Chapter 2

Basic Tools of the Trade

Exercise 2.1 Find a recurrence relation

1) (of order 2) for the number of compositions of n with parts in N;

(
(
(3) for the number of permutations of [n];
(

)

2) for the number of words of length n on [k];
)
)

4) for the reverse conjugate compositions of n.

Use the iteration method to find explicit formulas for the above recurrence
relations.

Solution 2.1 (1) Let a,, be the number of compositions of n with parts in
N. Then the number of compositions of n with parts in N that start with j
equals a,—;. Therefore, a, = Z;.lzl an—j for n > 1. Hence, ap —an—1 = an—1,
or equivalently, a,, = 2a,,_1. Iterating this recurrence and using that ag = 1,
we obtain a, = 27! for all n > 1.

(2) Let ap, be the number of words of length n on [k]. By considering the
first element of a word we obtain that a, i = k- an—1,%. The initial condition
is ag,x = 1. Using the iteration method we get that a, ; = k™.

(3) Let a, be the number of permutations of [n] and let m be any such
permutation. By deleting the letter n from 7 we get a permutation of [n — 1].
Since there are n possibilities to add back the letter n, we have a,, = n-a,_1.
The initial condition is a9 = 1, hence a, =n(n —1)---2-1=nl.

(4) Similar to palindromic compositions, we have to maintain symmetry,
so the reverse conjugate compositions of n will be produced from those of
n — 2. For palindromic compositions, we either appended a 1 or increased
the last part by 1 (and the same at the beginning of the composition). Since
the conjugate is involved, increasing a part in o results in an extra part of
size 1 in the conjugate, which has to be taken into account at the other end.
Thus, for every reverse conjugate composition of n — 2, we create two new
reverse conjugate compositions of n as follows: Increase the first part by 1
and append a 1 at the right end; or prepend a 1 at the left end and increase
the last part by 1. This process does not create duplicates and is reversible,
so if we let 7, be the number of reverse conjugate compositions of n, then
we have the following recursion: r, = 2r,_o, with 71 = 1 and ro = 0. This
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implies that there are no reverse conjugate compositions of an even number,
and 7om,+1 = 2™r; = 2™, which is the result proved in Exercise 1.7.

Exercise 2.2 Use Maple!' or Mathematica® to find the first 15 terms of the
sequences

(1) ap = apn-1 + 3ap_2 with ag =1 and a1 = 2.

Solution 2.2 The first 15 terms of the sequence (1) are computed using the
Maple code

aseq:=proc(n)

if n<O0 then return "seq not defined for negative indices";

elif n=0 then return 1;

elif n=1 then return 2;
else return(aseq(n-1)+3*aseq(n-2));

end if;
end proc:
seq(aseq(n) ,n=0..14);

or the Mathematica code

al0]l=1; al[1]=2; aln_]:=al[n]=al[n-1]+3a[n-2];
Table[a[n],{n,0,14}]

The first 15 terms of the sequence (2) are computed using the Maple code

aseq:=proc(n)
if n<l1 then return "seq not defined for negative indices";
elif n=1 then return 2;
else return(n/(n-1)*aseq(n-1)+1);
end if;
end proc:
seq(aseq(n) ,n=1..15);

or the Mathematica code

b[1]=2; bln_]:=b[n]l=n/(@-1)b[n-1]+1;
Table[b[n],{n,1,15}]1//N

Exercise 2.3 Solve the recurrence relations of Exercise 2.2 using Maple or
Mathematica.

IMaple™ is a registered trademark of Waterloo Maple Software.
2 Mathematica® is a registered trademark of Wolfram Research, Inc.
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Solution 2.3 (1) The Maple and Mathematica codes are
rsolve ({a(n)=a(n-1)+3*a(n-2),a(0)=1,a(1)=2},a(n));
and
RSolve[{a[n]==a[n-1]+3a[n-2],a[0]==1, a[1]==2},a[n],n]
(2) The Maple code is
rsolve({b(n)=n/(n-1)*b(n-1)+1,b(1)=2},b(m));
and the Mathematica code is

RSolve[{b[n]==n/(n-1)b[n-1]+1,b[1]1==2},b[n] ,n]//Simplify

Exercise 2.4 Determine the number of words of length n on the alphabet
[3], and derive the generating function for the number of words of length n—1
on the alphabet [3].

Solution 2.4 Since there are three choices for each letter, the number of
words of length n is given by 3". Let a,, denote the number of words of length
n — 1. From the definition of the generating function, we obtain that

1 1-2z

_ n—1_n __
A(m)—l—f—ZB x —1—|—x1_3x 132

n>1

where the summand 1 accounts for the empty word.

Exercise 2.5 Find recurrence relations for the following counting problems:

(1) The number of words w = wyrws - - - wy, of length n on {1,2} satisfying
w; > wiqo for all 4.

(2) The number of words w = wyws - - - w, of length n on {1, 2, 3} satisfying
w; > wiqo for all 4.

Use the iteration method to find explicit formulas for the above recurrence
relations.

Solution 2.5 (1) Let a,, denote the number of words w = wyjws - --w, of
length n on {1, 2} satisfying w; > w;4o for all ¢, and let b,, denote the number
of words of length n on {1, 2} whose entries are in nonincreasing order. Then
Aom = bfa and @241 = bymbmy1. On the other hand, b,, = 1+ b,,_1 as any
such word either starts with a 1 (in which case there is only one such word),
or it starts with a 2, followed by any such word of length m — 1. Iterating the

recurrence for b, and using by = 1 gives that b,,, = m + 1, so for m > 0,

aom = (m+1)? and  agmy1 = (m+1)(m +2).
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(2) Now let a,, denote the number of words w = wyws - - - w, of length n on
{1, 2, 3} satisfying w; > w;o for all i, and let b,, denote the number of words
of length n on {1, 2,3} whose entries are in nonincreasing order. We have the
same recurrence for a,, as in Part (1), but the recurrence for b, changes. If
the first letter is not a 3, then we are in the situation of Part (1) and there are
a total of m + 1 such nonincreasing words. If the first letter of the word is a 3,
then any nonincreasing word can follow, so all together, b,, = m + 1 + by, —1.

Tterating this recurrence gives b,, = (m+1)+m+(m—-1)+...+1= (m;2).

Thus,
o — m—+ 2 2 and 4 _(m+2\/m+3
2m = 9 2m+1 = 9 9

for m > 0.

In fact, it is not difficult to derive a general solution for all k£ directly, without
the recurrence relation. Let a,, j, be the number of words w of length n on [k]
such that there is no ¢ with w; < w; 2. Thus, w satisfies wy > w3 > ws > - - -

and wy > wy > wg > - --. In the case n = 2m we have (m,jfl_l) possibilities to
choose the letters at the odd and even locations within the word, respectively

(since (m;rffl) gives the number of solutions of x1 + x2 + - - - + x = m where

x; > 0 denotes the number of parts i in the selected positions). Once the
letters have been selected, there is only one way to place them in nonincreasing

2
order, thus agy, 1 = (m,:r_kfl) . Similarly, in the case n = 2m + 1 we get that

Qomi1k = (m+klj‘1k_1) (mljfl_l) Hence, for alln > 0 and k > 1,
o [(n+1)/2]+k—=1\[([n/2] +k—1
ke k—1 k-1 )

which gives the results of Parts (1) and (2) as a special case.

Exercise 2.6

(1) Find an explicit formula for the number of Carlitz compositions of n in

{1,2}.

(2) A word is called Carlitz if it does not contain two consecutive letters
that are the same. For example, 121 and 212 are the only Carlitz words
on {1,2} of length three. Find an explicit formula for the number of
Carlitz words on {1, 2} of length n.

Solution 2.6 (1) Let a, (respectively b,) be the number of Carlitz com-
positions of n with parts in {1,2} that start with 1 (respectively 2). Thus
an, = b,_1 and b, = ap_o for all n > 3, and therefore a,, = a,_3 and
bn, = b,_3 for n > 3. If ¢, is the number of Carlitz compositions of n with
parts in {1,2}, then ¢, = a, + b, = an—3 + b—3 = ¢,—3. The initial condi-
tions are ¢cg = ¢; = ¢o = 1 and ¢3 = 2. Hence, ¢, = 2 for n =0 (mod 3) and
1 otherwise. Note that there is an easy combinatorial proof for the explicit
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formula. When n is a multiple of three, then the composition can start with
either a 1 or a 2, and ends with the opposite value. If n = 1 (mod 3), then
there is one more 1 than there are 2s, and the composition has to start with
a 1. For n =2 (mod 3), there is one more 2 than there are 1s.

(2) Let ay, (respectively by,) be the number of Carlitz words of length n on
{1,2} that start with 1 (respectively 2). If a word starts with 1, the next
letter has to be a 2 and vice versa. Therefore a,, = b,,_1 and b,, = a,,_1 for
all n > 2. If ¢, is the number of Carlitz words of length n on {1,2}, then
tn, = an + b, = ap—1 + bp—1 = t,—1. The initial conditions are tg = 1 and
t; = 2. Hence t, = 2 for all n > 1. The combinatorial explanation is similar
to Part (1). Since the word is Carlitz, the letters 1 and 2 have to alternate,
and the word can either start with 1 or with 2, thus ¢,, = 2 for n > 1.

Exercise 2.7 Prove the identity Zf:ll F;, = F,43 — 1 for n > 0 (where F), is
the n-th Fibonacci number) by using rules for generating functions.

Solution 2.7 By (2.8), the generating function for the Fibonacci sequence is
given by F(z) = x/(1—x—2?%). To show the equality, we derive the generating
functions for each side of the identity to be proven and check that they are
equal. On the left hand side, we have a partial sum of the Fibonacci sequence
shifted by 1, so its generating function is given by (see Rules 2.45 and 2.52)

1 F(x)
l—x «x

)

while the generating function for the right-hand side of the identity is given
by
F(x) — Fiz — Fyx? 1
x3 1—a’

Substituting F(x) shows equality of the generating functions.
Exercise 2.8 Derive the explicit formula for the Lucas sequence.

Solution 2.8 The Lucas sequence satisfies L, = L,_1 + L,_o with initial
conditions Ly = 2 and L; = 1. Using Example 2.25, we get that

145 1-v5\ "
e

with initial conditions

1 1-—
c1+c=2 and cl< +\/5>+62< ﬂ)zl,

2 2

which yields ¢; = ¢o = 1. Thus,

1+v5)  (1=vB\ .. ..
e
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Exercise 2.9 Prove by induction that the explicit formulas for the Fibonacci
and Lucas sequences produce integer values.

Solution 2.9 Let a = 1*—2‘/5 and 8 = 177‘6 Then o — 8 = V5, aff = —1,
F, =< _g“ and L, = a" + (" (see Exercise 2.8). For n = 0 we obtain the
1nteger values Fy = 0 and Ly = 2. We will prove simultaneously by induction
on n that both F, and L, are integers. Assuming the hypothesis to be true

for n, we obtain
poo_am =gt (e—pf)@" + ") +afl@ T - )
T a—p T a—f
= Ln - Fn—l

and

Ln+1 — anJrl _’_5n+1 (a _ 5)(0[” _ 571) + aﬁ(a”fl _’_ﬂnfl)
= 5Fn - Ln—h

and therefore, the formulas always produce integer values.

Exercise 2.10 Prove Theorem 2.22.

Solution 2.10 Let ap = 1. Since £ is a root of A(x) with multiplicity m, then
¢ is also a root of A®)(z), the s-th derivative of A(z) forall s = 0,1,2,...,m—

1. Substituting a,, = n¢" into (2.3), expanding (binomial theorem) and
collecting terms according to the summation index we get that

Zaj(n—r—i—r—j)iﬁn_jZan_T<Z> - 1’“27“— Fa €.

j=0 k=0
Let Bg(z) := E;ZO(T j)Fax"I. Tt is easy to see that Bo(r) = A(z) and
By(z) =z -Bj_,(z) for k> 1. Smce ¢ is a root of A(x) with multiplicity m,
By(§) = 0, and by induction we get that Bi(§) = Ba(€) ... = Bp-1(§) = 0.

Thus, Z; vai(n—r—+r—j5)i¢ni =0, that is, n'¢" satlsﬁes (2.3) for all
i=0,1,...,m— 1.

Exercise 2.11 Prove Rules 2.45 and 2.56 either by induction on & or by using
the definition of the generating function.

Solution 2.11 For the ordinary generating function we have

k—1
1 | A(z) = >0 aja?

Ea x”z—ga "t :—E apxr” = =
n+k xk n+k xk n xk .

n>0 n>0 n>k
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For the exponential generating function, we have

o) xn_k o xn—k
(DB)(w) = 3 ann(n = 1)+ (0 k4 )T = D an iy
n=Fk n=k .

n!
oo
mn
=2 ntkor
n=0 ’

Exercise 2.12 Compute the generating function for the sequence {a,}n>0,
where ag = 1 and a,, = F3, for n > 1.

Solution 2.12 The generating function F'(z) of the sequence {F,},>o is
given by t—"— (see Example 2.29). Thus, the generating function for the
sequence {an, }n>0 equals

14 3 B = 14 Y Fou(VEP™ = 14 5(F(VE) + F(-V))
n>0 n>0

x x
+(1—\/§—x)(1+\/5—a:) +1—3m+m2

Exercise 2.13 Let C(m;n) denote the number of compositions of n with m

m
parts in N. Prove that for fixed m > 1, >~ ., C(m;n)a™ = ﬁ
= —x m

Solution 2.13 The generating function for a single nonzero part is given by
Y ons1 2" =x/(1—x). Therefore, a composition o € Cp, , (as sum of m parts)
has a generating function that is the m-fold convolution of the generating
functions of the single part by Rule 2.51.

Exercise 2.14

(1) Derive the generating function for the number of compositions of n
in {1,2} that avoid the substring 11. The recurrence relation for this
sequence was derived in Example 2.17.

(2) The first few values of the sequence are given by 1, 1, 1, 2, 2, 3, 4,
5, 7,9, 12, 16 and 21. Checking this sequence in the Online Ency-
clopedia of Integer Sequences [21] produces a match with the Padovan
sequence A000931. However, the sequence for the number of composi-
tions is shifted in relation to the Padovan sequence. Use the generating
function given for the Padovan sequence and apply Rule 2.45 to derive
the generating function for the number of compositions in {1,2} that
avoid the substring 11. Compare your answer to Part (1).
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Solution 2.14 (1) Let a,, be the number of compositions with parts in {1, 2}
that avoid the substring 11. Multiplying the recurrence relation of Example
2.17 by 2™ and summing over n > 3, we obtain that

Alx) —2? —2 — 1 =2%(A(x) — 1) + 2> A(z),
which is equivalent to A(z) = .

(2) Since the offset is 0, the given sequence starts with Py, and therefore,
(1—22)/(1 — 2% - %) & {P,}n>0 with initial conditions Py = Py = 1,
Py = P, = Py = 0. Thus using Rule 2.45, the generating function for {a,}n>0
is given by

(1_x2) 1 3
_—— —1l-ux
(1—22—2a3) 14z
o 1 —x2—23’

which is identical to the result in Part (1). Moral of the story: if the sequence
of interest is shifted from a sequence with known generating function then
there are two ways to compute the desired generating function.

Exercise 2.15 Find the recurrence relation and the generating function for
the number of compositions of n in {1,2} without d consecutive 1s. (Hint:
condition on the position of the first 2.)

Solution 2.15 Let Ay, be the set of all compositions of n with partsin {1, 2}
without d consecutive 1s. Define a(n,j) to be the number of compositions in
Aqg.n that start with exactly j ones (more specifically, j 1s followed by a
2), and let a,, denote the number of compositions without d consecutive 1s.
Thus, a(n, j) = an—j_2, where a,, is the number of compositions of n in {1, 2}
without d consecutive 1s. Counting the compositions in Ag, according to
how they start we have that

an =a(n,0)+a(n,1)+a(n,2)+...+a(n,d—1)
=0p—2+ap-3+...+an—d-1,

for n > d+ 1. For n < d, a, equals the number of compositions with 1s and
2s, that is, a, = F,11 (see Example 2.9). For n = d, aq = F411 —1 as we have
to exclude the composition consisting of all 1s. Setting up the recurrence for
the generating function A(z) gives

d
A(a:) — E Fj+1$j + ¢ =
7=0

d—2 d—3
22 | Ax) = Y Fj+1xj> + 23 (A(x) - Fj+1a:j> + 2t A(D),
7=0 =0

which gives

d d d—i
(R VIE JES DY NPT P S
§=0 i=2  j=0
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Rearranging the double sum and using Exercise 2.7 gives

Therefore
l+a+-- +zi!
1— 22 — g3 — ... _ pd+1’

A(z) =

which reduces to the generating function for Exercise 2.14 for d = 2.

Exercise 2.16 Derive a recurrence relation for the Bell numbers B,, (see
Definition 2.59).

Solution 2.16 We count the number of partitions of a set of n 4+ 1 elements
according to the size of the set containing the (n+1)-st element. If the set has
size j for 1 < j < n+1, then there are (jfl) choices for the n other elements
of that set. The remaining n 4+ 1 — j elements can be partitioned in By, 41—
ways. Thus,

n+1 n+1
n n
B =2 (j - 1) Busies =2 (n +1- j) Brti=d

Jj=1

Exercise 2.17 A smooth word is a word in which the difference between
any two adjacent letters is either —1, 0 or 1. Find an explicit formula for
the generating function for the number of smooth words of length n on the
alphabet [3]. Use either Maple or Mathematica to find an explicit formula for
the number of smooth words of length n on the alphabet [3].

Solution 2.17 Let f(x) be the generating function for the number of smooth
words of length n on the alphabet [3]. Then

fl@) =1+ f(lx) + F2l2) + f3[z),
where f(i|z) is the generating function for the number of smooth words of
length n on the alphabet [3] such that the first letter is 4. It is not hard
to see that f(2|x) = zf(x), f(llx) = = + zf(2|x) + zf(1|x), and f(3|z) =
x + xf(2]x) + xf(3]z), which implies that

T . T
l—2 1—=x

f(z) = f3[z) =

Thus f(x) satisfies

fl@) =1+ af(@) + 20— + 27—
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1+
1—2x — a2’
words of length n on the alphabet [3] is given by

which implies that f(z) = Therefore, the number of smooth

% ((1 +V2)M (1 - \/5)”“) .

This explicit formula can be found by using either the Maple code

with(genfunc):
rgf_expand ((1+x)/(1-2*x-x"2), x, n);

or the Mathematica code

SeriesCoefficient [(1+x)/(1-2x-x"2),{x,0,n}]

Exercise 2.18 A strictly smooth word is a word in which the difference be-
tween any two adjacent letters is either —1 or 1. Find an explicit formula
for the generating function for the number of strictly smooth words of length
n on the alphabet [3]. Use either Mathematica or Maple to find an explicit
formula for the number of strictly smooth words of length n on the alphabet
[3].

Solution 2.18 Let f(i|x) be the generating function for the number of strictly
smooth words of length n on the alphabet [3] such that the first letter is i.
Using arguments similar to those in the solution of Exercise 2.17 we get that
the generating function f(x) for the number of strictly smooth words of length
n on [3] satisfies

F(@) = 1+ f(Lle) + F(2l) + F(3]2)
where f(2|r) = o + 2 f(L[r) + 2f(3lx), f(llz) =« + of(2lz) and f(3[z) =

2 2
x + xf(2]x). This implies that f(2|z) = Tt x2 and therefore

1—2x

(1+z)(1+ 22)

flx)=14+2z+ (14 22)f2lz) = T 952 ,

from which we obtain that the number of strictly smooth words of length n
on [3] is given by

4+3v2 4 —3v2

T\/_\/ﬁ” + T‘/_(_\/ﬁ)n.
This explicit formula can be obtained by using the Maple code

with(genfunc):
rgf_expand ((1+x)* (1+2*x) / (1-2*%x"2), x, n);

or the Mathematica code

SeriesCoefficient [(1+x) (1+2x)/(1-2x"2),{x,0,n}]//Simplify
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Note that sometimes the answers given by Maple or Mathematica have to be
“massaged” a bit to result in a nice formula.

Exercise 2.19 Find an explicit formula for the generating function for the
number of smooth compositions (see Exercise 1.12) of n with parts in [3].

Solution 2.19 Let f(x) be the generating function for the number of smooth
compositions of n with parts in [3]. Then

f(@) =1+ f(lx) + f2lz) + f3[z),

where f(i|x) is the generating function for the number of smooth compositions
of n with parts in [3] such that the first part is i. It is not hard to see that
F@l) = 22 f(2), f(1]2) = o+af (@) +of(1fz), and f(3]z) = ¥ +a? f(2]z)+
23 f(3]x), which implies that

x {E?’ 1’3 1’5

1—a:+1—a:f(x) and f(3|x):—1—x3+—1—a:3

f(tz) = ().

Thus

1+2)(1+a?
0= e

Exercise 2.20 Find an explicit formula for the generating function for the
number of strictly smooth compositions (see Exercise 1.12) of n with parts in
[3].

Solution 2.20 As in the solution to Exercise 2.19 we obtain that the gener-
ating function f(z) for the number of strictly smooth compositions of n with
parts in [3] is given by f(z) = 1+ f(1]x) + f(2|z) + f(3]x), but now f(2|z) =
2+ 22 f(1]z) + 22 f(3[2), f(1]2) = = +f(2]e), and [(3lz) = 23 + 25 (2]a).
This implies that f(2|z) = 2 4ai+a’  Pence

1—z3—25

14+ 2?)(1+z + %)

=1 S+(1 Nrl) = ¢ :
f@)=1+a+a+ (o a?) f(2l) = LT

Exercise 2.21 A k-ary tree is a plane tree in which each vertex has either
out-degree 0 or k (see Definitions 7.2 and 7.20). A vertex is said to be internal
if its out-degree is k. Use the LIF to find an explicit formula for the number
of k-ary trees on n internal vertices.

Solution 2.21 Let h(x) be the generating function for the number of k-ary
trees with n internal vertices. The k-ary tree is either empty or there is
at least one internal vertex with k subtrees that are also k-ary trees. Thus
h(x) = 1+ xh*(x). To apply the LIF, let u(z) = h(x) — 1, ¢(u) = (u + 1)*,
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and f(u) = u. Then the assumptions of Theorem 2.63 are satisfied, and the
Lagrange Inversion formula gives

[z"|u(x) = %[un_l](u + 1)k = %(nk_nl) = m (k:)

Thus, the number of k-ary trees with n internal vertices is m (k:) for

n > 1 (since h and v differ only by the constant term), and the formula also
holds for n = 0.

Exercise 2.22 Go to the On-Line Encyclopedia of Integer Sequences [21]
and look up the functional equation for the large Schroder numbers (sequence
A006318). Verify that it has the form of (2.11) and derive its continued
fraction form.

Solution 2.22 The generating function for the large Schréder numbers satis-
fies (1—x)S(z) —xS(x)? = 1, which is equivalent to S(z) = 1+z5(z)+x5(x)?
and has the form of (2.11). Therefore, the generating function for the large
Schroder numbers can be written as

1
S(J?): T
1—a— 7
1—x—
l—xz—"
(I-—z—y™

Exercise 2.23" Let fp, (z,y) = <( > Show that

1—-2z—(1—x)ymt!

Y] fmi(2,y) = 1_m T30 Z(“Z)( >ﬁ

(-
(1 —2x)¢

Hint: [y*]fmi(z,y) = [V fma (2, (11 Qm’E))y)



Solution 2.23 Let f,, (x,y) = <(1

W] fna(z,y) =

= (1 — 20)FFm+1 [v']
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(1—xz)t—m

(I—z—y™
T or (1= )y > Then
(1—-2x) \"
— )t 1=z - a: y
gl (s - ) —
(1 —2x—(1— y
(1—z)t—m (1 —2)? (1 - 2x )™
BREEr L T }
(- W] [(1—22)(1—y) + arQ)m}
(1 —2@)tFm+1 = 0] (L—y)mtt

(1—x)tm
(1—2:54*1

C(Q—a)m & (m

(1—xz)t—m

- (1-22) €+1 =

W)

= Aoy

(1-vy)

22 (1 — 2z)™m I
(1 —y)tt

) '((1 ~ %) + (f—z))m]

| 7=0

1S 0) e ;cw}

j=0

z% €+]
(1 —2x)J






Chapter 3

Compositions

Exercise 3.1 Let A(z,v,q) = Y50 Yec, . 2"y iy q;i(a) be the gen-
erating function for the number of compositions of n with r; parts of size i
and ), r; = m. Prove that

1

A =
(%%@ 1 _ yzjil Q7$7

Solution 3.1 See the proof of Theorem 2.1 in [14].

Exercise 3.2 Let A(z,9,7) = Y.,50 Yo0ep, .. T Y™ [1i2y ¢7"“) be the gen-
erating function for the number of palindromic compositions of n with r; parts
of size 7 and Zl r; = m. Prove that

L+y 32, gin'
1—y2 307, o

Solution 3.2 See the proof of Theorem 2.6 in [14].

Alz,y,q) =

Cw(13(n)

and determine its limit
Cn(n)

Exercise 3.3 Find an explicit formula for

when n — oo.

Solution 3.3 The number of compositions of n with m parts in N\{1} is the
same as the number of compositions of n — m with m parts in N (by adding
1 to each part). Thus

Canqiy(n) Y0 _ Cn(myn—m)

C’N(n) - CN (n)

Using Theorem 3.3 we get that

Coy () Yot ("7 Fuo

Cn(n) on—1 T o9n-17

where F), is the n-th Fibonacci number. Since F,,_1 = %(a”fl — 3"~ 1) with

1 <a < 2and |f] <1, the ratio tends to zero as n — oo.

23
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Exercise 3.4 Find the generating function for the number of compositions
of n with m parts in N in which no part is unique (or equivalently, every part
appears at least twice). (Hint: use the exponential generating function for y,
that is, f(z,y) = ZmZO f(m;x)%, where f(m;x) is the ordinary generating
function for the number of compositions with m parts in which no part is
unique.)

Solution 3.4 Let fx(m;x) be the generating function for the number of com-
positions of n with m parts in [£] in which no part is unique. Then, enumer-
ating according to the number of parts k, we obtain

felmsz) =" (T) frm1(m — j o)k,

i#1

Now let fi(z,y) =>_,,>0 fu(m;z)y™ /ml, then

ZZ( >fk 1(m —j;x)x kjy%:

m>0 j=0
m
> ( >f’“ 1m = Lia)at
m>0 me

Changing the order of summation for the first sum and re-indexing both sums
gives that

Jelw,y) = (Y = a*y) fr (@,y).
Using induction on k with fo(x,y) = 1, we obtain that

k
S| CRE

The number of compositions of n with m parts in N in which no part is unique
can then be obtained as the coefficient of ™y /m! in the generating function

fk(xvy)'

Exercise 3.5 A composition o is said to be odd-Carlitz (respectively, even-
Carlitz) if it is Carlitz and all its parts are odd (respectively, even) numbers.
Prove that

(1) the generating function for the number of odd-Carlitz compositions of
n with m parts in N is given by

1’2i+1 ’

1-Y, v

i20 1 + a:2i+1y
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(2) the generating function for the number of even-Carlitz compositions of
n with m parts in N is given by

x2i+2y
i20 T goiray

>

Solution 3.5 Let

fla,y) =Y a1y and  g(z,y) =) 2™y,

where the sum is over all odd-Carlitz and even-Carlitz compositions, respec-
tively. Let ¢ = o01---0,, be any composition with m parts. Note that o
is an even-Carlitz composition of n if and only if (o1 — 1)--- (0, — 1) is an
odd-Carlitz composition of n — m, thus g(z,y) = f(z, zy).

Let f(i|x,y) be the generating function for the number of odd-Carlitz com-
positions o of n with m parts in N that start with i. Clearly, f(z,y) =
143,50 f(2i+ 1|z, y). It is not hard to see that

f2i41|x,y) = I%HZ/Z f(25 + 1z, y)
i
= *yf(x,y) — 2y f(2i 4+ 1z, y),

2i4+1
or equivalently, f(2i + 1|z,y) = Hxximylyf(x,y) Hence, the generating
function f(x,y) is given by
1
f(xa y) = {E%—Hy )

1=

i20 1 i xQH‘ly

which implies that

g(x, y) = £2i12
1-3 J

i20 T poit2y

Exercise 3.6 Prove that the generating function for the number of palin-
dromic Carlitz compositions of n with m parts is given by

xiy
219 | x2iy2

inyQ
i>1 1 —l—x%y?

>
CP(w,y) = > Pm;z)y™ =1+
m>0 1-3
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Solution 3.6 Let CP(i|z,y) be the generating function for the number of
palindromic Carlitz compositions of n with m parts in N that start with i.
Clearly, (P(z,y) =1+ >_,5, (P(i|z,y). Then

CP(ilz,y) = o'y + 2°'y* > P(jlz,y)
J#i
= 2’y + 2Py CP(x, y) — 2y CP(ilx, y) — z™'y?,
or equivalently,
inyQ
1+ a2iy?

% 21,2
. 'y Tty

Thus by (P(z,y) =1+ 3,5, (P(i|z,y) we obtain that

x2i 2 xi
1-Y s | Py - =)

2,2 202"
i211—|—a:1y ile—!—aﬂy
Hence the generating function CP(x,y) is given by

zly
2

21T g2

20,2
Yy
>

i1 1 —|—a:21y2

P(z,y) =1+

You may check that letting y = 1 gives the result of Theorem 3.9, namely

v

Zi>1 2
P,1) =1+ 1+z=

21
-3

x
211 P
Exercise 3.7

(1) Find an explicit formula for the number of times the summand k occurs
in all palindromic compositions of n with parts in N.

(2) More generally, for any ordered subset A of N, find the generating func-
tion for the number of times that the coefficient a; occurs in all palin-
dromic compositions with parts in A.

Solution 3.7 (1) See [5, Theorem 6].
(2) See [6, Theorem 1.4]

Exercise 3.8 Find an explicit formula for the number of Carlitz words (words
in which no two adjacent letters are the same) of length n on the alphabet

[K].
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Solution 3.8 Once we choose the first letter in the Carlitz word, we have
k — 1 possibilities for each letter that follows (namely any letter that is not
equal to the letter that preceded it). Altogether, there are k(k—1)"~! Carlitz
words.

Exercise 3.9 Derive the generating function for the number of rises in all
compositions with parts in {1,2} from the recurrence relation given in Theo-
rem 3.11.

Solution 3.9 Multiplying the recurrence relation
r(n+1)=r(n)+r(n—1)+ F,—1

by z"*!, summing over all n > 1 and re-indexing the sums as necessary we
get that

Z r(n)z" =x Z r(n)z™ + 22 Z r(n)z™ 4 z* Z F,z".

n>2 n>1 n>0 n20
Using the initial conditions r(1) = r(0) = 0 and the generating function for
the Fibonacci sequence from Example 2.29 yields

3

(1—xz—2?%) Z r(n)z" = x? Z F.z™ = v ,

S l—z—2?
n>0 n>0

which implies that the generating function for the sequence {r(n)},>o is given

by
3

Z r(n)z" = (1_57_:52)2

n>0
Exercise 3.10 Fill in the details of the proof of Part (2) of Theorem 3.12.

Solution 3.10 The general solution is of the form h(n) + p(n) where h(n) =
™ + caf™ and p(n) = cgna™ + e4nPB” with a = # and 8 = %5 We
first substitute p(n) and F,,_1 = \/ig(a"’l — "~ 1) into the recurrence relation

an+1,1)=a(n,1)+a(n—1,1)+ F,_1
to obtain that
cs(n+1)a™ + ¢ey(n+1)p7 !
= c3na™ +cynfB* +c3(n — a4+ cy(n— 1)1 + L\/gﬁn_l,
or equivalently,
cana” Ha? —a—1)+enB Y B -p-1)

+ega (a2 + 1) + a1 (B 4 1) =
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Because o2 —a — 1 = 32 — 3 — 1 = 0 we obtain that

Oénfl _ ﬂnfl

03a”*1(a2 +1)+ 645"*1(52 +1)= 7 ,

which is equivalent to
an 1(63()42 - —1 + 63) + /3” 1(64/32 + —1 + 64) = 0
\/5 \/5

for all n > 1. Therefore,

2_ 1, B =0
e’ — —=+c3=c — +¢4 =0.
3 \/3 3 4 \/5 4
Solving for ¢z and ¢4 gives c3 = ‘/i)_ L and 64:—1'§—(‘)/5. So we have
VE—1 . 1445

a(n,1) = c1a”™ + 8" +

n
0 o "
Applying the initial conditions a(2,1) = 2 and a(3,1) = 3 results in a system
of two equations in the two unknowns ¢; and co which can be solved using
the Mathematica code

a= (1 + Sqrt[5]1)/2; b = (1 - Sqrt[5])/2;
Solve [{2==cl*a”2+c2*b~2+(-1+Sqrt[5])/10*2a~2+(-1-Sqrt [6])/10%2b"2,
3==c1*a"3+c2%b"3+(-1+Sqrt [56]) /10*3a"3+(-1-Sqrt [5])/10%3b~3},
{c1,c2}]//Simplify

which results in the output
{{c1->1-7/(5 Sqrt[5]),c2->1+7/(5 Sqrt[51)}}

as was to be shown.

Exercise 3.11 Write a program that uses the recursive creation described in
Theorem 3.12 to create the compositions of n with odd parts.

Solution 3.11 Here is a Mathematica program to do this. Individual com-
positions are represented by the ordered list of their parts. We start with the
initialization for the odd compositions of 1 and 2, namely the compositions 1
and 11.

0ddComps [11={{1}}; 0ddComps[2]={{1, 1}};

We define two functions, Appl and Inc, which either append a 1 to the
composition or increase the last element by 2.

App1[1_List]:=Append[1,1];
Inc[1_List] :=Append[Most[1], Last[1]+2];
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Now we can use the function Map to apply these functions to the list of
compositions of n — 1 and n — 2, respectively.
0ddComps [n_] :=0ddComps [n]=
Union[Map[Appl, 0ddComps[n-1]], Mapl[Inc,0ddComps[n-2]11]
Exercise 3.12 A composition o = o1 - - - 0,, of n with m parts is said to be
limited if 1 < o; <n; foralli=1,2,...,n.

(1) Derive a formula for the generating function for the number of limited
compositions of n.

(2) Using Part (1), obtain a simple formula for the case n; = k for all 3.
(3) Prove that the number of limited compositions of n is given by Fj,11

when n; = 2 for all 4.

Solution 3.12 (1) Let A,,(z) be the generating function for the number of
limited compositions of n with m parts. Then it is not hard to see that
A (z) = Hjm:l(m + 2% 4 .-+ 2™). Hence, the generating function for the
number of limited compositions of n is given by

Apyns (@) =14 Ap(x) =14 > [J@+2>+---+2™). ()
m>1 m>1j=1
(2) Substituting n; = k in (*) we obtain that

o — I\ 1
s =1+ 3 () = e

m>1 1—x

This gives the result of Theorem 3.13 for the set A = [k].

(3) Setting k = 2 in (*) we get that Aso () = 1/(1 — 2 — 2?). This is the
generating function for the sequence F,11 (see A.1) and we recover the result
of Theorem 3.10.

Exercise 3.13 Prove that the generating function for the number of compo-
sitions of n with exactly k odd parts is given by

2R (1 — 2?)
(1 — 2z2)k+1"

Solution 3.13 Let A(z, q) be the generating function for the number of com-
positions of n with k odd parts. Our goal is to determine [¢*]A(z, q), the gen-
erating function for the number of compositions of n with a fixed number & of
odd parts. Since each composition is either empty or starts with an even part
or starts with an odd part we obtain that (after appropriate simplification)

2

o x qr
A(xaq)_l—’_ <1—J32 + 1_x2)A(m7Q)




