equivalent formula
Var(X) = BE(X?) — (BE(X))2

The variance is a measure of how widely dispersed about its mean the values of a random variable
are.

7.3 The mean and variance of binomial and hypergeo-
metric random variables

If X is a binomial random variable with parameters n and p, then, as is well known, F(X) = np
and Var(X) = np(1 — p). The slickest proofs of these results decompose X into a sum of n
“indicator random variables” and make use of the linearity of £ on arbitrary sums of random
variables and the linearity of Var on sums of independent random variables: For i = 1,... n,
define X; by

1  if success occurs on trial ¢
P = e N
0 if failure occurs on trial ¢

Clearly X = Y0 | X;, F(X;) = E(X?) = p for all i, and so Var(X;) =p —p* =
p(1 —p). Hence E(X) =>"" | E(X;) =np and Var(X) =" Var(X;) =
np(1 = p).
We wish to derive these results by more elementary proofs that do not depend on linearity
properties of E and Var.

Theorem 7.1. If X ~ binomial(n,p), then E(X) = np.
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Proof.
BE(X) = ; kP(X = k) = > k(Z)pk(l _p)nk

=3k <k)pk(1 —p)" = k% (Z - i)p P A= p)
k=1 k=1

S0 (S E IR

= n—1 . 1

= mp) (n : )p’(l p) v

j=k-1) e J

O

In Problem 16 you are asked to find the variance of a binomial random variable without
invoking any linearity properties of the variance.

Consider now the following sampling problem. There is a finite population U and disjoint
subsets M and W of U such that M UW = U, where |M| =m and |W|=w (so |U| = m + w).
Select n members of U at random, letting X record the number of members of M in this sample.
Depending on how the sampling is done, the random variable X will have one of two distributions.

(i) If we sample with replacement, then clearly X is binomially distributed with parameters n
and p=m/(m+w). So E(X) =np =nm/(m+w) and Var(X) = np(1 — p) = nmw/(m + w)?.

(ii) If we sample without replacement, then X is a hypergeometric random variable with
parameters n, m, and w (X ~ hypergeom(n;m,w)). Clearly,

(i) (.2%)

PX=R) = "™

k=0,1,...,n

Note that by Vandermonde’s identity,

32 re == (1) (0 4) = e

n )k=0

as one would expect on probabilistic grounds.

When the sample size n is “small” relative to the population size m + w, a binomial random
variable with parameters n and p = m/(m + w) furnishes a good approximation of the hyperge-
ometric random variable with parameters n, m, and w. In fact, in all cases, even those where n
is not small relative to m + w, these two random variables have the same mean.
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Theorem 7.2. If X is hypergeometric with parameters n, m, and w, then E(X) = nm/(m+w).

Proof.

On the other hand, if n > 2, the variance of a hypergeometric random variable with parame-
ters n, m, and w is strictly less than the variance of a binomial random variable with parameters
n and p=m/(m + w).

Theorem 7.3. Under the hypotheses of Theorem 7.2,

nmw

Var(X) = (

(m 4+ w)?

m-+w-—n
m+w-—1)"
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Proof.

Var(X) = E(X?) — (BE(X))?

o s (o

G L v R e G
e (1) () e ()
s (M) - ()

m2 [(m4+w—2 nm nm 2
= m-4w _I— -

( ) n—2 m+ w m+w

n2m2 nm nm \>
- + _

(m+w)2 m+4w m+w

m-+w-—n

— — e e — .
(algebra) (m + U)>2 m+w—1

O

Remark. As n increases, Var(X) decreases, with Var(X) = 0 when n = m + w (Why?). In any
case, if n > 2, Var(X) < (WZTS’)Q, the variance of a binomial random variable with parameters n
and p=m/(m + w).
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Chapter 8

Binary Relations

8.1 Introduction

If S is any set, a binary relation p on S is a property possessed by certain ordered pairs of
elements of S. If z,y € S and x stands in the relation p to y, one writes xpy (if x does not stand
in the relation p to y, one writes ~ zpy or x py). If S is any set of real numbers, for example,
then <, <, >, >, and = are all binary relations on S. If S is a set of geometric figures, then “is
congruent to,” and “is similar to” are binary relations on S.

The graph of a binary relation p on S consists of all ordered pairs (z,y) € S x S such that
xpy, i.e.,

graph(p) = {(z,y) € S x 5 zpy}.

Since the graph of any binary relation on S is a subset of S x S, and since any subset of S x S
can be construed as the graph of some binary relation on S (how?), some authors simply define
a binary relation on S to be any subset of S x S. Thus, just as in the case of functions one
can construe a binary relation intensionally (as a property) or extensionally (as a set of ordered
pairs). In the latter case, a binary relation is identified with its graph. We shall have occasion
to construe binary relations both intensionally and extensionally.

The following three relations are so basic that they have been given special names:

(i) The empty relation on S is the subset ¢ C S x .S. The relation p on S is the empty relation
if for all z,y € S, ~ xpy, where, we recall, the latter notation indicates that = does not
stand in the relation p to y. If, for example, S is a set of real numbers and one defines xpy
to mean that * < y and x > y, then p is the empty relation.

(ii) The identity relation, =, on S is defined extensionally as the subset {(z,z) : = € S} of
S x S, and intensionally by stipulating that x = y if and only if x and y are the same
element of S.

(iii) The universal relation on S is the subset of S x S consisting of S x S itself. The relation
p on S is the universal relation on S if and only if zpy for all z,y € S. For example, if S
is a set of real numbers and one defines xpy to mean that x < y or x > y, then p is the
universal relation on S.
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Remark. If S = (), the empty relation, the identity relation, and the universal relation on S all
coincide. If |S| = 1, the identity relation and the universal relation coincide, but they are distinct
from the empty relation. If |S| > 2, these three relations are all distinct.

The following theorem is a straightforward corollary of Theorem 3.1.
Theorem 8.1. For all n € N, if |S| = n, then there are 20°) binary relations on S.

Proof. A binary relation on S may be construed as a subset of S x .S = {(z,y): x,y € S}. Since
|S x S| = n? by the multiplication principle, S x S has 2("*) gubsets by Theorem 3.1. O

8.2 Representations of binary relations

We have already seen examples of binary relations given by descriptive phrases or symbols
abbreviating descriptive phrases (binary relations construed intensionally). And of course one
can also represent a binary relation simply by listing the set of ordered pairs which comprise it
(binary relations construed extensionally).

Two other useful representations of binary relations are (i) the digraph representation and
(ii) the matrix representation. These representations are typically restricted to the case where S
is finite.

(i) The digraph (short for “directed graph”) representation of the binary relation p on S =
{x1,...,z,} consists of a set of points in the plane, arbitrarily labeled z,...,x,, with
an arrow from z; to z; whenever z;px; and a “loop” at x; whenever z;pxz;. Figure 8.1

represents the digraph representations of (I) the empty relation (II) the identity relation
and (III) the universal relation on S = {1, za, x3}:

o O I

x1 X

T2 @ ® I3 5520 0133 T2 T3
(D (1I) (111)

Figure 8.1: Binary Relations

(ii) The matrix representation of the binary relation p on S = {z1,...,x,} is the n x n matrix

M = (m;;) where
{1 if x;px;
m,-j =

0 if ~axpx;
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Here are the matrix representations of the aforementioned three binary relations:

000 100 111
000 010 111
000 001 111
(D (I1) qy

Special properties of binary relations (e.g., reflexivity and symmetry), to be discussed in the
next section, are particularly salient in their digraph and matrix representations.

8.3 Special properties of binary relations

A binary relation p on S is

1) reflexive if, for all x € S, xpzx;

2) irreflezive if, for all x € S, ~ xpx;

4

(1)

(2)

(3) symmetric if, for all x,y € S, if zpy then ypz;

(4) asymmetric if, for all z,y € S, if xpy, then ~ ypz;
(5)

5) antisymmetric if, for all x,y € S, if xpy and ypz, then z = y (equivalently, if z # y and

zpy, then ~ ypx);
(6) transitive if, for all z,y, z € S, if zpy and ypz, then xpz; and
(7) complete if, for all z,y € S, if x # y, then xzpy or ypz.

Theorem 8.2. A binary relation p is asymmetric if and only if it is irreflexive and antisymmet-
Tic.

Proof. Necessity. Suppose p is asymmetric. If there exists an = such that zpx, then by asymme-
try, ~ xpz, a contradiction. Hence for all x, ~ xpx, i.e., p is irreflexive. Antisymmetry (in its
parenthetical reformulation) is clearly a consequence of asymmetry.

Sufficiency. Suppose p is irreflexive and antisymmetric. We need to show that for all z,y,
if xpy, then ~ ypxr. If x = y, ~ ypr asserts ~ xpr, which we know to be true for all x by
irreflexivity. If x # y, then zpy implies ~ ypxr by antisymmetry. O

Remark. The empty relation is not reflexive (unless S = (), in which case reflexivity holds
vacuously). It is always irreflexive. The empty relation also vacuously satisfies the defining
conditions of symmetry, asymmetry, antisymmetry and transitivity. It is (vacuously) complete
if S =0 or |S| =1, and not complete if |S| > 2.

Remark. Let M = (m;;) be the matrix representation of p on S = {z1,...,2,}. Then, clearly,
1) pis reflexive if and only if my; =1,i=1,...,n;

2) pis irreflexive if and only if m; =0, ¢ =1,...,n; and
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3) p is symmetric if and only if M is symmetric, i.e., m;; = mj; fori,j =1,... n.

Readers are encouraged to formulate the other four basic properties of binary relations in
matrix terms, and also to formulate all seven of the basic properties in digraph terms. This will
be helpful in the solution of Problems 17 and 18.
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Chapter 9

Surjections and Ordered Partitions

9.1 Enumerating surjections

We saw in Chapter 2 that there are k" functions f : [n] — [k], and that k® = k(k—1) - - - (k—n+1)
of these functions are injective. In this chapter we determine the number of surjective functions
f :[n] — [k]. Let us denote this number by o(n, k). Then, of course, o(n, k) is also the number
of

(i) surjective functions f: A — B, when A and B are any sets with |A] = n and |B| = k;

(ii) distributions of n labeled balls among k labeled urns with at least one ball per urn (i.e.,
with no urn left empty); and

(iii) words of length n in an alphabet B = {by,..., b} such that each letter of the alphabet
appears at least once in the word.

From our discussion in Chapter 2 we can make a partial table of the numbers o(n, k):

n\k

U W N = O
O OO OO O O
[ NP |
N O O N
OO oW

[\
= O O O Ok
N O OO OO Ot

Table 9.1: Partial Table of o(n, k)
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Remark. Recall that:

0(0,0) =1

0(0,k) =0(n,0) =0 forallnkeP
o(n,k)=0 ifn<k

o(n,n)=n! forallneN
on,1)=1 forallnelP

We now fill in some other values of o(n, k), construed as the number of distributions of n
labeled balls among k labeled urns with no urn left empty. We’ll use “modified brute force” to
do this, i.e., we won’t list and count every single such distribution, but we will partition the class
of such distributions into what in some cases is a fairly large number of subclasses (in fact, (Zj)
subclasses) whose cardinalities we already know from Chapter 6.

The subclasses consist of all distributions with a fixed sequence (n1,...,n;) of occupancy
numbers, where n; + - -+ + n, = n and each n; € P.

Theorem 9.1. For alln € P and all k € P with k < n,

= 3 ()

ni+--+ng=n
n; €P

Proof. Each side of the above formula counts the distributions of n labeled balls among & labeled
urns with no urn left empty. The LHS does this by definition of o(n, k). The RHS counts
this class of distributions in (Zj) pairwise disjoint, exhaustive subclasses, one for each of the
compositions (nq, ..., n,) of n, with (nlnnk) enumerating all distributions of the n balls among
urns ug, . . ., U, where n; balls are placed in urn u;, i =1, ...,k (Theorem 6.4). It is instructive
to compare Theorem 9.1 with Theorem 6.4. If we sum all k-nomial coefficients (m """ Nk) of order

n, we get k™. If we sum only those for which each n; € P, we get o(n, k). O
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Using Theorem 9.1, we get, for example

) 7(8:2)= <2?1) i <1?2) -

(2°) o(4,2) =

. A: 5 5
(6°) o(5,4) = (1,1,1,2) + (1,1,2,1) (1,2,1,1)

)
=24
* (2,1,1,1) 0

So a more complete table of o(n, k) is: This table suggests that o(n, k) satisfies a simple

n\k|o[1[2] 3 ] 4|5
0 [1]o[o] O] oO0]oO
L |of1{o| 0] 0]0
2 (012 0|00
3 (0[1]6| 6 |00
4 10|1]1436 | 24| 0
5 |0]1[30]150| 240 | 120

Table 9.2: More Complete Table of o(n, k)
recurrence relation, which is confirmed by the proof of the following theorem.
Theorem 9.2. For all n, k € P,

o(n, k) =k(c(n—1,k—1)4+o(n—1,k)).

Proof. Tt is equivalent to show that
on,k)=kon—1,k—1)+ko(n—1,k),

and this is true since each side of this equation counts the class of distributions of n balls labeled,
let us say, 1,...,n among k urns labeled uq, ..., ug, with no urn left empty. The LHS counts this
class by definition of o(n, k). The RHS counts this class in two disjoint exhaustive subclasses,

52



CHAPTER 9. SURJECTIONS AND ORDERED PARTITIONS

(i) the subclass of distributions for which ball 1 is placed in an urn all by itself,

(ii) the subclass of distributions for which ball 1 is placed in an urn containing at least one
other ball.

Since there are ko(n — 1,k — 1) distributions in subclass (i) and ko(n — 1, k) distributions in
subclass (ii) [why?] the proof is complete. O

9.2 Ordered partitions of a set
If Ais any set and (A, ..., Ag) is a sequence of subsets of A satisfying
(i) each A; # 0
(i) A;NA; =0 whenever i # j
(i) AAU---UA,=A

then (Ay, ..., Ag) is called an ordered partition of A with k blocks (the subsets A; being of course
the blocks). In words, an ordered partition of A with k blocks is a sequence of nonempty, pairwise
disjoint subsets of A, with union A.

Theorem 9.3. If |A| = n and (nq,...,ng) is a composition of n with k parts, then there are
( " ) ordered partitions (Ay, ..., Ar) of A such that |A;| =n;, i =1,..., k. Hence there are

N1,..., Nk
n
Z (nl,...,nk) =o(n. k)

ni+--+ng=n
n; P

ordered partitions of A with k blocks.

Proof. Choose n, elements of A to comprise A;, ny of the remaining n — ny elements to comprise
Ay, ete. (just as in the proof of Theorem 6.4). There are thus

(n)(n—m)(n—nl—ng) (n—nl—ng—---—nk_2>
n1 D) ns Ng—1

B n! B n
nl'ng'nk' ny,...,Ng

ways to construct an ordered partition (Ay, ..., Ax) of A with the prescribed block cardinalities.
The second assertion follows from Theorem 9.1. O

Remark. The notion of an ordered partition (Aj,..., Ag) of a set A is just an abstraction of
the idea of a distribution of a set of labeled balls among urns labeled uq,...,u;. Instead of
distributing balls, we distribute the elements of A, whatever they may be. And instead of placing
these elements in actual urns, we enclose them in curly brackets, and arrange the resulting sets
in a sequence.
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CHAPTER 9. SURJECTIONS AND ORDERED PARTITIONS

With o(n, k) viewed as the number of surjections from an n-set to a k-set, it isn’t obvious
that the row sum

n

P, = Z o(n, k)

k=0

is of any combinatorial interest. But now that we have an alternative interpretation of o(n, k) as
the number of ordered partitions of an n-set with k blocks, it is clear that P, is the total number
of ordered partitions of an n-set with all possible numbers of blocks.

Ordered partitions of a set A, where A is a set of alternative policies or commodity bundles,
are of interest in economics. The ordered partition (Aq,..., Ax) of A is viewed as a preferential
ordering of the alternatives in A. All things in A; are tied for first place, all things in A, are tied
for second place, etc. Economists call the blocks A; “indifference classes,” since a decisionmaker
is indifferent between the alternatives comprising a given block A;.

The numbers P, are sometimes called the “horse-race numbers,” since P, is the number of
ways that n horses can finish a race, with ties of every conceivable type possible (including an
n-way tie for first, corresponding to an ordered partition of the n horses comprised of a single
block.)

Here is a partial table of values of P,:

P, 1 1 3 13 75 541

Although it is hard to guess from this table, or even from an extended version of this table,
the numbers P, are generated by a fairly simple recursive formula.

Theorem 9.4. If P, is the number of ordered partitions of an n-set, then Py = 1 and, for all
n e P,

g (S0

k=1 §=0

Proof. Like the LHS of the above identity, the middle sum counts the class of all ordered partitions
of an n-set A, but in n pairwise disjoint, exhaustive subclasses, one for each kK =1, ..., n, where
k denotes the size of the initial block A; of an ordered partition. For given a fixed size k, we can
construct all ordered partitions of A having an initial block of size k by

(i) choosing k elements of A (in (}) ways) to comprise the initial block A;

(ii) following A; with any ordered partition of the remaining n — k elements of A, which, by
definition, can be done in P,_; ways.
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CHAPTER 9. SURJECTIONS AND ORDERED PARTITIONS

Finally

Remark. In a more advanced course in combinatorics, it is usually proved that

o n 1
Zan— = for |z| < log?2.
—~ “nl  2—e"

Using this result, one can show that

=k o 1n  on 3

PTL = _— = — —_— _— J— e
ZQ"H‘l 2+4+8+1+
k=0
and also that
P n!
" 2(log2)ntt
Since there are o(n, k) surjective functions f : A — B, where A = {ay,...,a,} and B =

{b1,...,bx}, and also o(n, k) ordered partitions (Ajy,..., Ag) of the n-set A, there exists, by
Theorem 2.1, at least one bijection from the class S of all surjections f : A — B to the class P
of all ordered partitions of A with k blocks. Indeed, by Theorem 2.5, there are (o(n,k))! such
bijections. Here is a particularly natural bijection 3: S — P. Given f € S, let

6(f) = (fh(b1>7 fh(b2>7 R fh(bk»a

where f(b;) is the preimage of b; under f, for j =1,..., k. We leave it as an exercise to show
that 3 is a bijection (what, by the way, is 3717). We say that the ordered partition 3(f) of A is
induced by the surjection f: A — B relative to the labeling {by, ..., by} of B.

Remark. A binary relation p on A is called a weak order if it is reflexive, transitive, and complete.
In more advanced courses it is proved that there is a bijection from the class of all weak orders
on A to the class of all ordered partitions of A. It follows that there are P, weak orders on an
n-set A.
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Chapter 10

Partitions and Equivalence Relations

10.1 Partitions of a set

Recall that an ordered partition of a set A with k blocks is a sequence (Aq, ..., Ax) of nonempty,
pairwise disjoint subsets of A, with union A. By contrast, a partition of A with k blocks is a set
{A4, ..., Ay} of nonempty, pairwise disjoint subsets of A, with union A.
For all n,k € N, let S(n, k) denote the number of partitions of [n] (or any other n-set) with
k blocks. The numbers S(n, k) are called Stirling numbers of the second kind (James Stirling,
1692-1770).
There is a simple connection between S(n, k) and o(n, k). Since every partition of [n] with
k blocks gives rise to k! ordered partitions of [n], one for each permutation of the blocks of the
original partition, we have
o(n, k) =k!\S(n, k),
ie.,
o(n, k)
ko

From the table of values of o(n, k) we therefore derive immediately the following partial table of
values of S(n, k):

S(n, k) =

n\k|0[1]2]3]4]5
0 [1]o[0]O]O0]O
1 [0f1[0]0|0]O
2 (0|11 |0]0]0
3 (013 |1]0]0
4 10|17 |6]1]0
5 |[0]1[15)25]10]1

Table 10.1: Stirling’s Triangle

As indicated by the following theorem, the array of numbers S(n, k) is generated by a simple
recursive formula.
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Theorem 10.1. For alln,k € N, let S(n, k) denote the number of partitions of [n] with k blocks.
Then S(0,0) =1, S(n,0) = S(0,k) =0 for all n,k € P, and for alln,k € P

S(n,k)=Sn—-1,k—1)+kS(n—1,k).
Proof #1. By Theorem 9.2 we have

on,k)=kon—1,k—1)+ ko(n—1,k).
Dividing each side of this equation by k! yields

on,k) on—-1,k—1)
o s R TR

ie.,

S(n,k) = S(n—1,k—1)+kS(n— 1, k).

Proof #2. Both sides of the equation
Sn,k)=Sn—-1,k—1)+kS(n—1,k)

count the class of partitions of [n] with k blocks, the L.H.S. by definition. The R.H.S. counts
this class in two disjoint, exhaustive subclasses,

(i) the subclass of partitions for which {1} is one of the blocks; and

(ii) the subclass of partitions for which 1 belongs to a block of cardinality strictly greater than
1.

There are S(n — 1,k — 1) partitions in subclass (i) and £S(n — 1, k) partitions in subclass (ii)
[why?], which proves the desired result. O

Remark. As we noted in Chapter 9, o(n, k) counts the distributions of n labeled balls among
k labeled urns with no urn left empty. Correspondingly, S(n, k) counts the distributions of n
labeled balls among k unlabeled (i.e., indistinguishable) urns with no urn left empty. (When urns
are indistinguishable, we can only tell which balls are together in an urn, but not which urn they

occupy.)

10.2 The Bell numbers

For all n € N, let

B, = S(n, k).
k=0
The numbers B,, are called Bell numbers (Eric Temple Bell, 1883-1960). Obviously, B,, counts
the class of all partitions of [n], or any other n-set. B,, also counts the class of all distributions of
n labeled balls among n indistinguishable urns (This is a bit subtle. Why is this true, although
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CHAPTER 10. PARTITIONS AND EQUIVALENCE RELATIONS

it is not true that P, counts the class of distributions of n labeled balls among n labeled urns,
the latter class having not P, but n” members?)
Summing the rows of Stirling’s triangle we get the following partial table of Bell numbers

n: o 1 2 3 4 5

B,: 1 1 2 5 15 52

Here, for example, are the 15 partitions of the set [4] = {1,2, 3,4}

a. partitions with 1 block [S(4,1) = 1 of these]

1. {{1,2,3,4}}
b. partitions with 2 blocks [S(4,2) = 7 of these]

{1}:{2,3,4}}
{{1,2},{3,4}}
{{1,3},{2,4}}
{{1,4},{2,3}}
{{1,2,3},{4}}
{{1,2,4}, {34}
{{1,3,4}, {2}}

c. partitions with 3 blocks [S(4,3) = 6 of these]

9. {{1}, {2}, {3,4}}
10. {{1},{2,3}, {4}}
11 {{1},{2,4},{3}}
12. {{1,2}, {3}, {4}}
13. {{1,3}, {2}, {4}}
14 {{1,4},{2}, {3}}
d. partitions with 4 blocks [S(4,4) = 1 of these]

15. {{1}, {2}, {3}, {4}}

Corresponding to Theorem 9.4 for P(n), we have the following recursive formula for the Bell
numbers.

O N o otk W

Theorem 10.2. For alln € N, let B,, denote the number of partitions of [n|. Then By =1 and

foralln € P
" /n—1 |
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Proof. Each side of the first equation counts the partitions of [n], the L.H.S. by definition.
The R.H.S. counts these partitions in n pairwise disjoint, exhaustive subclasses, one for each
k=1,...,n, where k is the size of the block containing the element 1. For given such a k, we
construct all partitions for which 1 belongs to a block of size k by

(i) choosing, in one of (Zj) possible ways, k — 1 additional elements from the set {2,...,n}
to comprise the block containing the element 1, and

(ii) partitioning the remaining n — k elements in any of the B,,_; possible ways.

The second way of expressing the above recurrence follows from

" /n—1 " /n—1
Bn: Bn— = Bn—
];<k:—1> g kZ;(n—k:) g

n—1 n—1 n—1 n—1
n—1 n—1 n—1

I
3
I |
o —
VR
3
.
—
~~
&

One often sees the latter recurrence written with n + 1 replacing n. The complete recursive
formula then specifies By = 1 and

B, = Z <n) B; for alln € N.
=0 \J
]

The latter recurrence is used in the proof of next theorem, which is my candidate for one of
the prettiest formulas in mathematics. We first recall the following lemma from analysis:

Lemma. If f(z) = > 07 a,z"/n! and g(x) = > 7 bya™/nl for |x| < r, then f(x)g(x) =

n=0
D meo Ca®™ /0l for [x| < 7, where ¢, = YT (?)ajbn_j.

Proof. See any analysis text (e.g. Apostol, Mathematical Analysis; Wade, An Introduction to
Analysis). O

Theorem 10.3. For all x € R,

e n

i x_
E Bn—' 266 1.
! n:

Partial Proof. We shall prove this result based on the assumption that ), B,z"/n! converges
for all z € R. Let

Y(x) = Z B,z" /n!.
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By the Lemma

pa)e” = (i B, xn/m> (il xn/m)
S

n=0 |j=0

o0
= ZBn+1 :L’n/n',
n=0

" /n!

by (the last line in the proof of) Theorem 10.2.
On the other hand,

Y(x) =Y nBya" /ol =) B,a""/(n—1)!
n=0 n=1

o0
= Z By x"/nl.
n=0

So
Y (7) = e"Y(),

i.e., with y = ¥(x),
dy

a— ::exy.
x
Solving this differential equation by separation of variables, we get
d
& _ e“dx,
Y
SO y
/ Y _ / e“dzx,
Yy
ie.,
logy = e* + ¢,
or

P(r) =y = et
Since ¥(0) = 1, e!™ =1 and so ¢ = —1, i.e.,

Y(x) = ZB" 2" /nl = e 7t
n=0

Remark. Using Theorem 10.3, one can establish the “Dobinski formula”
1 o= k"
B, = - —
e Z k!
k=0
and also various asymptotic formulas which we shall not pursue here.
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10.3 Equivalence relations

Recall that a binary relation on a set A is an equivalence relation if it is reflexive, symmetric,
and transitive. Examples of equivalence relations are

(i) “is similar to” and “is congruent to” on any set of geometric figures;
(ii

(iii

(13

is the same height (weight, age) as” on any set of people;

equals” on any set; and

13 9

)
)
) “
(iv) “is congruent to (mod m)” on any set of integers, where, for m € P and z,y € Z we say
“r is congruent (mod m) to y,” symbolized x = y (mod m), if m|z — y, i.e., if x and y

each leave the same remainder when divided by m.

Let p be an equivalence relation on A and let © € A. Define
[z ={ye A wpy}.

The set mp is called the p-equivalence class determined by z. For example, let A = {1,2,3,6,7,8,9,47]
and let xpy mean that + =y (mod 4). Then

[1],={1,9
[2] ={2,6)
13 = {3,747}
[6] =1{2.6}
|7 =1{3.7,47)
I8, = (s)

191 =1{1,9
47| = {3,7,47}.

Note that for each z € A, |x_|p # (), since x € mp. Also mp = MP if and only if zpy. Finally,
given any p-equivalence classes mp and M,}’ we have either mp N Mp =0 or lz] = MP. In

particular, the set of distinct p-equivalence classes {{1,9},{2,6},{3,7,47},{8}} is a partition of
A. These observations hold in fact for any equivalence relation.

Theorem 10.4. Let p be an equivalence relation on A. Then

1° forallz € A, x € mp, so every p-equivalence class is nonempty;
2° forall x,y € A, mp = MP if and only if xpy; and
3° for all z,y € A, mpﬁM,} = ormp :MP.

Hence the set of distinct p-equivalence classes is a partition of A.
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Proof. 1°. By reflexivity of p, zpx for all x € A, and so by the definition of mﬁ, x € mp.

2°. Sufficiency. Suppose xpy, so that ypx by symmetry of p. To show mp C M,}’ let z € mp.
Then zpz, which, with ypx and transitivity of p, implies ypz. Hence, z € @p. The proof that
MP C mp is similar.
Necessity. If mp = MP, then since y € MP by 1°, y € mp. Hence by definition of mp, xpy.

3°. It is equivalent to show that if mp N Mp # (), then mp = MP. Suppose z € mp N MP.
Then z € mp, so xpz; and z € Mp, so ypz, and hence zpy. Combining zpz with zpy yields zpy,
whence mp = MP by 2°.

It follows that the set of distinct p-equivalence classes is a partition of A, for these equivalence
classes are nonempty (1°) pairwise disjoint (3°), and their union is equal to A (1°). O

The partition of A arising from p as above is denoted II, and called the partition of A induced
by the equivalence relation p. If €4 denotes the class of all equivalence relations on A and P4 the
class of all partitions of A, then the mapping ¢ : £4 — P4 defined for all p € £4 by

w(p) = 1T,

is in fact a bijection, the proof of which we leave as an exercise. The inverse function ="' : P4 —
E4 is defined for every partition IT € P4 by ¢ }(II) = p,, where xp,y if and only if z and y
belong to the same block of the partition II. The equivalence relation p, is called the equivalence
relation on A induced by the partition II.

Since the blocks of a partition correspond to distinct equivalence classes of the equivalence
relation induced by that partition, we get yet another combinatorial interpretation of S(n, k)
and B,,:

I. S(n, k) counts not only the partitions of [n] with k blocks and the distributions of n labeled
balls among k unlabeled urns with no urn empty, but also the equivalence relations on [n], or
any other n-set, having k distinct equivalence classes.

II. B,, counts not only all partitions of [n] and all distributions of n labeled balls among n
unlabeled urns, but also all equivalence relations on [n], or any other n-set.

So the formula developed in Theorem 10.3,

1

Z B, x"/n! = el 7Y,
n=0

is even more striking than it appears at first glance. For it relates the most important type
of binary relation in mathematics, the equivalence relation, with what is arguably the most
important function in analysis, the exponential function.

10.4 The twelvefold way

A great deal of what we have done so far (and a few things that we haven’t done) can be
neatly summarized in a table that the eminent combinatorist Gian-Carlo Rota has called “the
twelvefold way.” The point is that elementary combinatorics, when construed in terms of counting
distributions of balls among urns, can be decomposed into twelve basic problems, depending on
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whether the balls and urns are labeled or unlabeled, and on whether there are restrictions on the
number of balls per urn.

Table 10.2: The Twelvefold Way: Distributions of n balls among k urns, n,k € P

I II I1I
Labeled balls + Labeled Urns k™ k™ o(n, k)
Unlabeled balls + Labeled Urns (M @) )
lifn<k
Labeled balls + Unlabeled Urns 2521 S(n,j) 0 le ; I S(n, k)
i
lifn<k
Unlabeled balls + Unlabeled Urns Z?le(n,j) 0 le ; i p(n, k)*
i

Column I: no restrictions on distribution

Column II: at most one ball per urn (Note: in every
case, one gets 0 if n > k)

Column III: at least one ball per urn (Note: in every
case, one gets 0 if n < k)

* We have not studied the numbers p(n, k), which also count the “partitions of the integer n with
k parts,” i.e., the multisets of positive integers that have cardinality & (counting repetitions of
the same number) and sum to n. These numbers are often studied in courses in number theory,
as well as in more advanced combinatorics courses.
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Chapter 11

Factorial Polynomials

11.1 Stirling numbers as connection constants

Recall that 22 := 1 and 2% = z(x — 1)---(z — k + 1) for k € P. Since for all k € N z% is
a polynomial of degree k, the sequence of polynomials (2% 21, ...) is an ordered basis of the
infinite dimensional vector space of polynomials over R (or C), and for all n € N, the sequence
of polynomials (2% z,...,2") is an ordered basis of the (n + 1)-dimensional vector space of
polynomials of degree < n over R (or C). In particular, for every n € N, there exists a unique

sequence of constants (A(n,0), A(n,1),..., A(n,n)) such that
" = Z A(n, k)z® = A(n,0)2% + A(n, Dat + - + A(n,n)a™
k=0

Let us make a partial table of the numbers A(n, k), setting A(n, k) = 0 if k£ > n. We get

n\k[0]1]2]3]4
0 [1]0f0f0]0O
1L {0f[1]{0]0]0
2 [0]1]1|0]0
3 1011131/0
4 101|761

Table 11.1: A(n, k) for 0 <n,k <4

It is easy to determine A(n, k) by inspection for n = 0,1,2. For n > 3 we find the numbers
A(n, k) by solving some simple simultaneous equations. Suppose, for example, that n = 3. We
have

2 = A(3,0)2% + A(3, 1)zt + A(3,2)2% + A(3,3)2®
=A(3,0) + A3, 1)z + A(3,2)z(x — 1) + A(3,3)z(x — 1)(xz — 2).
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Substituting x = 0, 1,2, and 3 above yields the simultaneous linear equations

= A(3,0)
= A(3,0) + A(3,1)
= A(3,0) +2A(3,1) + 2A(3,2)
27 = A(3,0) +3A(3,1) + 6A(3,2) + 6A(3,3)
which have the unique solution A(3,0) =0, A(3,1) =1, A(3,2) =3, and A(3,3) = 1.
Of course it is very tedious to find the values of A(n, k) in this way. But note that, at least
for the values in our partial table, A(n, k) = S(n, k). In fact, this is true for all n,k € N.

Theorem 11.1. For alln € N,
k=

Proof #1. To show that A(n,k) = S(n, k:) note first that A(0,0) = 1 = S(0,0), and, more
generally, that A(n,n) =1 = S(n,n) for all n € N. Also A(n,k) = 0= S(n,k)if 0 <n < k.
Moreover, A(n,0) = 0 = S(n,0) for all n € P as we see by setting x = 0 in the equation
" = 1_, A(n, k)zE. Since A(n, k) and S(n, k) agree on this extended set of boundary values,
our proof will be complete if we can show that A(n, k) = A(n—1,k—1)+kA(n—1, k) whenever
1 < k < n. To do this, note that for n € P

:|
—_
3|
—_

" =r-2"t=1Y An—1,5)zl=Y A(n—1,5)z- 2.
j=

=)

<.
Il
=)

Since #i = z(z — 1) (z —j+ 1)(x — j) = 22(z — j) = x - 2 — jal,

xxl:x@{-]'xl

So
" —ZA J) [ + jal]
n—1
ZAn—l J x”“—l—ZjAn—l §)al
7=0 7=0
n n—1
:ZA(n—l,k:—l)xﬁjtZkA(n—l,k:)xE
k=1 k=1

n—1
= (An—1Lk—1)+kA(n—1,k)a" + A(n — 1,n — 1)2"
But by definition of the numbers A(n, k), we also have

Z (n, k)ak + A(n,n)z™

k=1

Comparing coefficients of 2% in the last two lines yields the desired result. O
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Proof #2. Recall that if p(z) and ¢(x) are polynomials of degree < n and p(r) = ¢(r) for at
least n+1 distinct real numbers r, then p(z) = g(z). Take p(z) = 2™ and q(x) = Y |_, S(n, k)zk.
We'll show that for all r € P, p(r) = ¢(r), i.e.,

r’ = Z S(n, k)rk.
k=0

Since S(n, k) = o(n, k)/k! and r%/k! = (), this is equivalent to

= k; o(n, k) (Z)

Now each side of the above equation counts the class of functions f : [n] — [r], the LHS by the
multiplication rule. The RHS counts these functions in n+ 1 disjoint, exhaustive subclasses, one
for each k = 0,...,n where k denotes the cardinality of the range of f [Why?]. O

Remark. Combinatorists have studied a number of connection constants in addition to Stirling
numbers of the second kind. For example, the Stirling numbers of the first kind s(n, k) are defined
by the equations

n

= Z s(n,k)z® for all n € N,
k=0

the signless Stirling numbers of the first kind c(n, k), so called because ¢(n, k) = |s(n, k)|, by

" = Zc(n, k)x*  for all n € N,

k=0

where 20 := 1 and 2™ == z(z +1)--- (x +n — 1) if n € P, and the Lah numbers L(n, k) by
2" =) L(nk)a* forallneN.
k=0

It turns out that L(n, k) counts the distributions of n balls, labeled 1,...,n, among k unlabeled
urns, with no urn left empty and with the balls placed in each urn being arranged in some order.
As for ¢(n, k), it counts distributions of this type in which the left-most ball in each urn has the
smallest number of all the balls in that urn.

11.2 Applications to evaluating certain sums

We have previously noted that it is often easier to evaluate sums involving falling factorial powers
than to evaluate sums involving ordinary powers. Stirling numbers of the second kind enable us
to convert sums of the latter type to sums of the former type and thus provide a powerful tool
for evaluating otherwise difficult sums. Here are a few examples.
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1° Generalizing problem 15. In Problem 5 you showed that

(%) Y K <Z> —ni2"  foralln,j€N.
k=0

In Problem 15 you evaluated Y, _, k*(}) by determining by a bit of algebra that k% = k3+3k2+k2,

so that . . . .
£e()-£0() £ 20)
k=0 k k=0 k k=0 k k=0 k

the latter three sums being easily evaluated by (x). Now that we know about Stirling numbers
we can dispense with the algebra, and get

E* = S(3,00k% + S(3,1)kX 4 S(3,2)k2 + S(3,3)k2
=kt + 3k% + k2,

completely mechanically. Similarly, for any » € N, we could evaluate
n . n
2+ (3)
k=0
K= S(r,0)k + S(r, 1)kt + S(r,2)k* 4 - - - + S(r,r)k"

and using (k) for 7 =0,...,7.
2° Generalizing problem 16. Recall that if X ~ binomial(n, p), then for all r € N

B(XT) = kz; Kt (Z) PP — p)"*,  and

B(XT) = Z W (Z)pm e

In Problem 16, you used a bit of algebra to see that k* = k + k2 and thus evaluated E(X?) as
follows:

by rewriting

B(X?) = Z e ()t

- gk@m D I (IR
— B(X) + B(X?),

the latter two expressions being easily evaluated.
In Problem 21 you are asked to evaluate F(X") for arbitrary r € N using the same approach,
replacing k", as in 1° above, by S(r,0)k2 + S(r, 1)kt + S(r,2)k%2 + -+ + S(r,r)kZ. Using this

method you will see that

BE(X") =) S(rj)EX?).
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As a matter of fact, the above formula holds not just for binomial random wvariables but for
arbitrary random variables X, given that the moments (which may be infinite sums or improper
integrals in general) ezxist.

3° FEvaluating power sums. We have previously seen the formulas
14+24+---+n=n(n+1)/2

and

1
12+22+~-+n2:n(n+§)(n+1)/3

=n(n+1)(2n+1)/6.

These are examples of power sums. In general for fixed r,n € N, the r*® power sum S,(n) is
defined by

Se(n) = K =0"+1"+--+n'.
k=0

In particular Sp(n) = 0°+1°+ -+ +n® = n + 1 (since 0° := 1 in combinatorics). Of course if
r and n are both positive integers then one can also write S,.(n) = 1"+ -+ n", since 0" = 0 if
r € P. It is not so easy to evaluate S,(n) for arbitrary r. But it is easy to evaluate the falling
factorial power sums

Si(n) =Y kK =0l4+11+ - +nl
k=0

As we showed in Corollary 3.7.1, we have, for fixed but arbitrary j,n € N

“L 1 ,
k=0

:j%mﬂ)(n)(n—1).-.<n—j+1).

Combining Theorem 11.1 and the above result yields the following evaluation of S,.(n).

Theorem 11.2. For fizred r,n € N,

Il

<
2
&
VR
<. 3
+ +
— =
N———
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Proof. By Theorem 11.1, with x = k,

Sp(n) = i S(r, 00k + S(r, D)kt + -+ S(r,r)k"

k=0
=50 SRS )Y K4+ S Sk
k=0 k=0 0
- : - 1 _
= D2 S(r0)Si(n) = D 80, ) g (n+ 1
7=0 j=0
. n+1
= 0(m’)< ! )
=0 j+1

where the second-to-last equality follows from the above formula for S;(n), and the last inequality

from the fact that S(r,j) = o(r,7)/7!.

For fixed n € N, there is also a nice recursive formula for S, (n).

Theorem 11.3. For fited n € N, So(n) =n+1 and for allr € P,

S, (n) = Til {(n+1y+1 - é (T;l)sj(n)}.

J

Proof. For all r, k € N, by the binomial theorem,

(k’ =+ 1)r+1 _ k,r-‘,—l _ Z (7" —|— 1) kj.

=0\ J
Summing each side of this equation for £ =0, ..., n yields
n n T 1 )
S (s i S ()
k=0 =0 j=0 N
ie.,

T

S ()

£ ()5

Solving the above equation for S,.(n) yields the desired recurrence.

{(n 41— ((2)) So(n)}

(n+1)? = (n+1)) = @

Applying the above for r = 1 yields, e.g.,

N —

Si(n):=04+1+---+n=

N | —

69

O



Chapter 12

The Calculus of Finite Differences

12.1 Introduction

1. If f is a real valued function of a real variable, and x and h are real numbers, with h # 0,

then ,
Austa) o= A1) 500

is called the difference of f at = with increment h (or the difference quotient of f at x with
increment h). Recall that

Df(z) = }llli% Apf(z), if this limit exists.

2. We shall study the special case of Ay, corresponding to h = 1, and just write A instead of
A1, so that

Af(x) = flz+1) = f(z).
3. The operator A has several properties in common with the differentiation operator D:

(a) Ac =0, for every constant function ¢
(b) Alcf(x)) = cAf(x)
(¢) A(f(z) +9(z)) = Af(x) + Ag().

Properties b. and c. express the fact that A is a linear operator. FEzxercise: Work out
A-analogues of the product and quotient rules for D.

4. Recall that for all n € N, Dz = nz"~!. Az" is not so nice:
n n n—1 n
Ar® = 1" — " = kB _ n_ k
" =(x+1)"—x (kgzo (k)x ) x ,;ZO (k)x

. Note, however, that, like D, A is degree-reducing on z™, i.e. degree(Az") =n — 1. Along
with the linearity of A (b. & c. above), this implies that A is degree-reducing on any
polynomial p(z), i.e., if degree(p(z)) = n, then degree(Ap(x)) =n — 1.
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5. (a) A does behave nicely on z2. In fact Az = nz™=!, as the following calculation shows:

Ax™ = (x 4+ 1)* — 2™
=+ )x)(z—=1)---(z+1—n+1)—z(xz—-1)---(z—n+2)(r —n+1)

/

~
r—n-+2

=z(z—1)--(z—n+2)(x+1)—(z —n+1)]

-

v~
n

= na=L
In terms of analogies, we might write A : 2% :: D: 2" (ingeneral A: B :: C: D
is read “A is to B as C'is to D”).
(b) Let us fill in the blank in the analogy A:__ :: D: e*. We need to find a function

f(x) such that Af(x) = f(x). The solution: 2%, for
A2® =27 97 — 97(2 1) = 27
(c) A variant on formula 5a. Define the “generalized binomial coefficient” ( ) forz e R

and n € N by: "
(x) 22 zx—1)---(x —n+1)

n

Tl n! ’

with (§) := 1. By 12.5a, and 12.3b,

A(x) AT e

n n! n!

12.2 Higher differences

Just as we can have 2nd, 3rd, etc. order derivatives, by appropriately repeating the operation
D, we can have differences of various orders. We define

Recall that Dz" = nz" ', D?2™ = n(n — 1)2""%? = n22"2, and, in general,
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In particular, D"z" = n2z® = n! and D¥z" = 0 if k > n.

Similarly Axz™ = na™=L, A2z" = n22"=2 and, in general,
AFgn = pkyn=k

In particular, A"z™ = n" - 2% = n! and A*2" =0 if £ > n.

12.3 A A-analogue of Taylor’s Theorem for Polynomials

Recall that if p(z) = Y, _, cxz”, then by Taylor’s theorem

~ Dfp(x)|,_,  D*p(0)
k= il TR

i.e., if p(x) is a polynomial of degree n, then

=y 2

k=0

The A-analogue if this result is: If p(z) = >_;_, arz®, then

_ Ap(a)],_,  ARp(0)
(*) ap = k! - k! ;

i.e., if p(x) is a polynomial of degree n, then

p(x) =

E_ gAkp(O) (2)

k=0

Let us prove (x). To do this, we need to change the index of summation from & to j, writing
p(z) =3 "j_ya;zl. Then for all k € N,

k k ah
A p(l’) Z Atz from 126ab0ve ZCLJ j x

by llnearlty of Ak =0

= Zaj N Lt (since j& =0 if j < k)
=ap - K%+ appy - (B + DRl +apes - (B +2)E22 + - 4 q,nkam=r
s0 AFp(0) = ag - k& = a - k! and aj, = AFp(0)/k!, as asserted.
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12.4 Polynomial Interpolation

Recall that if (zg,z1,...,2,) is a sequence of n 4+ 1 distinct reals and (yo,y1,...,y,) is any
sequence of reals, then, among the polynomials of degree < n, there is a unique polynomial p(x)
such that p(zx) =y, k = 0,...,n. This unique polynomial may be determined by “Lagrange’s
Interpolation Formula”:

p(x) =) uyp l(x), where
k=0

H#k(f — ;)
Hj;ék(xk — ;)

0 ifk+#i

1 ifk=i

Vv2) and (yo,y1,92) = (7, e,13), the unique polynomial
p(3) = e, and p(v2) = 13 is:

Note that degree(¢x(z)) = n for each k and ly(x;) = {

For example, if (zg, 21, 22) = (-2,

1
29
p(z) of degree < 2 such that p(—2) =,

_ eV @V @23
T I TR T R R (V- B

The above method always works, but it can be tedious to use. An alternative method of
“constructing-to-order” the polynomial p(x) is available if (g, z1,...,2,) = (0,1,2,...,n), i.e.,
if the values of p(z) are specified on the special set of n + 1 reals consisting of the 1st n + 1
nonnegative integers. We use the formula

p(0)
/ Ap(0)

p(0) = yo = 5 / A?p(0)

—7 /! A®p(0)
p(l) =y = =2 9 /

2 1
p(2) = y» = 0 8

10

p(3) = y3 = 10
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e Here is another example, which shows that we may be able to get away with using a
polynomial of degree < n, even when n 4 1 values of the polynomial are specified:

p(0)

= 4% = 1
—2
=y = -1 —4
—6 6
= Yz = -7 2 0
—4 6 0
= y3 = —11 8 0 0
4 6 0
= Y = —7 14 0
18 6
=y = 11 20
38
= yo = 49

e =1(g) (1) ~4(3) +o(5)

a polynomial of degree 3 that takes specified values at 7 values of x.
e This method can also be used to guess formulas: For example, suppose we wanted to guess
a formula for Sy(n) = > _, k*. Make a partial table of values

Se(0) = 0
1
So(1) = 1 3
4 2
$(2) = 5 5 0
9 2 0
S(3) = 14 70 0
16 2 0
So(4) = 30 9 0
25 2
S(5) = 55 11
36
Sg(6) = 91

The presence of 3 zeros is a hopeful sign - it means that a relatively simple polynomial may be
“fitted” to this “data” namely p(z) = 0(§) + 1(7) +3(5) + 2(5). We are only interested in the

s (3 ) <)

values x = n, so we guess

3 1
:n+§n(n—1)+§n(n—1)(n—2)

_ n(n+3)(n+1)
3 ;
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which may be proved by induction.

12.5 Antidifferences and Summation

If AF(z) = f(z) we say that F is an antidifference of f, and write ' = A~ f or F(z) = A7 f(x).
If F(x) is an antidifference of f(z), so is F'(z)+ ¢ for any “periodic constant” ¢, i.e., any function
¢ such that ¢(x + 1) = ¢(x). There are extensive tables of antidifferences available (e.g., in
the excellent Schaum’s Outline of Finite Differences). Here are some basic results, gotten by
“reversing” earlier results on differences

f(x) F(z) = A7 f(x)
1 0 c
n 1 n+1
2 z*, neN —ax =+
n+1
3 (z); neN () +€
4 2% 2" + ¢
n n k
5 2" =Y S(n, k)2t S(n, >:L“ki1 +c
k+1
k=0 k=0

Table 12.1: Basic Difference Results

Note. By linearity of A, we also have

A af(z)) = aA™ f(2)
ATH(f(z) + g(x)) = A7 f(2) + A g(@).

Just as antiderivatives are used to evaluate definite integrals, antidifferences are used to
evaluate finite sums:

Theorem 12.1 (Fundamental Theorem of the Calculus of Finite Differences). If F' =
A~Yf, then for any integers a and b, with a < b

b

> f(k)=F(b+1)-F(a).

k=a
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Proof. Since AF = f, for each k we have AF (k) = F(k+ 1) — F(k) = f(k), so

=(F(a+1)—F(a)+ (Fa+2)—F(a+1))+ (F(a+3) — F(a+2))
+--+ (F(b+1)— F(b)),
which “telescopes” to F(b+ 1) — F(a). O
Some applications of FTCFD:

(1) Summing the geometric progression Y _,2*. Of course, a simple expression for this sum,
27+l — 1. is well known and derivable by elementary algebra; but here is the derivation by

FTCFD: N .
» 28 =N "f(k) where f(z)=2"
k=0 k=0

We know F'(z) = 2% is an antidifference of f(x) so by FTCFD, the sum equals
Fn+1)— F(0) =2 —20 = 2"t 1

(2) We have previously showed that

and using (a), that

3

O

Here is a derivation of these results by F C

()

where f(z) = (j) We know F(z) = (jil) is an antidifference if f(z) so the sum equals

n+1 0 n+1
Fin+1)—F(0) =1 . - . =1 . .
A (Hl) <y+1) <J+1)
(b) Z k= Z f(k
where f(z) = 2Z. We know F(z) = — :c’“ is an antldlfference of f(z), so the sum equals

Jj+1

1 . 1
F(n+1)— F(0) = ——(n+ 1) — ——0i*!

J+1 J+1
—_——
=0 as j+1>1
(since j € N)

1
]+1( )
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(3) Finally, we can get a formula for the power sum S,(n) =Y _,_ k", r € P

Zn:kr = Zn:f(k:), where f(x) =2".
k=0 k=0

By our earlier table of antidifferences F(z) = >} _, Sk(:]f o+ s an
antidifference of f(z), so

- - S(r, k) k41 - S(r, k) k41
Y kK |=Fn+1)-F(0)= (n+1)EL—)" fizst
pr e~ k+1 e~ k+1 )

=0 sinc?:rk—l-lZl
- 5(73 k’) k+1
= 1
k1 (n+1)

12.6 A formula for A*f(x)

We have defined higher differences simply by iteration of A, but there is actually a nice formula
for AF f(z) that shows directly how this quantity depends on the functional values f(x),
f(x+1),..., f(x+ k). One can discover this formula simply by brute force calculation: we have

Alf(z) = f(z+1) = f(x)

A’ f(z) = A(f(z +1) — f(z))
=[f@+2) = fle+ D] = [f(z+1) - f(z)]
= flx+2)=2f(x+1)+ f(x)

AN f(x) = A(f(z+2) = 2f(z + 1) + f(z))
=fz+3)=3f(x+2)+3f(z+1)— f(z)

which leads to the conjecture

k
(K |
A f(a) = 31 <j)f(x )

=0

which may be proved by induction, or by the following slick “operator proof”:
Define operators £ and I by Ef(x) = f(z + 1) and If(z) = f(x) so E/f(x) = f(z + j) and
I f(x) = f(z). Note that A= F —I. So
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Thus,

Il
o
|
—_
SN—
e
d
VR
x>

12.7 A formula for o(n, k)

Recall the identity
= x
" = o(n, k ,

which we established combinatorially by showing that it was true for x = r, r € P. By our
A-analogue of Taylor’s Theorem (12.7 above) we must have

o(n,k)|= Akmn‘mzo

_ (1) ()

(by formula in 12.6 above) < 0
]:

Bt

We will prove this formula in another way later in the course.

78



Chapter 13

Deriving Closed Form Solutions From
Recursive Formulas

13.1 Introduction: First Order Linear Recurrences

In this chapter we wish to develop methods for deriving a closed form expression for the n*® term
of a sequence (f(0), f(1),...) defined by a recursive formula. The type of recursive formula that
we consider will be of “order” d for some fixed positive integer d, which means that

1° there are d fixed “initial values” wvg,vy,...,v4_1 of f, i.e., we are given that f(0) = vy,
f(1)=wvy, ..., and f(d—1) =vg4_1,

and

2° there is a function ¢ : R — R such that

f(n) =9¢(f(n—1), f(n=2),.... f(n—d))
for all n > d.

Example. The Fibonacci sequence is given by a second order recursive formula with vy = v; = 1
and @(x1, z2) = 1 + X2.

Remark 1. Many interesting recursive formulas do not have a fixed finite order. For example,
the Bell numbers B,, of Chapter 10 and the “horse race” numbers P,, of Chapter 9 are generated
by recurrences involving all previous terms in the sequence, rather than a fixed number d of
previous terms.

Remark 2. One can write the recurrence 2° above equivalently as

(2a°) fn+d)=o(f(n+d—1),f(n+d—2),..., f(n))

for all n > 0. As we shall see, writing a recurrence in form (2°), with n the largest index, is
preferable when using generating function methods to solve for f(n), as in §13.2. On the other
hand, writing a recurrence in form (2a°), with n the smallest index, is preferable when using
characteristic polynomials to solve for f(n), as in §13.4.

The simplest recursive formulas, the first order, linear recursive formulas, are trivial to solve.
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Theorem 13.1. Let vy, m, and b be fixed constants. There is a unique sequence f satisfying
f(0) = v and
f(n+1)=mf(n)+b foralln >0,

which s given by the closed form expression
f(n)=m"y+ (1+m+---+m" )b

for allm > 0. If m # 1, this may be written equivalently as

£(n) = m™u + (mn - 1) b.

m— 1

Proof. Existence. Simply verify that the sequence f given by the formula f(n) = m"vy + (1 +
<+ m"Hb satisfies f(0) = v and f(n+1) =mf(n)+b for all n > 0.

Uniqueness. Show by induction that if f and g are sequences satisfying f(0) = g(0) = vo and
f(n+1)=mf(n)+band g(n+1) =mg(n)+0bforall n > 0, then f(n) =g(n) foralln >0. O

Remark 3. Recursive formulas for sequences are sometimes called “discrete dynamical systems.”
I regard this as a pompous term for a simple notion. It is used to associate the latter with the
trendy glamour of chaos and fractals. (Similarly, the homely differential equation is now termed
a “dynamical system.”)

Remark 4. It is appropriate (and not pompous) to call recursive formulas “difference equations.”
Here’s why: Rewrite the recurrence

f(n+1)=mf(n)+b
by subtracting f(n) from each side, getting

fin+1) = f(n) = (m=1)f(n) +b,

ie.,

Af(n) = (m—1)f(n) +0,

which explains the terminology “difference equation,” in the first order linear case. More generally
one can rewrite the first order recurrence

fn+1) = ¢(f(n))

as

where ¢(x) = ¢(x) — .
Higher order recurrences can similarly be reformulated as difference equations involving
ALAZ LAY
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13.2 Application of Theorem 13.1 to financial mathemat-
ics
Let

vg = P, the “principle” or initial amount invested,
f(n) = S(n), the amount accumulated at time ¢t = n,
m = (1+r), r the rate of interest per unit time period (usually 0 < r < 1),
b = p, the “payment” made at ¢t = 1,2,... (can be negative).

Theorem 13.1 asserts that the unique S satisfying S(0) = P and S(n+ 1) = (1 +17)S(n) + p for
all n > 0 is given by the formula

S=Sn)=1+r"P+ (w)pfor all n > 0.
T

This formula has a large number of applications. In addition to the obvious application of
calculating S, given r, n, P, and p, one can solve for any of these variables in terms of the others.
In a number of such cases the resulting formulas have been given special names. For example,
if  and n are given and P = 0, and we solve for p in terms of S, we get the “Uniform payment
sinking fund formula”

r= el

which tells us what our periodic payments p at ¢ = 1,...,n must be under interest rate r in
order to accumulate S at t = n.

A table of the most basic formulas, all of which involve one of the variables S, P, or p taking
the value zero, appears below.
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Name of Formula Zero Variable | Given Variable | Unknown Variable Formula
Single payment \ p P S S=[1+nr"P
compound amount:

Single payment \ D S P P= {ﬁJ S
present value:

Uniform payment \ P P S S = {(H?H_IJ P
compound amount:

Uniform payment \ P S P p= {(HTG"—IJ S
sinking fund:

Uniform payment \ S P P p=— h’l“ﬁ);)flJ P
capital recovery:

Uniform payment \ S D P pP=- {(iaﬁz:);lJ D

present value:

Table 13.1: Basic Formulae of Financial Mathematics

13.3 The Generating Function Method

We have already seen an application of this method in Chapter 1, where we derived the formula

f()_i 1_'_\/3 n—i—l_L 1_\/5 n+1
Y NAUE

for the Fibonacci sequence f, defined recursively by f(0) = f(1) = Ll and f(n) = f(n—1)+f(n—2)
for all n > 2.

The generating function method works on a wide variety of recursive formulas, though it
sometimes requires some cleverness to see just how. It can, however, be applied in perfectly me-
chanical fashion to “d" order, linear, homogeneous recursive formulas with constant coefficients,”
i.e., those satisfying

2° fln)=caf(n—1)+caf(n—=2)+---+cqf(n—d) for all n > d,

where vg,v1,...,v4-1 and ¢y, ca,...,cq are fixed constants. Let us illustrate the method on
another second order recursion.

Problem. Find a closed-form expression for f(n) if f(1) = —11/4, f(2) = 133/16 and f(n) =
L fn—1)+3f(n—2) forall n > 3.
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Solution: Tt is advisable to “extend” f to N, defining f(0) in such a way that the recurrence

fn) =~ fn = 1) + 2 f(n—2)

holds for n = 2. To see what f(0) must be, plug in n = 2 above and solve for f(0):
11 3
r@ =~ + 2 500)
4 11 4 133 11 /[—11
f(U)—gf(Q)JF?f(l)—g "5 T3 (T) =1
So we may rephrase the problem as follows: Find a closed-form expression for f(n) if f(0) =1,

f() = _TH and, foralln > 2, f(n) = _Tnf(n—l)—i-%f(n—Q), ie., f(n)—l—%f(n—l)—% (n—2) =0.
Let

(i) F(x) = f0)+ f(D)x + f(2)a* +-- -+ f(n)a" +---, so
(i) LB = Ot ek = 1a 4 and
(i) - F() = 2RO =2 = 2"
Adding (i), (ii), and (iii), we get
(1+ %x — ZxQ)F(x) = f(0) + {f(l) + %f(O)} r=1.
Hence
1 1
Fla) = T+ 032~ (1+32)(1 - La)
A B
1432 * 1— %x

- Ag(—fm)" + B ni:% Gx)n

(recall: D07 u™ = = if [u| < 1)

NE

n

[ e (1) ]
Fn)z".

(n)z"

NE

Comparing coefficients of 2" yields
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To determine A and B just do the algebra for the partial fraction decomposition

1 A B

A+30)(0-12) 1+8z 1-1z

Multiply each side by (1 + 3z)(1 — jz)

1= A1 - ix) + B(1 + 32).

12
13°

o= () (2) )

One can of course check to see that this formula yields the correct values for n =0 and n = 1
and that it satisfies the recurrence f(n) = =4 f(n — 1)+ 2f(n —2).

1

Let x = 4, getting B = 5 and let x = —%, getting A = SO

13.4 Combinatorial Factorizations

As part of the generating function solution to the problem of finding a formula for the n'®
Fibonacci number, we needed to find the factorization

. 1++5 1—+/5
1—x—x—(1—< 5 ):):)(1—( 5 )x)

In the problem treated in the above section we needed to find the factorization

11 3, 1

More generally, in combinatorial applications we wish to factor a polynomial
(1) p(x) =cpa”+---+cy=co+cr+--+cyz",
where ¢, # 0 and ¢y # 0, in the form
(2) p(z) = co(1 = Riz)(1 — Roz) -+ - (1 — Ryx)
rather than in the form desired in algebra, namely,
(3) p(x) = colx —m)(x —12) -+ (T — 1)

To get the “combinatorial factorization” (2) of p(x) from its “algebraic factorization” (3),
note that the constant term of p(x) is ¢o by (1) and c¢,(—r1)(=7r2)---(—r,) by (3). Hence

co = cp(—r1)(=12) - - - (—=71p), L€,
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Substituting this expression for ¢, in (3) yields

Pz —CO(—% ( )x—r1)~-~(x—rn)
i) e
:co<1—r—11x)~-~<1—%x).

So to get a combinatorial factorization
p(r) =co(1 — Ryz)--- (1 — R,x)

of p(x), simply find the roots ry,...,r, of p(x) and set R; = T%_, i=1,...,n
In fact, there is a shortcut to finding the numbers Ry, ..., R,. For the reciprocals of the roots
of p(z) = co+ c1x + - - - + ¢, ™ are just the roots of the “reciprocal polynomial” of p(x),

~

p(x) = cox" + 1™t 4+ -+, for

since p(x) = z™p (%),

p() =ty =0 itpln) =0

T

So the most efficient way to find the combinatorial factorization of p(x) = co + c1x + -+ + ¢
proceeds as follows:

1° Find the roots Ry, ..., R, of p(z) := coz™ + 12" ' + -+ + ¢,

2° Write
p(r) =co(1 — Ryz)--- (1 — R,x).

Example. p(xr) =1—x — 22, so p(z) = 2> —x — 1. The roots of p(z), by the quadratic formula,

are R; :1+_2\/5 and Rgzl_T*/g. So

e (5 (- (59

13.5 The Characteristic Polynomial Method

The following is a brief exposition of the characteristic polynomial method for solving for f(n),
where f satisfies the initial conditions

(7) f0)=wvo, f(1)=wv1, ..., fld—1)=1v4-1

and the (implicit) recurrence relation
(8) agf(n+d)+ag1f(n+d—1)+---+agf(n) =
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for all n > 0.
The characteristic polynomial q(x) of (8) is defined by

(9) q(z) = agr® + ag_12 "+ -+ arw + ag.

The technique for solving (8), subject to (7), is similar to a technique used in differential equa-
tions. One finds the “general solution” of (8), which involves arbitrary parameters Ay, ---, Ay,
and then determines the values of these parameters from (7), thereby finding the “particular
solution” of (8), subject to (7).

The key fact underlying this method is given by the following theorem.

n

Theorem 13.2. Ifq(r) = 0, where q(x) is given by (9), then the geometric progression f(n) =r
satisfies the implicit recurrence (8).

Proof. We must show that

(11) agr™ + ag T e qer =0

for all n > 0. But if ¢(r) = 0, then by (9)

(12) agr® + ag_1r 4+ a9 =0.

Multiplying (12) by r™ yields (11). O

Combined with some linear algebra that we shall not pursue here, the above theorem yields
the following procedure for finding the general solution of the implicit recurrence relation (8):

I. If the roots 71,79, ...,7r4 of g(x) are distinct, the general solution of (8) is
(13) f(n) =X} + Xory + - + Aary,
where A, ..., \;g are arbitrary complex numbers.

I1. If there are repeated roots, say m; roots equal to 1, my roots equal to rq, ..., and my
roots equal to ry, where my +mg + - - -+ my, = d, with 1, ..., r, distinct, the general solution of
(8) is

f(n) = Arl 4 Xonrl 4 - o 4 Ay 0™ Y
+ Ay 175 + Ay onry + o+ )‘m1+mznm2_1rg
_l_ e
(14) + >\m1+---+m371+17’? —+ )\m1+,,,+m371+2n7‘? + -+ >\m1+...+msnms_1r?,
where A, Aa, ..., Ay 4pm, are any complex numbers.

To find the particular solution of (8), subject to (7) plug in the valuesn = 0,1,...,d—1in (13)
or (14), as appropriate, and set the resulting expressions equal, respectively, to vg, v1,...,v4_1.
This will give you d simultaneous linear equations in the unknowns Ay, ..., Ay, and it turns out

that these equations always have a unique solution.

Example I. Rabbits redux. Find f(n), where f(0) = f(1) =1 and f(n+2) = f(n+ 1)+ f(n)
for all n > 0. Rewrite this as an implicit recurrence

(15) fn+2)—fn+1)— f(n)=0 Vn>0.
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The characteristic polynomial ¢(z) of (15) is given by
(16) g(w) = 2" —w -1,

and its roots are

(17) T =

So the general solution to (15) is

(18) f(n) =\ (1 *2“5) A (1 ‘f) .

(19) (1 *f) Mt (1 ‘2“5) =1 (= S(V)

Solving system (19) yields

1 (1445 -1 (1-W5
o () ()

Substituting these values for A\; and A in (18) yields the formula

B 1 1—}—\/5 n+1 1 1_\/5 n+1
(21) f(n)—%< 5 ) _ﬁ< 5 ) :

Example II. Find f(n), if f(0) =8, f(1) =35, f(2) = 171, and f(n) =9f(n —1) —24f(n —
2)+20f(n—3),Vn > 3.

In the above recurrence replace n by n+ 3 so that n is the smallest argument, and then write
the recurrence implicitly:

(22) f(n+3)=9f(n+2)+24f(n+1)—20f(n) =0

for all n > 0.
The characteristic polynomial of (22) is

q(r) = 2* — 9% + 242 — 20
(23) = (z —2)*(z - 5),

so the general solution to (22) is

87



CHAPTER 13. DERIVING CLOSED FORM SOLUTIONS FROM RECURSIVE FORMULAS

Further,
f(0)=8= A+ A3
f(1) =35 =2\ + 2\ + 53
(25) f(2) =171 = 44X + 8Xy + 253,

which has the unique solution \; =1, A\g = —1, A3 = 7.
Hence,
f(n)=2"—n2"+7-5"

Clearly, if a recurrence can be put in the form (8), it is easier to determine f(n) by the
characteristic polynomial method than by the generating function method. As we see in the
next section, however, the generating function method can be useful outside the realm of linear
recurrences.

13.6 A Nonlinear Recurrence

For all n > 1, let f(n) be the number of ways to “parenthesize” the sum xy + - - -+ x,. A partial
table of f(n) follows:

Parenthesizations of z1 +---+ x,,

9!

T+ 29

T + (ZBQ + l‘g), (ZEl + 1‘2) + I3

T+ ($2 + (ZBg +ZE4)), T+ ((1‘2 +ZE3) +$4),
(1‘1 + ZEQ) + ($3 + ZE4),

(LL’l + (l’Q + l’g)) + Ty, ((J}l + l’Q) + l’g) + 24

~
Cﬂ[\D}—‘}—‘/g
N—

=l ol 3

Table 13.2: Parenthesizations of xq + - - - + z,,

A parenthesization of z1 + - - - + x,, provides a way of summing x; + - - - + x,,. The standard
left-to-right sum corresponds to the parenthesization (- - (((z1 + z2) + 23) + 24) + -+ ) + Zp.

Theorem 13.3. If f(n) denotes the number of parenthesizations of x1 + - -+ + x,, then for all
n>1
1/2n—2
Proof. From the above table, f(1) = 1. We claim that if n > 2, then
fn)=fM)fln=1)+ f2)f(n=2)+---+ fln—=1)f(1)
f(k)f(n— k).

—_

(26)

ol

=1
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Here k is the number of z;’s to the left of last-performed addition. Set
(27) F(z) = f(Dz+ f(22>+ - =) f(n)a"
n=1

Then

F(e) = [£(1)- F(D]2* + [F(D(2) + F2) f (1)
Fo S =) e f = D"
= F@)a+ F@)S o+ fn)a 4

by (26), i.e.,
(28) F?*(x) — F(x) + 2 =0.

Formula (28) is an example of a functional equation, i.e., an equation for which the unknown
is a function. It can be solved by an extension of the quadratic formula, with F'(x) regarded as
unknown. We get

1+£v1—-4
(29) F@%:——jf—ﬁ
Since by (27), F'(0) = 0, we must have
1—v1-4
(30) F(z) = fx
By Newton’s generalization of the binomial theorem,
= [«

1 1+t)* = t" R, |t 1.
(31) =3 () aem s
So

1 1
(32) F@%:§—§G—4@%

1 1 (3

— - _ = 2 ) (—4z)"
2 2 ; <n>( 7)
1 —~/ 1\ (3

—- _ _ _ 2 _4 n,..n
222 () ()
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The numbers f(n) above are closely related to the Catalan numbers ¢(n), defined for all n > 0

b 1 (20
c(n):n+1<n>’

Specifically, f(n) = ¢(n—1) for all n > 1. There are around 40 different combinatorial problems
whose solutions involve Catalan numbers. Here are a few examples.

A Recall that there are (*") lattice paths from (0,0) to (n,n) for all n > 0. It turns out that
the number of such paths that never rise above the diagonal line from (0,0) to (n,n) is
given by ¢(n).

Exercise. There are 2n people who have lined up at random at a movie ticket window. Of
these people n have $0.50 and n have a dollar bill. Admission costs $0.50 and the cashier
has no change. What is the probability that the cashier will be able to give change to each
dollar holder?

B For n > 3 let us record the number of ways to triangulate an n-gon using nonintersecting
diagonals. Call this number ¢(n)

n t(n) triangulations

Figure 13.1: n-gon Triangulations

In general it may be shown that t(n) = ¢(n — 2) for all n > 3.
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Chapter 14

The Principle of Inclusion and
Exclusion

14.1 A generalization of the addition rule

Recall from §2.6 that if A and B are finite, disjoint sets, then A U B is finite, and
|AU B| = |A| + |B|.

For arbitrary finite sets A and B, |A U B| may be calculated by the following theorem.

Theorem 14.1. If A and B are finite sets, then |AU B| = |A| + |B| — |[AN B|.

Proof. 1t is clear from the Venn diagram shown in Figure 14.1.

Figure 14.1: Venn Diagram

that AN B¢ and B are disjoint and (AN B¢) U B = AU B. So by the addition rule
(1) |AU B| = |AN B°| + |B].
Also, AN B¢ and AN B are disjoint and (AN B°) U (AN B) = A. So by the addition rule

2) |A| = |ANB|+|ANB|, ie.,
(3) AN B =|A| - |ANB.

Substituting this expression for |A N B¢| into (1) yields the desired result.
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The above theorem states the simplest case of the principle of inclusion and exclusion. The
general case, which may be proved by induction on n using Theorem 4.1, is stated in the following
theorem.

Theorem 14.2 (Principle of inclusion and exclusion). If (A, As, ..., Ax) is any sequence
of finite sets, then

AT UA U= UAL = Y A= Y A NAul+ ) AL NA, DA,

1<ir <k 1<i1 <iz<k 1<y <ip<iz<k
— e (=D)AL N Ay 0 A
Special cases of Theorem 14.2, corresponding to k =2 and k = 3, are
|A1 U Ag| = |As] + |Ag| — |A1 N Ay
and
|A; U Ay U As| = |Aq| + |Aa] + |As] — |A1 N Ag| — |A1 N Az| — [Aa N As| 4+ |Ar N Ay N Al

Remark. Theorem 14.2 may be expressed in more compact (though perhaps less understandable)
form as

‘UleAz} - E (—1)‘1‘_1 |mze]AZ| .
IC[k]
I#¢

14.2 The complementary principle of inclusion and ex-
clusion

Theorem 14.2, as stated above, is not in the form most useful for applications. The following the-
orem states a variant of Theorem 14.2, the “complementary” principle of inclusion and exclusion,
that is used most often in solving enumeration problems.

Theorem 14.3. If (A1, Ay, ..., Ag) is a sequence of subsets of the finite set A, then
|A— (A UAU---UAp) | =ATNASN - N AL

= |A] - Z |A;] + Z |Aiy N A

1<i1 <k 1<iy <io<k
— > AN AL N A+ (DA N A0 Ay
1<ii <io<iz<k
= Z(—l)m |Nier As
IC[k]
where NicpA; 1= A.
Proof. The sets A — (A1 U---U Ay) and A; U ---U A, are disjoint and
{A— (A U---UA)}U (A U---UA) = A. By the addition rule,
Al = {A— (A U---UA )} U (A U---U A
=|A— (A U---UAp)| + A1 U---U A,

Le, |[A— (A U---UAg)| =|A| — A1 U---U Ag|, which, with Theorem 14.2, yields the desired
result. O
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14.3 Counting surjections

In Chapter 12 we used finite difference methods to derive the formula

o(n, k) = é(_l)k—j (lj)jn

j
for the number o(n, k) of surjections from [n] to [k]. We now derive this formula using the
complementary principle of inclusion and exclusion.
Let A= [k]" = {f: [n] — [k]} and for i = 1,...,k, let 4; = {f € A : is not in the
range of f}. Then A; U Ay U---U Ay is the set of nonsurjective functions from [n] to [k] and so
A— (A U---UAy) is the set of surjective functions from [n] to [k]. Hence

O'(n,k‘):|A—(A1U'-'UAk)|

= |A] - Z | A | + Z |Aiy N A

1<i1 <k 1<iy<ia<k
— > AN AL N A+ (DMAIN Ay 0 Ay
1<i1<ig<iz<k

= k" — (llf)(k—l)“r (I;)(k—2)”— (g)(l@—3)”+-~-+(—1)’“(Z)(k—k)“

- é(—lw‘ (Y- -1y (5

J=0

Remark 1. Note that in specifying that A; = {f € A : i is not in the range of f} we are not
saying that every member of [k] except ¢ is in the range of f. Rather, A; consists of all functions
f: [n] — [k] such that ¢ (and possibly other members of [k]) is not in the range of f.

Remark 2. In the above analysis, all of the terms | A;, | were identically equal to (k — 1)", all of
the terms |A;, N A;,| were identically equal to (kK — 2)", etc. Many counting problems have this
feature. In general, if in the formula

A= (AU UuAY =) (=) e Al

IC[k]

it is the case that | N;e; A;| = ¢; whenever |I| = j, for j =0, ..., k, then it will be the case that

k
(K
[A— (AU UA[ =) (-1) ( )
— J
J
Combinatorial formulas of this type are very common and often indicative of the existence of a
straightforward justification by the complementary principle of inclusion and exclusion.

14.4 Sequences with prescribed sum revisited

How many sequences (ni,ng,n3) of integers are there satisfying
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(i) ny 4+ ng +ng =30
subject to the constraints
(i) —3<n; <10
(ifi) 4 <ny <8
(iv) 0 <ng < 19.

As we saw in §5.3, this problem can be solved by generating functions. Simply multiply the
expressions
2+ ' +1l+z+ - +2 )@+ + 2@+ + 2"

and read off the coefficient of 2%° as the answer.
One can also solve this problem using Theorem 14.3. First, rewrite the constraints using
inclusive (i.e., nonstrict) inequalities

(ii*) —2<n; <10
(iii*) 4 <np <8
(iv*) 1 <n3 <18,
rewriting these with uniform lower bounds of zero,
(ii**) 0 < ny +2< 12
(iii**) 0<mny—4 <4
(iv) 0<ng—1<17.

Change variables to m; := ny + 2, mo := ny — 4, and m3 := n3 — 1. In terms of the m,’s, the
original problem is equivalent to counting the sequences (mi, ms, ms3) of integers satisfying

(1) my+mg+m3 =27  (why?)
subject to the constraints
(2) 0<m <12
(3) 0<my <4
(4) 0<mg <17.
Now, let A = {(mq, mg, m3) : my + my + mg = 27, with each m; € N}. Let

Al = {(ml,mg,mg) cA: my > 13}
AQZ{(ml,mg,mg) cA: mo 25}
Ag = {(ml,mg,mg) eEA: ms > 18}
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The set A; U Ay U A3 consists of those sequences in A that violate at least one of the constraints
(2), (3), or (4). Hence, the set A — (A; U Ay U A3) consists of those sequences satisfying (1), (2),
(3), and (4). By Theorem 14.3

|A = (AU Ay U As)| = |A| = [Ar] = |Ag| = [As] + [A1 0 Ao + [Ar N A3
+ |Aa N Ag| — |A1 N A N Asl.

By Theorem 5.1, |A| = (229). By Theorem 5.3, |A;| = (126), |Ay| = (224), |As| = (121), A1 N Ag| =
(%)), and |4 N As| = (5). Obviously [4; N As| = [4; N Ay N As| = 0.

Hence, the number of solutions to (1)-(4) is
29 16 24 11 11 6
()-(2)-()-()r (2) - ()=
14.5 A problem in elementary number theory

Recall that if x € R, the floor function (also called the greatest integer function) of z, denoted
| ], is defined to be the largest integer n such that n < z. Similarly, the ceiling function (also
called the least integer function) of z, denoted [x], is defined to be the smallest integer m such
that < m. Of course, if n € Z, then |n| = [n]| =n.

How many numbers in the set [n] := {1,...,n} are exactly divisible by the positive integer
d? A little thought shows that the numbers in question are just the multiples 1-d, 2-d, 3 - d,
... [ 5]d. So there are | %] such numbers.

We symbolize the fact that n is exactly divisible by d (i.e., that n is an integer multiple of d)
by d | n, reading this as “d divides n.” Given integers d; and dp, it is the case that d; | n and
dy | n if and only if lem(d;, dy) | n. More generally, given integers dy,ds, ..., dy, it is the case
that dy | n, dy | n, ..., and di | n if and only if lem(dy, . .., dy) | n.

With the above introductory remarks we are now prepared to solve the following problem:

How many numbers in the set [337] are divisible neither by 8, nor by 12, nor by 207

Solution: Let A = [337], and for every positive integer d, let
Ag={n e A: d|n}. The set Az U Ajn U Ay consists of those numbers in [337] divisible by
at least one of the numbers 8, 12, and 20. Hence the set A — (Ag U Ao U Agg) consists of those
numbers in [337] that are divisible by none of the numbers 8, 12, and 20. By Theorem 14.3,

|A— (Ag U Ajp U Agy)| = |A| — |As| — |Ara| — |Ago| + |As N Ara| + |As N Ay
= |A] — [Ag| — [Asa| — [Aso| + [A24| + [Aso| + [Aso| — [A120]
337 337 337 337
R RS TR TR TE
337 337 337
oo~ by
=337T—42 —-28—-16+ 14+ 8 +5 — 2 = 276.
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14.6 Probleme des rencontres

Recall that the number of bijections f : [n] — [n], also called permutations of [n], is given by n!.
An element ¢ € [n] such that f(i) =i is called a fized point (or, in French, rencontre) of f. For

example, the permutation
1 2 3 45
53 1 4 2)°

sometimes written simply as the word 53142 has just one fixed point, namely, i = 4. A permu-
tation having no fixed points is called a dérangement .

Probléme des rencontres: Determine d,,, the number of dérangements of [n], where n € N.
By brute force enumeration, one may check that dg = 1 (why?), d; =0, dy = 1, and d3 = 2. The
general formula is given by the following theorem.

Theorem 14.4. For alln € N,

noo \k
d, = n!z ( kll) )
k=0 ’

Proof. Let A ={f:[n] — [n], f bijective} and for all i € [n], let

A, ={f€eA: f(i) =1i}. Then A; U---UA, is the set of all bijections f : [n] — [n] having at
least one fixed point and so A —(A; U---UA,) is the set of all dérangements of [n]. By Theorem
14.3,

dy = A= (AU UA) = A= > A+ Y A, NA,| =+ (=1)"A1N- N A,
1<i1<n 1<i1<i2<n
:n'—( )(n—l)‘+ (n)(n—Q)!— (Z)(n—3)'+ +(—1)"<Z)(n—n)'
11 L1

O

There is an amusing application of the above theorem, namely, the “hat check” problem. It
seems that n gentlemen check their hats at the opera, and the attendant misplaces the checks on
the hats and simply hands them back at random. What is the probability p,, that no one receives
his own hat back? Abstractly, this amounts to asking for the probability that a randomly chosen
permutation of [n] is in fact a dérangement. Clearly

dy  ~=(=1DF 1
pn:—zkz_% A —>Easn—>oo.

In particular, therefore, we get the asymptotic formula

n!

dy, ~ —.
e
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The formula for d,, given in Theorem 14.4 is tedious to use. Fortunately, there are several
simple recursive formulas for d,,.

Theorem 14.5. The numbers d,, satisfy the initial condition dy = 1 and the recurrence
dy, =nd,_1+ (=1)"  foralln € P.

Proof.

O

Theorem 14.6. The numbers d,, satisfy the initial conditions dy = 1, dy = 0, and the recurrence
d,=(n—1)[d,2+d,_1] foralln>2.
Proof. 1f n > 2, by Theorem 14.5, applied twice, once for d,,, then for d,_;
dn = TLdn_l + (—1)”

= (n — 1)dn_1 + dn_1 + (—1)”

=(n—1)dp_1+[(n—Ddp_o+ (=1)" ]+ (=1)"

= (TL - 1)[dn—1 + dn_g].

O

Remark. There are combinatorial proofs of the recurrences of Theorems 14.5 and 14.6, but they
are somewhat subtle, particularly in the former case.

The number of bijections f : [n] — [n] having no fixed points is given by d,,, as specified by
the above theorems. More generally for £ = 0,1,...,n, the number of such bijections having
exactly k fixed points is clearly given by

Theorem 14.7. For alln € N
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Proof. Each side of the above identity counts the class of bijections f : [n] — [n], the RHS
by Theorem 2.5. The LHS counts this class in n 4+ 1 disjoint, exhaustive subclasses, one for
each k =0,1,...,n, with the £ subclass comprised of all permutations having exactly k fixed
points. ]

Let X record the number of fixed points of a randomly chosen bijection
f+n] = [n].
Theorem 14.8. For alln € P, E(X) = 1.

Proof.
E(X)=> kP(X=k) =Y kP(X =k)
k=0 k=1
; n! ;(k—l)(n—l)'
_ = (n — 1) d(n—l)—j _
k=t 4=\ g ) (n= 1)
by Theorem 14.7 with n replaced by n — 1, and k replaced by j. O

Remark. Theorem 14.8 can also be proved by writing X as a sum of indicator random variables
X1,...,X,, where

X {1 if ¢ is a fixed point of f
' 0 if ¢ is not a fixed point of f.
For clearly
# of bijections with f(i) =1

n!

E(X;)=P(X;=1)=

1
n! n’
Hence E(X)=>"" B(X;) =", =1
In problem 32 you are asked to consider a variation of the Probleme des Rencontres in which
one considers fixed points of arbitrary (not necessarily bijective) functions f : [n] — [n].

14.7 Probleme des ménages

How many visually distinct ways are there to seat n married couples in 2n chairs placed around
a circular table, with sexes alternating and spouses non-adjacent? This is the ménage problem
(probleme des ménages) , first posed by Lucas in 1891. The solution which we give below was
first published (without proof) by Touchard in 1934. The first published proof of this result, due
to Kaplansky, appeared in 1943. The proof that we give appeared in an elegant paper by Bogart
and Doyle (“A non-sexist solution of the ménage problem,” American Mathematical Monthly 43
(1986), 514-518).

We first establish two preliminary theorems about the placement of nonoverlapping dominos.
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Theorem 14.9. Let dom(line m, k) denote the number of ways to place k indistinguishable,
nonoverlapping dominos on a linear sequence of numbers 1,2, ..., m, where each domino covers

two numbers. Then L
dom(line m, k) = (mk— )

Proof. Each such placement corresponds in one-to-one fashion with a sequential arrangement of
k 2’s and m — 2k 1’s, as illustrated by the following example:

1 [2 3] 45 [6 7] [8 9] 10

(This placement corresponds to the sequence 1211221.) By Theorem 4.1, there are (m];k) se-
quential arrangements of k 2’s and m — 2k 1’s. O

Theorem 14.10. Let dom(circle m, k) denote the number of ways to place k indistinguishable,
nonoverlapping dominos on a circular sequence of numbers 1,2, ..., m, where each domino covers

two numbers. Then
m

m —k
dom(circle m, k) = ——— )
( ) m—k ( k )
Proof. We count the placements in two disjoint, exhaustive classes, (i) the class of placements
where the number 1 is covered by a domino and (ii) the class of placements where the number 1

is not covered by a domino.

The number of placements in which, as above, m and 1 are covered by a single domino is clearly
equal to dom(line m—2, k—1). Similarly, the number of placements in which 1 and 2 are covered
by single domino is dom(line m — 2,k — 1). On the other hand, the number of placements in
which 1 is not covered by any domino is clearly dom(line m — 1, k). By Theorem 14.9,

dom(circle m, k) = 2 dom(line m — 2,k — 1) + dom(line m — 1, k)
_ o™~ E—1 N m—k—1
N k—1 k

_m m— k
C om—k k ’

We may now prove the main theorem of this section. Let M,, denote the number of seatings
of the type described above in the statement of the ménage problem. The number M,, is called
the nth ménage number.

O
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CHAPTER 14. THE PRINCIPLE OF INCLUSION AND EXCLUSION

Theorem 14.11. M; =0, and for alln > 2,

n

M, = 2(n)) Z(—1)k2n2ﬁ . (2”1; "") (n— k)L

k=0

Proof. Label the couples 1,2,...,n. Let A be the set of all sex-alternating seatings of the n
couples, and for i = 1,...,n, let A; be the set of seatings in A where the spouses of couple i are
adjacent. Clearly,

M, =|A— (A4 U---UA,)|
= 1A= > Aul+ ) A NAl =+ (- AN N A,

1<ii<n 1<ii<ia<n

S e

where W), =the number of seatings in A in which spouses of a fixed set of k couples are adjacent.
Now |A| = 2(n!)2, for in constructing a seating in A we decide whether to seat the women in odd
or even numbered seats (2 possibilities) then place the women in those seats (n! possibilities)
and the men in the remaining seats (n! possibilities). As for the numbers Wy, we have

Wy = 2 - dom(circle 2n, k) - k! - (n — k)!(n — k)!

by the following argument. In constructing a seating in which spouses of a fixed set of k couples
are adjacent, we

1° decide whether to seat women in odd or even numbered seats (2 possibilities),

2° choose k pairs of adjacent seats in which to seat the k couples (dom(circle 2n, k) possibili-
ties),

3° assign the couples to those pairs (i.e., dominos) (k! possibilities),
4° seat the remaining n — k women ((n — k)! possibilities), and
5° seat the remaining n — k men ((n — k)! possibilities).
Using the formula dom(circle 2n, k) = 522 (2",; k) from Theorem 14.10 then yields the formula

_ 2n4f . (2”%‘ k) K(n — k).

Noting that Wy = 2(n!)? = | A, we get

Wi

as asserted. O
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Note the above formula yields M, = 0, which makes sense. The first 10 values of M,, are
tabulated below.

M,
0
0

—_

n
1

2

3 2

4 96

) 3120

6 115, 200

7 9,836,320

8 382,072, 320

9 31,488, 549,120
10 3,191,834,419, 200

Table 14.1: The Ménage Numbers M,,, 1<n <10
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Chapter 15

Problems and Honors Problems

Be patient towards all that s unsolved in your heart. Try to love the questions them-
selves.

Rainer Maria Rilke

15.1 Problems

Problem 1. For every positive integer n, let w(n) = the number of binary words of length n
(i.e., sequences of length n, each entry of which is either 0 or 1) having no adjacent zeros. Find
a recursive formula for w(n).

Problem 2. Determine the number of (a) injective functions f : [98] — [100], (b) injective
functions f : [100] — [98], (c) injective functions f : [100] — [100], (d) surjective functions
f 98] — [100], (e) surjective functions f : [100] — [100].

Problem 3. (a) How many 5-element subsets of [10] contain at least one of the members of [3]7
(b) How many 5-element subsets of [10] contain two odd and three even numbers? (c) Show that
[10] has as many subsets of even cardinality as it has subsets of odd cardinality. (d) [hard: extra
credit]. Given n € P, exhibit a bijection from the class of subsets of [n] of even cardinality to
the class of subsets of [n] of odd cardinality. (e) Assuming that a bijection of the aforementioned
type exists (even if you couldn’t find one) find a simple formula for the number of subsets of [n]
of odd cardinality, when n € P.

Problem 4. Let n > 2 and k > 2. The set of all k-element subsets of [n] may be partitioned into
four classes: (I) the class of subsets containing both 1 and 2; (II) the class of subsets containing
1, but not 2; (III) the class of subsets containing 2, but not 1; (IV) the class of subsets containing
neither 1 nor 2. (a) How many k-element subsets of [n] fall into class 17 class 11?7 class I117 class
IV? (b) What recurrence relation follows from the answers to (a)?

Problem 5. Find a simple expression for the sum Y, _o k(k—1)(}) for n > 0 by using Theorem
3.6. Then give a second, combinatorial, proof of your result. Can you generalize the foregoing to
find a simple expression for > ;_ k- (Z) for arbitrary r € N7

Problem 6. Find a simple expression for the sum >} _, I%i—l (Z) for n > 0 by using Theorem 3.6.
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Problem 7. Simplify the following sums, giving a combinatorial argument for your answer to
part (d)

@ Sy (5;3) o (b) fj(—1>’"(1f)513—r

© Z () @ Z ()2

Problem 8. How many lattice paths from (=5, —3) to (7,4) pass through
(a) both (—1,1) and (3,2)
(b) neither (—1,1) nor (3,2)?

Problem 9. (a) We have 20 identical blocks each to be painted red, white, or blue. In how
many ways may this be done if at least 4 blocks must be painted red and at least 5 blocks
must be painted white? (b) In how many ways may 100 indistinguishable balls be placed in 30
distinguishable urns if at least 3 balls must be placed in each urn?

Problem 10. I have 5 identical pennies, 8 identical nickels, and 10 identical dimes. In how
many ways may | select a prime number of these coins, if I must select at least 2 pennies, at
least 4 nickels, and at least 6 dimes? Use the method of generating functions, simplifying your
answer to a single number.

Problem 11. (a) Given 10 balls, labeled 1, ..., 10, and three urns, labeled 1,2, 3, the trinomial
coefficient (31205) counts a certain category of distributions of the 10 balls among the three urns.

Describe this category of distributions in a complete, succinct, properly punctuated sentence. (b)
Give a combinatorial proof of the identity

10\ (9 N 9 N 9
3,2,5)  \2,2,5 3,1,5 3,2,4

Problem 12. How many sequential arrangements of (all) of the letters a, A, b, B, ¢, C,d, D are
there (a) in which the lower case letters appear in alphabetical order - not necessarily adjacent
to each other - and similarly for the upper case letters? (b) in which the lower case letter of each
type precedes - not necessarily directly - the upper case letter of the same type?

Problem 13. (a) Simplify the sum

( 3 )
Z ny, Ng, N3, Ny, N5

ni+nz2+nz+nas+ns=3
n; €N

(b) Simplify the sum

- 10!

_1)¢ J

Z (=1) i!j!/{;!2'
i+j+k=10
i,j,keN

(c) How many terms are there in the expansion of (z 4+ y + 2z + w)® (i) before simplification by
the multinomial theorem (ii) after simplification by that theorem?
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Problem 14. Three dice are rolled 10 times, and the sum of the numbers showing on the
top faces of these dice is recorded each of the 10 times. Let X; denote the number of times
that the sum is a prime number, X, the number of times that the sum is composite (i.e., not
prime), and odd, and X3 the number of times that the sum is composite and even. Determine
P(X; =7,Xs =2,X3 = 1), expressing your final answer as a decimal rounded to 3 decimal
places. Use the method of generating functions to do the counting relevant to this problem.

Problem 15. In Problem 5, you developed a simple expression for » ;_ k" (Z) Using the cases
r=1,2, and 3 of that result, find a simple expression for > ,_, k* (Z)

Problem 16. Let X record the number of successes in a binomial experiment with n trials and
prob(success) = p on each trial.

(a) Evaluate the second factorial moment of X, F(X?%)

(b) Using the result of (a) and the fact that E(X) = np (Theorem 7.1), evaluate the second
moment of X, E(X?)

(c) Using the above results, evaluate Var(X) = F(X?) — [E(X)]?.

Problem 17. Determine the number of binary relations on [n| that are (a) symmetric and
asymmetric (b) reflexive, symmetric, and complete (c) reflexive, symmetric, and antisymmetric.

Problem 18. Determine the number of binary relations on [n] that are (a) asymmetric (b)
antisymmetric (c) complete.

Problem 19. (a) Find a simple expression for o(n,2) when n > 2. (b) Do the same for o(n,n—1)
when n > 2.

Problem 20. (a) An ordered partition of [8] is selected at random. What is the probability that
it contains 7 or more blocks? (b) A partition of [8] is selected at random. What is the probability
that it contains 7 or more blocks?

Problem 21. Let X record the number of successes in a binomial experiment with n trials and
prob(success) = p on each trial. (a) Evaluate the r'® factorial moment of X, F(XZ). (b) Using
the results of (a), evaluate the 7" moment of X, E(X"), and the special case E(X*).

Problem 22. Using the result Y7} k2 = —5(n + 1)2=, evaluate S.(n) = >3, k" for the
special cases r = 3,4, and 5. Express answers as polynomials in n, in factored form (e.g.,

S1(n) = n(n +1)/2).

Problem 23. (a) Determine A™'a® for fixed real @ > O,where a # 0 . (b ) Show that
A7lsinax = —cos(ax — )/(2sin2) + ¢(x)* for fixed o € R**. (c) Evaluate S Osmk—7r in
two different ways. (d) Determine A Lcos aw for fixed a € R**,

[* ¢ is any function of period 1, i.e., ¢(x + 1) = ¢(z) for all z]

[** where a ¢ {2mm :m € Z} |

Problem 24. Recall that the product rule for differentiation, (fg) = f'g + f¢’, yields the
integration-by-parts formula [ f'g = fg — [ f¢'. (a) Prove that A(f(x)g(z)) = (Af(z))g(z) +
f(z 4+ 1)Ag(z) and thus that (b) A™((Af(2))g(x)) = f(x)g(z) — AT (f(z + 1)Ag(z)). (c)

Determine A~!(22%).
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Problem 25. Use the generating function method to find a formula for f(n) if f(0) = 2,
f(1) =10, and f(n) =10f(n—1) —21f(n —2), Vn > 2.

Problem 26. Let f(n) denote the number of words of length n in the alphabet {a, b, ¢} in which
a and b are never adjacent. So f(1) = 3 (the acceptable words of length 1 being a, b, and ¢)
and f(2) = 7 (the acceptable words of length 2 being aa, bb, cc, ac, be, ca, and cb). By a rather
subtle argument one may establish the recurrence relation f(n) = 2f(n — 1) 4+ f(n — 2) for all
n > 3. Find a formula for f(n).

Problem 27. Find a formula for f(n) if f(0) = —1, f(1) = 15, f(2) = 171, and f(n) =
9f(n—1) =27f(n—2) +27f(n—3), Vn > 3.

Problem 28. For all n > 1, let f(n) = the number of words of length n in the alphabet
{a,b,c,d, e} with no adjacent a’s. Determine as much information about the numbers f(n) as
you can, including, at a minimum, the values of f(n) for n = 1,2,...,10. This problem is
deliberately open-ended. It is up to you to decide how to explore these numbers.

Problem 29. How many elements of the set [15,000] are divisible neither by 6, nor by 9, nor
by 157

Problem 30. How many sequences (ni,ng,ns, n4) of nonnegative integers are there satisfying
all of the following: (1) ny + ns + n3 + ny = 50, (2) ny < 10, (3) ny < 20, (4) ng < 30, (4)
ny < 407 Express your final answer as a single number, but show details of your derivation.

Problem 31. (a) How many permutations of [10] have neither 1 nor 2 as fixed points? (b) Eight
letters are removed from their envelopes, read, and replaced at random. What is the probability
that at least one letter will be returned to its own envelope? What is the probability that at
least two letters will be returned to their own envelopes?

Problem 32. As in the special case of permutations, we say of an arbitrary function f : [n] — [n]
that k is a fixed point of f if f(k) = k. For all n € N, let D,, denote the number of functions
f :[n] — [n] having no fixed points. Investigate D,,, determining in particular the probability
(call it 7,,) that a randomly chosen function f : [n] — [n] has no fixed points, and also lim,, . 7.

15.2 Honors Problems

Honors Problem I. Determine appropriate initial values and a recurrence relation for each of
the following sequences, where n € P and s,r € P with s,r > 2:

la. wq(n) = # of words of length n in the alphabet {1,2} with no two 1’s adjacent.
1b. w,(n) = # of words of length n in the alphabet {1,2,...,r} with no two 1’s adjacent.

lc. wys(n) = # of words of length n in the alphabet {1,2,... 7} with no s 1’s adjacent (fewer
than s adjacent 1’s OK).

2a. ca3(n) = # of sequences (necessarily of length < n), whose entries belong to the set {1,2}
and sum to n.

105



CHAPTER 15. PROBLEMS AND HONORS PROBLEMS

2b. ¢.(n) = # of sequences (necessarily of length < n), whose entries belong to the set {1,...,r}
and sum to n.

3a. s9(n) = # of subsets A C [n] such that |z —y| > 2 for all x,y € A with x # y.
3b. s.(n) = # of subsets A C [n] such that |x —y| > r for all z,y € A with = # y.

Honors Problem II. Prove that for alln € N, Y77 (";k) = F,,, the n*® Fibonacci number.
There is of course a straightforward inductive proof (which is acceptable), but there is also a
combinatorial proof, which you are encouraged to find.

Honors Problem III. For r, s € N, let Q(r,s) = the number of lattice paths, with diagonals
allowed, from (0,0) to (r,s). Determine Q(r,0) and Q(0, s) for all r,s € N. By partitioning the
family of all such paths into a few natural categories, find a recurrence relation for Q(r, s) when
r,s > 1. Can you find a closed form expression for Q(r, 1) and Q(r,2)? What can be said about
the parity of Q(r,s)?

Honors Problem IV. The following problem arose in acoustics: Find a simple formula for
a () () + G +-+ G20,
b () (2) + (D)) +-+ (1) (),

and, more generally, for

C. Doty (Z) (kir) where 0 < r < n.

Honors Problem V. A real function f is nondecreasingif x < y = f(x) < f(y) and increasing
if v <y = f(x) < f(y). (a) How many f : [n] — [k] are nondecreasing? (b) How many
f :[n] — [k] are increasing?

Honors Problem VI. For n € N and k£ € P, find the number of solutions of the inequality
ny + - -+ n, < n, with each n; € N. There is an obvious, complicated answer to this question.
Try to find a simple answer.

Honors Problem VII. Our formula for the unique polynomial p(x) of degree < n taking the
preassigned values p(0),p(1),...,p(n) at z =0,1,...,n was

N Ak X
p(x) =) A"p(0) (,{;)
k=0
a. Develop a more general formula of this type based on knowledge of the values p(r), p(r +

1),...,p(r +n), where r is some fixed but arbitrary real number.

b. Develop an even more general formula of this type based on knowledge of the values
p(r),p(r+ h),p(r +2h),...,p(r +nh), where r is a fixed but arbitrary real number and h
is a fixed but arbitrary positive real number. (Hint: Use the operator A, here.)
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Honors Problem VIII. An ordered k-cover of [n], for fixed k € P and n € N, is a sequence
(S1,...,5k) of subsets of [n] such that S; U---U S, = [n]. Let ¢(n,k) denote the number
of ordered k-covers of [n]. Develop a formula for ¢(n, k) using the principle of inclusion and
exclusion, simplify the formula, and then give a quick justification for the simplified formula.

Honors Problem IX. Solve the “relaxed ménage problem,” i.e., determine m,, := the number

of visually distinct ways of seating n couples around a circular table with no spouses adjacent
(sexes need not alternate).
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